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Abstract	

Every	day	people	deal	with	the	“exploration/exploitation	dilemma”:	Deciding	

when	to	stay	with	the	current	option	or	move	to	a	new	one.	Most	research	in	the	

literature	focuses	on	the	influence	that	external	variables	exert	on	people’s	

decisions	(e.g.,	punishments/rewards).	However,	little	is	known	about	how	

people	deal	with	identical	or	nearly	identical	options	in	the	absence	of	external	

bias.	The	general	assumption	present	in	both	human	and	animal	models	is	that,	

in	the	absence	of	obvious	cost,	individuals	would	naturally	explore.	This	thesis	

directly	tests	this	assumption	in	six	experimental	studies	by	examining	people’s	

behaviour	when	facing	identical	or	nearly	identical	options,	both	in	perceptual	

and	behavioural	tasks.	

Despite	the	obvious	differences	existing	between	behavioural	and	perceptual	

tasks,	people	are	essentially	making	similar	decisions	(to	explore	a	different	

option;	or	to	exploit	the	current	option).	Hence,	the	broad	hypothesis	under	

investigation	is	that	similar	tendencies	should	be	found	within	the	same	person,	

across	domains.	

Furthermore,	because	the	impact	of	external	bias	was	minimal	in	the	tasks	used,	

any	differences	in	people’s	explorative	tendencies	should	be	attributed	to	stable	

factors,	such	as	personality	traits.	To	this	end,	we	individuated	two	broad	

personality	frameworks	(the	Big	Five	Model	and	the	Schizotypy	construct).	In	

Study	1-4	we	examined	how	people	deal	with	the	trade-off	between	exploration	

and	exploitation	from	a	perceptual	perspective,	by	using	binocular	rivalry	

(where	an	observer	is	faced	with	identical,	and	equally	valid,	perceptual	
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solutions).	In	Study	1	we	demonstrated	that	people	high	in	the	Openness	to	

Experience	trait	significantly	differed	from	other	people	in	the	way	

they	flexibly	explored	and	combined	basic	visual	stimuli.	In	Study	2	we	looked	at	

whether	differences	existed	in	people’s	tendencies	to	explore	perceptual	

solutions	following	changes	in	transient	emotional	state	(i.e.,	arousal)	and	found	

that	general	changes	in	one’s	mood,	but	not	specific	type	of	mood,	have	a	

significant	impact.	In	Study	3	we	examined	whether	changes	in	alternations	(i.e.,	

fast	or	slow)	between	perceptual	solutions	were	associated	with	stable	

personality	traits	and	found	that	slower	alternations	were	associated	with	

Conscientiousness,	characterised	by	self-control	and	determination.	In	Study	4	

we	examined	whether	abnormalities	in	the	way	perceptual	stimuli	are	“flexibly”	

processed	in	people	with	schizophrenia	can	be	similarly	found	in	a	non-clinical	

population.	We	found	that	increased	schizotypy	was	associated	with	an	increase	

of	mixed	percept	during	binocular	rivalry.	Study	5-6	examined	how	people	deal	

with	the	trade-off	between	exploration	and	exploitation	from	a	behavioural	

perspective,	by	using	the	Virtual	Environment	task,	which	was	designed	and	

developed	specifically	for	this	aim.	The	Virtual	Environment	task	was	inspired	by	

the	animal	literature	(i.e.,	the	optomotor	maze;	van	Swinderen,	2011)	where	flies	

need	to	choose	between	identical	turning	points	to	advance	in	the	maze.	Study	5	

presents	the	findings	from	the	six	pilot	task.	Each	version	was	sequentially	

developed	to	rule	out	potential	confounding	variables,	which	might	have	been	

responsible	for	the	“unusual”	stereotypical	behaviour	that	emerged.	That	is,	

people	displayed	exclusively	exploitative	tendencies,	with	no	exploration.	Study	

6	presents	the	findings	from	the	virtual	environment	task.	Here	people	showed	

variability	in	their	explorative	tendencies,	however,	against	our	prediction	an	
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increase	of	exploration	was	linked	to	those	personality	traits	capturing	self-

discipline	(Conscientiousness),	rather	than	flexibility	and	the	tendency	to	engage	

with	possibilities	(Openness	to	Experience).	

	This	was	the	first	evidence	of	important	similarities	between	perception	and	

behaviour	in	the	way	people	deal	with	the	trade-off	between	exploration	and	

exploitation.	For	example,	in	relation	to	the	number	of	decisions,	or	sampling,	of	

the	environment.	Our	findings	also	highlighted	two	important	issues	in	the	

exploration/exploitation	literature.	First,	they	cast	doubt	on	the	assumption	that	

humans	have	a	“natural	drive	to	explore”	in	the	absence	of	rewards.	As	shown	in	

the	difficulties	to	design	appropriate	stimuli	to	observe	a	balance	between	

exploration/	exploitation	in	the	first	place.	Second,	because	our	findings	did	not	

replicate	data	from	the	animal	literature,	they	represent	a	cautionary	tale	in	

interpreting	findings	from	the	animal	model	to	be	considered	valid	for	humans.	
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Chapter	1: Exploration-Exploitation	of	Identical	
Options		

1.1 Human	Decision-Making:	Trade-Off	between	Exploration	
and	Exploitation	

	 The	trade-off	between	the	value	of	exploiting	known	available	resources	

or	exploring	unknown,	but	potentially	more	valuable	resources,	is	an	important	

dilemma	faced	by	individuals	trying	to	survive	in	a	continuously	changing	

environment.	For	example,	if	you	are	running	an	experiment	but	your	data	does	

not	show	the	expected	effect,	how	long	should	you	modify	and	retest	the	same	

experiment,	before	deciding	to	move	to	a	new	approach?	In	the	literature	this	

switching	from	exploiting	to	exploring,	and	vice	versa,	is	often	referred	to	as	a	

dilemma	or	trade-off;	as	the	two	options	always	imply	costs	and	benefits	(J.	D.	

Cohen,	McClure,	&	Yu,	2007;	Daw,	O’Doherty,	Dayan,	Seymour,	&	Dolan,	2006).	

The	benefit	of	exploiting	(i.e.	to	keep	doing	what	you	are	doing)	is	quite	intuitive:	

you	are	dealing	with	a	known	resource	and	the	risk	and	uncertainty	related	to	

the	act	of	exploiting	is	kept	at	a	minimum.	The	cost	is,	however,	less	intuitive.	

When	you	decide	to	keep	exploiting	the	same	resource,	even	though	you	are	

receiving	an	immediate	benefit	from	the	environment,	you	may	be	missing	out	

on	an	alternative	that	is	even	more	valuable.	Consequently,	individuals	should	

have	both	the	drive	to	explore	and	to	exploit.	An	adaptive	behaviour	is,	indeed,	

characterised	by	a	flexibility	to	switch	from	exploration	to	exploitation	

behaviours	and	vice	versa	(Kessler,	Shencar,	&	Meiran,	2009).		

	 Research	carried	out	across	species	has	shown	that	individuals	are	

generally	highly	flexible	(Kessler	et	al.,	2009;	Niv,	Joel,	Meilijson,	&	Ruppin,	2002;	
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van	Swinderen,	2017).	In	experimental	settings	generally	subjects	switch	from	

exploration	behaviours	to	exploitation	according	to	stimuli	and	reward	

contingencies	(Niv	et	al.,	2002).	In	a	healthy	individual,	when	interacting	with	

the	environment,	one	is	often	required	to	shift	rapidly	and	select	the	appropriate	

behaviour.	In	contrast,	repetitive	activation	of	the	same	action	can	result	in	

perseverative	behaviour	(Ridderinkhof,	Span,	&	van	der	Molen,	2002)	where	

subjects	show	inflexibility	and	repeat	habitual	behaviours	no	longer	adaptive	to	

the	context		(Clearfield,	Diedrich,	Smith,	&	Thelen,	2006).	Such	perseveration	in	

human	and	other	species	is	associated	with	pathological	conditions.	For	instance,	

humans	with	obsessive-compulsive	disorder	(OCD)	or	acquired	damage	to	the	

frontal	lobe	often	show	perseverative	behaviour	(Barceló,	Sanz,	Molina,	&	Rubia,	

1997;	Ridderinkhof	et	al.,	2002).	In	animals,	perseveration	in	exploring	or	

exploiting	without	switching	is	rarely	observed.	Individuals	that	show	such	

behaviour	are	typically	a	subpopulation	and	not	representative	of	the	majority	of	

the	population	(Swinderen,	2005;	van	Swinderen	&	Brembs,	2010;	van	

Swinderen	&	Flores,	2007).		

	 The	trade-off	between	exploration	and	exploitation	behaviours	has	been	

investigated	by	many	disciplines,	such	as	economics,	cognitive	psychology,	

neuroscience,	and	ethology.	Data	converging	from	different	areas	of	research	has	

helped	us	to	better	understand	how	people	and	other	species	deal	with	the	

trade-off	between	exploitation	and	exploration.	The	interest	of	many	disciplines	

in	this	topic	is	due	to:	i)	The	number	of	cognitive	faculties	involved,	such	as	

memory	(you	have	to	remember	what	you	have	already	exploited),	risk	aversion	

(you	need	to	decide	whether	to	stay	with	a	familiar	option	or	move	to	a	new	one)	

and	learning	(you	need	to	modify	your	strategy	following	changes	in	the	
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environment).	For	extensive	reviews,	see	Cohen,	McClure,	&	Angela,	2007;	Hills	

et	al.,	2015	and	Mehlhorn	et	al.,	2015.	ii)	The	immediate	applicability	of	the	

research	findings,	such	as	in	finance	and	marketing	(when	is	it	the	best	time	to	

switch	from	exploiting	a	known	market	and	exploring	a	new	one?)	iii)	The	

possibility	of	utilizing	findings	to	design	autonomous	artificial	learning	agents	iv)	

The	possibility	of	comparing	behaviours	across	species.	

1.2 Is	it	possible	to	compare	findings	between	species	in	
respect	to	the	exploration/	exploitation	dilemma?	

	 All	species	have	to	face	the	exploitation/exploration	dilemma,	as	this	

occurs	typically	in	relation	to	foraging	behaviour.	In	the	laboratory	this	provides	

a	great	advantage	because	this	behaviour	occurs	naturally	in	all	species	and	can	

be	manipulated	without	requiring	prior	training.	Furthermore,	it	is	one	of	the	

few	complex	behaviours	that	can	be	investigated	and	compared	across	different	

species.	

Indeed,	the	large	amount	of	data	coming	from	research	using	different	animal	

species—such	as	bees	(Niven,	2012),	flies	(Brembs,	2010),	birds	(Rodriguez,	

Andren,	&	Jansson,	2001),	and	primates	(King	&	Sueur,	2011)	—	has	contributed	

greatly	to	our	current	understanding	of	decision	making.	There	are	obvious	

advantages	in	using	the	animal	models.	We	have	a	good	understanding	of	the	

genetics	and	the	physiological	mechanisms	of	species	(e.g.,	rodents	and	flies)	that	

in	many	aspects	are	less	complex	than	humans.	Furthermore,	from	a	practical	

point	of	view	the	ethical	boundaries	of	the	research	using	animal	models	are	less	

stringent	and	allow,	for	example,	genetic	manipulations,	which	provide	obvious	

implications	for	the	advancement	of	the	discipline.		



	 25	

	 It	must	also	be	acknowledged,	however,	that	any	conclusions	based	on	

comparing	data	from	human	and	animal	studies	are	grounded	on	the	assumption	

that	similar	principles	regulate	them.	For	example,	when	changing	reward	and	

stimuli	contingencies,	it	is	reported	across	species	that	agents	flexibly	switch	to	

explore	the	most	advantageous	resources.	However,	it	is	important	to	remember	

that	the	value	of	animal	models	depends	on	their	degree	of	correspondence	to	

human	behaviour	that	they	are	designed	to	measure.	This	is	of	particular	

relevance	for	disciplines	such	as	psychology.	However,	a	closer	look	at	the	tasks	

utilized	in	those	studies	often	reveals	that	many	changes	are	carried	out	when	

investigating	animal’s	behaviour,	which	putatively	are	regulated	by	similar	

principles	observed	in	humans	too.		

	 Although	conceptually	those	tasks	may	appear	similar,	the	numbers	of	

practical	differences	found	between	tasks	seriously	questions	whether	a	direct	

meaningful	comparison	is	possible.	For	example,	how	can	we	be	confident	that	

similar	principles	are	taking	place	when	in	a	study	we	are	providing	instructions	

to	some	participants	(e.g.,	humans)	but	not	to	others	(e.g.,	rodents)?	Of	course,	

there	are	obvious	reasons	why	we	can’t	use	an	identical	task	across	species—

language	is	an	obvious	one.	However,	it	is	curious	that	in	the	literature	instead	of	

trying	to	simplify	a	task	to	compare	it	across	species	the	general	tendency	is	to	

make	it	more	complicated,	often	overly	complicated,	when	investigating	“higher”	

species,	such	as	humans.		

	 For	instance,	research	in	humans	normally	uses	verbal	or	written	

instructions	and	relatively	complex	responses	are	required.	In	contrast,	animal	

studies	are	unable	to	use	instructions.	Thus,	animals	either	receive	extensive	

training	or	relatively	simple	tasks	are	used.	In	many	cases,	however,	the	human	
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versions	of	the	tasks	could	be	simplified	to	allow	for	greater	comparison	with	

animal	studies,	allowing	a	clean	and	direct	comparison	between	species.		

Furthermore,	differences	exist	in	the	type	of	reward	(or	punishment)	used	

in	the	two	models.	Typically,	the	animal	model	use	food	as	a	main	type	of	reward,	

whilst	the	human	model	uses	indirect	forms	of	reward	(e.g.,	university	credits).	

This	is	an	important	point	to	keep	in	mind	when	comparing	data	cross-species,	

as	the	type	of	reward	used	and	its	associated	value	strongly	impact	one’s	

behaviour	and	the	brain	regions	associated	with	that	behaviour	(Wallis,	2012).	

There	is	more	at	stake	in	changing	strategy	for	a	hungry	mouse	who	has	not	

eaten	for	days,	rather	than	a	student	participating	in	an	experiment	for	course	

credit.			

Currently,	whether	we	can	draw	a	direct	link	between	findings	coming	

from	the	animal	models	and	the	human	one	is	an	open	question	in	the	literature	

(for	reviews	see	Boesch,	2007;	Penn	at	al.,	2008).		

1.3 Key	areas	of	research	in	the	trade-off	between	
exploration	and	exploitation	

	 As	previously	mentioned,	the	trade-off	between	exploration	and	

exploitation	behaviour	in	experimental	settings	is	typically	induced	by	external	

triggers,	such	as	punishment	and	rewards	(Daw	et	al.,	2006).	To	understand	how	

species	act	to	optimise	their	behaviour,	it	is	first	important	to	briefly	review	the	

current	understanding	of	how	rewards	and	punishments	are	processed	across	

species.		

1.1.1 	Rewards	and	Punishment	
	 Recent	findings	have	shown	how	the	midbrain	dopamine	system	plays	a	

key	role	in	the	signalling	of	reward	prediction	errors,	critical	for	learning	the	
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value	of	specific	actions	(Barron,	Søvik,	&	Cornish,	2010;	Knutson,	Adams,	Fong,	

&	Hommer,	2001;	Schultz,	2001).	Subjects	are	highly	sensitive	to	stimuli	related	

to	rewards,	but	also	to	stimuli	that	predict	a	reward	outcome;	while	

simultaneously	actions	that	lead	to	a	punishment	are	inhibited	(Bromberg-

Martin,	Matsumoto,	&	Hikosaka,	2010).	Therefore,	regulating	the	balance	

between	rewards	and	punishments	is	a	fundamental	requirement	of	an	adaptive	

behaviour.	One	way	that	the	balance	is	obtained	is	through	flexibly	switching	

between	exploring	and	exploiting	according	to	an	ongoing	and	updated	

evaluation	of	stimuli	values	(Daw	et	al.,	2006).	To	investigate	how	individuals	

regulate	this	switching,	many	variables	have	been	manipulated,	such	as	i)	Time:	

subjects	during	a	task	show	a	greater	tendency	to	explore	when	they	have	more	

time	(Carstensen,	Isaacowitz,	&	Charles,	1999)	ii)	Competition:	subjects	adopt	a	

riskier	behaviour	and	tend	to	be	more	explorative	when	they	compete	with	other	

people	(Boulay	et	al.,	2010)	and	iii)	Sleep-wake	pattern:	sleep	deprivation	

induces	greater	explorative	behaviour	(Glass	et	al.,	2011).		

1.3.1 Risk	and	Ambiguity	
	 	Another	key	area	investigated	in	comparing	the	tendency	for	exploration	

vs.	exploitation	is	how	subjects	deal	with	risk.	Similar	response	patterns	are	

shown	across	species,	with	subjects	generally	showing	risk	aversion	(Platt	&	

Huettel,	2008).	Subjects,	across	species,	prefer	to	choose	a	low	but	constant	

reward	(Cohen	et	al.,	2007)	when	facing	the	decision	to	choose	between	an	

option	that	will	lead	to	a	constant,	but	low	reward.	Compared	to	an	option	that	

will	lead	to	either	high	or	low	rewards,	but	in	an	unpredictable	manner.		

	 Importantly,	this	is	true	even	if	the	high-risk	reward	is	well	above	the	

low-risk	predictable	reward.	Interesting	studies	conducted	by	Niv	(2002)	using	
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bumblebees	have	shown	that	risk	aversion	can	be	observed	even	in	individuals	

raised	in	an	artificial	risk-free	environment.	Risk	aversion,	therefore,	appears	not	

to	be	learned	through	interaction	with	the	environment,	but	might	be	innate.	In	

addition	to	risk	aversion,	there	also	appears	to	be	an	even	greater	dislike	for	

ambiguity.		

A	study	conducted	by	Hayden	et	al.	(2010)	showed	that	monkeys,	like	

humans,	will	choose	risky	options	over	ambiguous	ones.	In	that	study	monkeys	

were	trained	to	choose	between	a	stimulus	with	a	known	probability	reward	

association	(high	or	low)	and	a	stimulus	whose	reward	association	was	

unknown	(ambiguous	stimuli).	Monkeys	showed	to	prefer	stimuli	where	full	

information	of	the	reward	probability	was	provided	rather	than	ambiguous	

stimuli,	even	when	the	reward	probability	was	very	low.		Furthermore,	

ambiguity	aversion	varied	parametrically	with	the	extent	of	ambiguity.	That	is,	

when	the	level	of	ambiguity	of	a	stimulus	increased	monkeys	were	less	likely	to	

choose	them.	However,	once	the	monkeys	started	to	learn	the	probability	

distribution	of	the	ambiguous	stimuli	the	aversion	to	pick	them	declined.	This	

finding	is	interesting	as	often	ambiguity	aversion	is	explained	in	relation	to	

uniquely	human	faculties,	such	as	language,	self-justification,	or	a	desire	to	avoid	

public	embarrassment.	This	is	another	example	of	how	humans	and	animals	

behave	similarly	when	facing	exploration/exploitation	trade-offs.	

1.4 Decisions	in	the	absence	of	reward	and	punishment	

	 	One	key	question	in	this	context	remains	unanswered:	how	do	people	

deal	with	the	trade-off	between	exploration	vs.	exploitation	in	the	complete	

absence	of	external	cues	or	feedback?	It	is	true	that	people	in	real-life	deal	with	

uncertainty,	and	that	their	behaviour	is	often	driven	by	achieving	rewards	and	
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avoiding	punishment.	In	daily	life,	however,	we	also	make	countless	decisions	in	

which	the	cost	or	benefit	of	alternative	behaviours	are	either	unclear	or	

essentially	equal.	For	example,	if	you	are	walking	across	a	university	campus	and	

have	to	walk	around	a	building	it	often	makes	no	difference	if	you	go	around	to	

the	left	or	right,	but	it	is	critical	that	you	choose	one,	otherwise	you	will	be	stuck	

at	the	corner	indefinitely.	

	 	Models	available	in	the	literature	explaining	how	the	brain	subserves	the	

switch	between	exploration/exploitation	(Aston-Jones	&	Cohen,	2005a;	Jepma	&	

Nieuwenhuis,	2011;	Laureiro-Martínez,	Brusoni,	&	Zollo,	2010a)	suggest	that	

people	should	show	a	natural	tendency	to	explore	new	options	in	the	absence	of	

any	obvious	cost.	However,	beyond	the	theoretical	models	that	predict	

exploration,	little	research	has	directly	demonstrated	how	people	behave	when	

faced	with	decisions	in	the	absence	of	either	positive	or	negative	feedback.	As	a	

first	step	into	this	under-investigated	field,	the	current	thesis	will	attempt	to	

analyse	how	people	perform	when	repeatedly	presented	with	a	choice	between	

the	same	identical	options,	without	any	reward	or	punishment	biasing	their	

behaviour,	both	from	a	perceptual	and	cognitive	perspective.		

	 Specifically,	to	do	so	we	designed	a	task	comparable	to	the	ones	used	with	

animal	models	(see	Chapter	9	for	more	information	on	task	development).	

Because,	as	previously	mentioned,	it	is	important	to	ensure	tasks	are	similar	if	

results	will	be	compared	with	data	obtained	from	other	species.	This	is	because	

one	of	the	goals	of	the	current	project	is	to	avoid	unnecessary	task	instructions	

and	complexity	to	allow	tasks	to	be	as	translatable	to	animal	studies	as	possible.		
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1.5 The	dilemma	of	facing	identical	options:	is	it	a	trivial	
matter?		

	 If	you	decide	to	keep	a	tally	of	all	the	decisions	made	in	24	hours	the	

number	reached	would	be	overwhelming.	However,	except	for	a	few	episodes	in	

the	day	where	the	process	of	taking	a	decision	may	require	some	deep	thinking,	

most	decisions	are	made	effortlessly.	Routine	and	predictable	behaviour	are	kept	

in	our	daily	life	mostly	to	minimise	the	cognitive	efforts	required	to	deliberate	

over	decisions,	particularly	for	those	that	are	mostly	inconsequential	to	our	life.	

In	line	with	this,	it	is	often	reported	anecdotally	that	people	in	strategic	

positions,	such	as	key	political	figures	whose	decisions	may	impact	the	course	of	

history,	are	extremely	predictable	in	the	way	they	face	mundane	decisions	in	

their	daily	life.	In	the	interest	of	utilising	their	mental	energy	solely	for	important	

decisions,	they	supposedly	prefer	choosing	between	a	limited	number	of	very	

similar	options	when	dealing	with	less	important	tasks—for	example,	what	

clothes	to	wear.	Thus,	the	assumption	is	that	choosing	between	identical	options	

is	a	trivial	matter	and	should	be	considered	no	more	than	a	tedious	task.	

However,	choosing	between	identical	options	might	not	be	as	easy	as	one	would	

expect.	Although	relatively	little	empirical	research	has	been	carried	out	to	

investigate	how	the	brain	deals	with	deciding	between	identical	options,	this	

tantalising	scenario	has	intrigued	several	philosophers.		

	 The	paradox	used	in	philosophy	to	explain	the	difficulties	of	choosing	

between	identical	options,	is	well	captured	by	the	classic	Buridan’s	problem—

which	calls	into	question	whether	humans	have	free	will	(Turner,	1903).	That	is,	

if	a	hungry	ass	is	located	equidistant	from	two	stacks	of	hay	(a	variation	of	the	

paradox	uses	an	ass	equally	thirsty	and	hungry	equidistant	to	food	and	water),	



	 31	

the	struggle	of	choosing	between	two	identical	and	perfectly	valid	opportunities	

(to	turn	left	or	right)	will	make	the	ass	freeze	and	eventually	die	of	hunger.	In	

order	to	illustrate	the	fallacy	or	the	correctness	of	determinism,	different	

philosophers	have	used	that	paradox	to	explain	the	way	people’s	decisions	are	

exclusively	driven	by	their	dependence	on	the	environment	(for	a	review	see	

Lagerlund,	2002).	That	is,	if	free	will	does	not	exist	and	humans’	actions	are	fully	

dependent	on	the	environment,	when	confronted	with	two	equally	attractive	

options	they	would	die,	similar	to	the	Buridan’s	ass.	Conversely,	if	free	will	exists	

then	humans	would	have	the	ability	to	make	decisions,	independent	of	their	

impulses	and	dependency	on	the	environment.		

	 As	it	has	been	noted	before	(Hauskeller,	2010),	in	real	life	this	would	be	

impossible	to	test,	because	no	real	donkey	would	starve	and	it	is	nearly	

impossible	to	have	two	truly	identical	options.	Although	finding	a	solution	to	the	

Buridan’s	ass	problem	is	well	beyond	the	scope	of	the	current	thesis,	it	is	worth	

remembering	that	from	a	broad	theoretical	point	of	view	the	dilemma	of	

choosing	between	identical	options	it	is	not	of	a	trivial	matter,	but	one	that	

philosophy	has	long	concerned	itself	with.	Furthermore,	while	in	real	life	it	is	

rare	for	humans	to	have	to	decide	between	two	identical	options,	people	are	

often	required	to	make	decisions	between	two	nearly	identical	options	(see	

Figure	1).	
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Figure	1.	The	Buridan’s	ass	paradox	and	choosing	between	nearly	identical	options	in	daily	life.	a)	
The	Buridan’s	ass	paradox	—	a	donkey	equidistant	from	two	identical	options,	unable	to	decide,	
would	freeze	indefinitely	and	die	of	hunger	b)	An	example	of	the	countless	daily	decisions	in	
everyday	life	requiring	us	to	decide	between	identical	or	nearly-identical	options	—	deciding	what	
lift	to	use	to	get	to	our	office,		
	

	 In	a	different	philosophical	framework,	but	underlying	the	same	necessity	

of	choosing	between	options	and	not	stalling	over	them,	can	be	found	in	

Kierkegaard’s	idea	of	drowning	within	possibilities—	the	necessity	to	make	a	

decision	(Stack,	1970).	The	imperative	of	choosing	between	possibly	equally	

valid	solutions	in	the	current	thesis	is	discussed	in	relation	to	both	perceptual	

tasks	(i.e.,	binocular	rivalry)	and	behavioural	tasks	(i.e.,	the	virtual	environment	

task).	As	will	be	explained	in	further	details	in	the	following	chapters	(in	

particular	Chapter	2	and	Chapter	4),	individual	differences	exist	regarding	the	

level	of	flexibility	expressed	during	those	tasks.		

	 Furthermore	some	personality	traits,	such	as	the	Openness	to	Experience	

trait	(see	Chapter	2),	are	associated	with	greater	flexibility	in	engaging	with	

different	options	and	finding	creative	solutions	(Kaufman	et	al.,	2016;	Silvia	et	

al.,	2008).	However,	very	little	research	has	been	carried	out	to	investigate	
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whether	those	individual	differences	could	also	be	found	in	simple	decision-

making	tasks,	where	people	are	required	to	choose	over	time	between	identical	

options	either	from	a	perceptual	or	behavioural	perspective.		

1.6 How	the	brain	deals	with	the	trade-off	between	
exploration	and	exploitation	

	 A	few	studies	have	begun	investigating	the	mechanisms	by	which	the	

brain	controls	and	optimises	the	trade-off	between	exploiting	and	exploring.	A	

key	role	appears	to	be	played	by	the	Locus	Coeruleus-Noradrenalin	System	(LC-

NA;	Berridge	&	Waterhouse,	2003).	The	Locus	Coeruleus	is	a	nucleus	of	

noradrenergic	neurons—neurons	that	release	Noradrenaline	(NA)	situated	in	

the	brain	stem.	One	of	the	most	important	characteristics	of	the	Locus	Coeruleus	

is	that	its	projections	are	widely	distributed	throughout	the	brain	and	regulate	

important	cortical	functions,	such	as	attention,	alertness	and	sleep-wake	cycles	

(Aston-Jones,	Rajkowski,	&	Cohen,	1999).	NA	is	released	by	the	system	and	acts	

as	a	classical	neurotransmitter,	signalling	from	one	neuron	to	another;	but	it	also	

acts	as	a	neuromodulator,	modulating	effects	produced	by	other	

neurotransmitters.	The	LC-NA	System	has	historically	been	associated	with	

arousal.	The	relationship	between	arousal	and	the	LC-NA	System	was	thought	to	

be	based	on	a	similar	pattern	of	response	shown	by	the	two	systems	(Usher,	

1999).	However,	even	though	a	relationship	between	the	two	systems	was	

generally	acknowledged,	it	was	unclear	how	LC-NA	modifies	arousal	and	its	

influence	was	confined	to	behaviour	and	motor	outputs.	The	model	illustrated	by	

Aston-Jones	and	Cohen	(2005a)	made	an	important	contribution	to	

understanding	the	function	of	the	LC–NA	system	and	its	relationship	with	

arousal.	This	model	describes	how,	through	two	modes	of	response	(phasic	and	
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tonic),	LC-NA	could	engage	or	disengage	a	subject’s	behaviour	to	a	specific	task	

and	achieve	an	optimization	of	the	subject’s	performance.	That	is,	in	a	phasic	

mode,	the	activity	is	characterized	by	bursts	associated	with	the	outcome	of	task-

related	decisions	and	coupled	with	more	accurate	behavioural	responses	

(Berridge	&	Waterhouse,	2003);	while	in	a	tonic	mode,	the	activity	is	

characterized	by	sustained	high	frequency	firing	(Clayton,	Rajkowski,	Cohen,	&	

Aston-Jones,	2004;	Tervo	et	al.,	2014).	During	this	latter	time,	the	phasic	bursts	

are	absent	and	task-related	behaviour	is	more	distractible.	The	tonic	phase	is	

suggested	to	be	highly	adaptive	(see	Figure	2),	as	it	encourages	other	forms	of	

behaviour	and	induces	subjects	to	sample	new	resources	(Usher,	1999).		
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Figure	2.	Illustration	of	the	activity	of	LC-	NA	system	and	the	optimization	of	behaviour	flexibility.	In	
the	illustration	the	mouse	has	two	options:	cheese	and	bread.	The	mouse	decides	to	opt	for	the	
cheese,	which	becomes	its	target.	According	to	the	LC-NA	model	this	decision	would	correspond	to	
the	phasic	response:	neurons	become	very	selective	to	the	target	stimulus	(e.g.,	cheese)	and	the	
mouse	would	show	a	highly	accurate	behaviour.	However,	over	time	the	LC	activity	changes	
towards	a	tonic	response	characterized	by	an	elevated	activity	and	burst	absence.	Neurons	start	to	
be	less	selective	to	the	target	(cheese)	and	the	mouse’s	behaviour	becomes	more	distractible.	
Neurons	start	responding	to	distractors	(bread),	facilitating	other	forms	of	exploration.	Image	
adapted	from	Aston-Jones	(Aston-Jones	&	Cohen,	2005).	
	

	 Another	key	characteristic	of	the	LC-NA	System	is	that	it	receives	

prominent	direct	inputs	from	two	frontal	cortical	areas—the	orbitofrontal	cortex	

and	anterior	cingulate	cortex	(Aston-Jones	&	Cohen,	2005b).	These	two	areas	

have	an	important	role	in	evaluating,	as	positive	or	negative,	task-related	cues	to	

achieve	a	goal.	Notably	through	this	connection,	the	LC	System	is	always	updated	

regarding	the	task-related	utility	of	relevant	environmental	cues	and	modifies	its	

response	accordingly.		
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	 Two	compelling	studies,	however,	have	shown	that	the	relevance	of	NA	is	

likely	to	extend	beyond	motor	and	behavioural	decisions,	and	that	it	could	

possibly	be	important	for	higher-level	perceptual	and	cognitive	tasks	(for	a	more	

detailed	description	of	these	studies	see	Chapter	3).	In	the	first	study	by	

Einhauser,	Stout,	Koch,	and	Carter	(2008),	pupil	dilation	was	used	as	an	index	of	

NA	to	demonstrate	a	likely	involvement	of	NA	in	the	selection	between	two	

competing	perceptual	alternatives	during	binocular	rivalry.		

The	relation	between	locus	coeruleus	and	pupil	dilation	has	been	

confirmed	in	animal	models	(rodents	and	monkeys)	through	extracellular	

recordings	where	activity	in	noradrenergic	projections	to	the	cortex	has	been	

shown	to	be	coupled	with	increase	in	pupil	diameter	(Joshi	et	al.,	2016;	Reimer	et	

al.,	2016).	Similarly,	humans’	studies	using	high-resolution	fMRI	and	

pupillometry	have	shown	that	blood-oxygen	level	dependent	(BOLD)	activity	in	

brainstem	areas	overlap	with	increase	in	locus	coeruleus	together	with	changes	

in	pupil	diameter.	Notably,	during	a	behavioural	task	this	activity	occurred	

around	the	time	of	when	a	decision	was	made	(Murphy	at	al.,	2014;	de	Gee	et	al.,	

2017;	for	a	recent	review	on	the	relation	between	pupil	dilation	and	

Noradrenaline	see	Larsen	and	Waters,	2018).		

In	the	second	study	by	Einhauser,	Koch,	and	Carter	(2010)	pupil	diameter	was	

also	related	to	consolidation	of	voluntary	cognitive	decisions.	Both	studies	

suggest	that,	when	competing	options	are	given,	cognitive	decisions	and	

perceptual	resolutions	are	consolidated	by	similar	neurochemical	changes.		 	

	 A	different	phenomenon	showing	how	subjects	have	an	innate	drive	to	

sample	new	resources	is	the	Inhibition	of	Return	(IOR).	The	inhibition	of	return	

was	described	for	the	first	time	by	Posner	and	Cohen	(1984).	The	authors	
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developed	a	model	task	in	which	non-predictive	peripheral	cues	were	followed	

by	targets	that	required	simple	detection	responses	(for	a	review	see	Wang	&	

Klein,	2010).	The	authors	found	that	a	facilitation	effect	emerged	when	a	target	

appeared	in	a	previously	cued	location,	with	reaction	time	to	detect	a	cue	target	

being	shorter	than	the	one	necessary	to	detect	an	uncued	target.	This	facilitation	

effect	was	shown	as	long	as	the	cue-target	asynchrony	was	short.	After	longer	

durations	it	then	evolved	into	an	inhibition	effect.	The	crossover	point,	where	

facilitation	changed	to	inhibition,	was	between	200-300ms	following	cue	onset.	

Therefore,	after	attention	is	removed	from	a	location,	there	is	a	delay	in	

responding	to	stimuli	present	in	that	same	location.	This	mechanism	discourages	

revisiting	the	same	places	over	and	over	again	and	encourages	orienting	of	

attention	towards	novel	items	(Klein,	2000).	Together	these	two	findings	—the	

LC-NA	System	and	the	IOR—may	suggest	that	exploration	behaviour	in	the	

laboratory	would	be	easily	elicited,	even	in	the	absence	of	rewards	and	

punishments.	Indeed,	widely	used	animal	experimental	paradigms	are	grounded	

on	this	assumption	that	individuals	naturally	express	exploratory	behaviours.		

1.7 Are	people	flexible	or	do	they	adopt	a	default	response	
when	dealing	with	identical	options?	Opposite	findings	in	

the	literature	

	 A	closer	look	at	the	literature	examining	how	individuals	(across	species)	

deal	with	identical	options	reveals	conflicting	findings.	One	line	of	studies	

suggests	individuals	show	predictable	behaviour,	with	little	variability.	For	

example,	in	a	pioneering	paper	by	Christenfeld	(1995)	it	was	shown	through	

several	empirical	studies—where	people	had	to	choose	a	product	amongst	

identical	ones	in	a	grocery	shelf,	a	toilet	door	amongst	identical	toilet	doors,	or	to	
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check	a	box	in	a	questionnaire	where	identical	options	were	provided—that	

most	people	strikingly	behave	in	a	stereotyped	way.	That	is,	when	faced	with	

identical	options,	people	tend	to	adopt	an	identical	“default	response”.	Such	that,	

when	asked	to	choose	between	multiple	identical	options	most	people	would	

pick	the	middle	option	and	avoid	the	first	and	last	ones.	In	a	similar	way,	when	

people	were	asked	to	choose	between	identical	routes	(i.e.,	routes	of	identical	

length	with	an	identical	number	of	turns)	in	a	map,	the	great	majority	of	

participants	picked	the	first	or	last	route	and	avoided	the	middle	option.	This	

“inflexible”	behaviour	was	observed	irrespective	of	whether	participants	had	to	

simply	plan	a	route	or	had	to	walk	through	real	mazes.	As	one	would	imagine,	

these	findings	caught	the	attention	of	many	working	in	the	marketing	industry	

and	a	number	of	explanations	were	put	forward	to	explain	this	odd	stereotypical	

behaviour.	Some	authors	suggested	that	perhaps	people	seek	to	minimise	mental	

effort,	when	dealing	with	identical	options	(Christenfeld,	1995;	Shaw,	Bergen,	

Brown,	&	Gallagher,	2000).	For	example,	by	choosing	the	last	options	in	a	maze,	

people	would	postpone	their	decision	and	save	the	mental	energy	required	to	

deliberate	around	a	decision,	until	they	are	forced	to	do	so.	Beyond	the	

speculative	nature	of	these	suggestions,	to	show	an	inflexible	(or	conservative)	

behaviour	when	dealing	with	identical	options	is	in	line	with	what	is	predicted	

by	normative	models	of	choice	(Stephens	&	Krebs,	1986;	Tversky	&	Simonson,	

1993).	According	to	these	models,	agents	should	not	show	any	drive	to	explore	

when	it	is	clear	that	the	options	are	identical,	because	all	options	are	equally	

valued.	The	idea	behind	these	models	seems	to	accord	with	common-sense	

thinking;	why	would	someone	change	their	default	responses	when	the	options	

are	identical?		
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	 However,	it	is	worth	emphasizing	that	another	line	of	studies	using	

conceptually	similar	tasks	obtained	opposite	results.	That	is,	it	was	

demonstrated	that	when	agents	(across	species)	face	identical	options,	they	

show	unpredictable	behaviours	characterised	by	pronounced	individual	

differences.	For	example,	when	animals	are	presented	multiple	times	with	

identical	situations	their	behaviours	were	shown	to	vary	(Waite	&	Passino,	

2005).	This	variation	occurs	even	when	the	optimal	behaviour	is	clear	from	past	

history.	Although	these	findings	are	completely	at	odds	with	the	ones	presented	

earlier,	to	show	a	degree	of	variation	and	flexibility	is	crucial	from	an	

evolutionary	perspective.	Reflecting	this,	spontaneous	switching	between	tasks	

has	been	observed	in	humans	(Kessler	et	al.,	2009)	and	animals	(Kacelnik	&	

Marsh,	2002)	even	when	a	change	is	associated	with	a	less	optimal	solution	(e.g.,	

a	harder	task	associated	with	a	lower	reward).	This	proactive	behaviour	

associated	with	the	exploration	of	different	options	in	the	absence	of	any	reward	

has	been	explained	as	an	attempt	by	the	agent	to	maintain	an	ideal	level	of	

arousal	(Berridge	&	Waterhouse,	2003)	and	prevent	the	system	from	remaining	

“stuck”	in	a	permanent	state	(Cohen	et	al.,	2007).	

	 	The	presence	of	opposite	findings	in	the	literature	warrants	further	

investigation,	as	it	is	difficult	to	integrate	these	findings	into	a	unified	theory.	

Because	in	a	task	using	identical	options	no	external	triggers	would	bias	one’s	

decision,	it	is	reasonable	to	assume	that	variability	in	behaviour	might	stem	from	

stable	internal	factors,	such	as	personality	—“The	disposition	to	exhibit	reaction	

R	under	condition	S”	(Tellegen,	1981,	page	219).	Thus,	the	first	key	area	of	

investigation	in	this	thesis	is	the	relation	between	the	(perceptual)	flexibility	of	
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an	individual	in	switching	between	essentially	equal	(perceptual)	solutions	and	

personality.	

1.8 Identical	options	from	behavioural	and	perceptual	
perspectives	

	 It	is	worth	clarifying,	as	it	will	be	mentioned	throughout	the	thesis,	that	

choosing	between	identical,	or	nearly	identical	options	should	not	be	

investigated	exclusively	from	a	behavioural	point	of	view.	Our	brain	faces	a	

conceptually	similar	dilemma	between	choosing	to	explore	or	exploit	identical	

options	every	time	that	it	is	confronted	with	equally	valid	perceptual	solutions,	

for	example,	making	sense	of	an	ambiguous	visual	stimulus.	Consider	the	

scenario	of	driving	home	on	a	rainy	day	(see	Figure	3):	In	the	corner	of	your	

right	eye	something	suddenly	appears	that	could	be	either	an	innocuous	branch	

moved	by	the	wind	or	something	more	dangerous,	such	as	a	pedestrian	crossing	

the	road.	The	brain	needs	to	choose	between	the	two	perceptual	equally	valid	

solutions	and	to	stick	with	one	solution	(keep	driving)	or	remain	flexible	(stop	

the	car)	and	explore	the	other	solution.	Thus,	regardless	of	whether	the	decision	

is	being	made	consciously	or	unconsciously,	these	perceptual	examples	can	still	

be	conceptualised	as	a	decision	between	identical	options.	Very	little	research	

exists	that	aims	to	compare	and	contrast	these	types	of	decision	making	between	

the	behavioural/cognitive	and	perceptual	domains.	
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Figure	3.	When	deciding	between	identical	options	from	a	behavioural	or	perceptual	perspective,	
the	brain	faces	a	similar	challenge:	a)	Choosing	between	identical	items	in	a	supermarket	(b)	
Choosing	between	equally	valid	perceptual	solutions	of	an	ambiguous	visual	stimulus.		
	

	

1.9 Summary	of	the	literature	review	and	research	gap	

In	summary,	the	exploration-exploitation	literature	embodies	two	

overarching	themes.	First,	there	is	a	general	assumption	that	a	drive	to	explore,	

in	the	absence	of	obvious	risks,	should	naturally	occur.	Furthermore,	explorative	

behaviours	should	be	easily	observed	in	an	experimental	setting	and	across	

species.	Second,	variability	in	people’s	tendency	to	switch	between	exploring	or	

exploiting	available	options	can	be	observed	mainly	through	the	manipulation	of	

external	variables,	such	as	punishment	and	rewards.	Although	these	two	ideas	

are	widely	accepted	in	the	literature,	somewhat	surprisingly,	little	has	been	done	

to	directly	test	them.		

Notably,	those	few	studies	that	have	directly	investigated	whether	people	

have	a	natural	tendency	to	explore	in	the	absence	of	any	obvious	costs,	for	

example	when	facing	identical	options,	reported	opposite	findings.	That	is,	one	
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line	of	research	showed	that	people,	when	facing	identical	options,	are	extremely	

predictable.	Other	investigators,	however,	by	using	conceptually	similar	tasks	

described	people’s	behaviour	as	unpredictable,	with	pronounced	individual	

differences.	The	latter	idea	appears	to	be	supported	by	the	model	of	the	Locus	

Coeruleus	-Noradrenalin	System	(LC-NA)		illustrated	by	Aston-Jones	and	Cohen	

(2005),	suggesting	that	neurons	releasing	Noradrenaline	encourage	the	brain	to			

sample	options	in	the	environment	and	prevent	the	system	to	remain	‘stuck’	in	a	

permanent	state.	Overall,	the	literature	reviewed	in	the	preceding	paragraphs	

indicates	that	our	current	understanding	of	the	way	people	behave	when	facing	

the	exploration-exploitation	dilemma	is	quite	sophisticated;	both	from	a	

theoretical	and	neurophysiological	point	of	view.	However,	this	behaviour	is	

almost	exclusively	investigated	by	using	external	triggers	(i.e.,	rewards	or	

punishments).	It	remains	largely	unknown	whether	those	individual	differences	

clearly	emerged	in	the	literature	in	the	way	people	flexibly	switch	between	

exploring	or	exploiting,	can	still	be	observed	when	those	external	triggers	are	

removed.		

The	current	thesis	specifically	addresses	this	question	by	investigating	

whether	individual	differences	exist	in	the	way	people	flexibly	switch	between	

exploration	and	exploitation	when	using	nearly	identical	options	and	in	the	

absence	of	external	variable—which	might	elicit,	but	also	bias	the	behaviour	

itself.	This	is	important	because	current	theoretical	models	of	the	exploration-

exploitation	trade-off	do	not	take	into	consideration	whether	subjective	

variables	might	also	play	a	key	role.	Furthermore,	the	literature	hint	towards	the	

possibility	that	similar	tendencies	might	be	found	across	perceptual	and	
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behavioural	decisions.	The	current	thesis	explores	whether	such	decision-

related	tendencies	were	associated	with	certain	personality	traits	in	humans.		

Specifically,	this	thesis	assessed	the	extent	to	which	individual	differences	

in	explorative	“information-seeking”	tendencies	could	explain	different	patterns	

of	decision-making	in	perception	and	behaviour.	Because	of	the	reduced	

influence	of	external	bias,	it	is	hypothesised	that	any	individual	differences	

observed	may	reflect	internal	factors,	such	as	personality	traits.	Specifically,	two	

personality	frameworks	are	used:	The	Big	Five	Model	(to	provide	a	broad	

investigation	of	the	impact	of	those	personality	traits	characterised	by	a	strong	

drive	to	explore,	Openness	to	Experience)	and	the	Schizotypy	construct	(to	

investigate,	in	a	non-clinical	population,	extreme	forms	of	exploration).	To	

investigate	whether	similarities	exist	within	the	same	person	across	behavioural	

and	perceptual	decisions,	two	tasks	were	used.	With	respect	to	perception,	the	

binocular	rivalry	task	was	used	(for	a	detailed	explanation	of	binocular	rivalry	

see	Chapter	3).	Briefly,	during	binocular	rivalry	the	brain	is	confronted	with	an	

atypical	visual	experience	(each	eye,	simultaneously,	is	presented	with	a	

different	stimulus)	and	has	to	choose	between	two	equally	valid	perceptual	

solutions.	Following	this	decision,	one	of	the	two	perceptual	solutions	dominates	

(i.e.,	is	being	exploited)	and	determines	the	observer’s	perceptual	experience.	

However,	there	are	times	(i.e.,	mixed	percept)	when	elements	of	both	perceptual	

solutions	are	flexibly	recombined	into	a	different	perceptual	experience	and	

neither	solution	is	fully	suppressed.	Hence,	during	binocular	rivalry,	similar	to	

behavioural	decisions,	agents	can	be	characterised	by	different	levels	of	

flexibility	or	stereotypical	tendencies.	
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Overall,	the	goal	of	this	thesis	is	to	explore	this	question	thoroughly	and	to	

better	understand	how	people	deal	with	identical	options	from	both	perceptual	

and	behavioural	perspectives.	However,	the	specific	research	questions	

addressed	are	the	following:		

i. How	do	individuals	face	the	trade-off	between	exploration	and	

exploitation	in	the	absence	of	external	bias	(punishment/rewards)?	

(Study	1-4	investigate	this	from	a	perceptual	point	of	view;	Study	5-6	

investigate	this	from	a	behavioural	point	of	view).		

ii. Are	behavioural	or	cognitive	biases	towards	exploration/exploitation	

linked	to	individual	differences	in	perceptual	flexibility/stability?	(Study	

1,	3	&	4	investigate	this	from	a	perceptual	point	of	view;	Study	6	

investigate	this	from	a	behavioural	point	of	view).	

iii. Are	different	personality	traits	associated	with	different	biases	towards	

behavioural	exploration	or	perceptual	flexibility?	(Study	1	&	Study	6).	

iv. If	personality	plays	a	strong	role	in	our	cognitive	or	perceptual	stability,	

can	an	external	manipulation	affecting	personality	have	an	effect	on	our	

perception?	(Study	1	&	Study	2).		

	

1.10 	Rationale	and	Prediction	of	the	Experimental	Studies		

	 The	following	chapters	present	data	collected	across	six	experimental	

studies.	Although	all	studies	were	designed	to	answer	the	broad	research	

question	of	how	people	deal	with	the	trade-off	of	exploration/exploitation	when	

dealing	with	identical	options,	the	studies	can	be	divided	in	two	broad	groups.		

		 The	first	group	of	studies	(Study	1-	4)	examined	individual	differences	in	

people’s	flexibility	when	confronted	with	equally	valid	perceptual	solutions	of	
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ambiguous	stimuli.	To	this	end,	we	used	the	binocular	rivalry	paradigm,	together	

with	personality	measures	(Big	Five	and	Schizotypy)	and	mood	manipulations.	

The	second	group	of	studies	(Study	5-6)	examined	individual	differences	in	

people’s	flexibility	when	required	to	make	behavioural	decisions	between	

identical	options.	To	this	end,	we	used	(and	designed)	a	new	behavioural	task	

(The	Virtual	Environment	task)	that	was	used	together	with	the	Big	Five	Model.		

Study	1-4		

		 In	Study	1	we	focus	on	whether	the	properties	of	a	stable	factor	(the	

Openness	to	experience	personality	trait)	characterised	by	inclusive	thinking	

and	flexibility	in	cognitive	and	behavioural	outcomes	also	extend	to	low-level	

perceptual	phenomenon,	such	as	binocular	rivalry.	We	predicted	that	open	

people	would	experience	an	increase	of	the	mixed	percept,	in	line	with	the	

hypothesis	that	the	brain,	when	facing	similar	demands	from	the	environment,	

might	show	similar	tendencies.	That	is,	because	Openness	reflects	the	tendency	

to	actively	explore	information	and	engage	with	complex	possibilities	(DeYoung,	

2014)	people	high	in	openness	may	also	be	more	likely	to	experience	creative	

solutions	to	the	incompatible	rivalry	stimuli	and	identify	more	flexible	ways	of	

combining	information	within	basic	stimuli	(mixed	percept).	To	expand	further	

the	scope	of	the	questions	we	also	examined	whether	the	relation	between	

mixed	and	openness	could	have	been	amplified	by	an	external	manipulation.	

Namely,	we	utilized	a	mood	manipulation	with	a	perceptual	aesthetic	element	to	

which	open	people	are	highly	responsive.	The	aim	of	the	study	was	to	address	

one	of	the	broad	research	questions	of	the	thesis:	Whether	a	variable	affecting	

personality	might	also	have	an	impact	on	perception.		
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	 In	Study	2	we	examined	the	influence	of	a	transient	state	(emotional	

arousal)	on	rivalry	temporal	dynamics.	Here	we	were	interested	in	investigating	

whether	an	emotional	arousal,	which	is	associated	with	the	flexibility	of	

suppressing	non-instrumental	information	and	readily	acting	on	the	

environment,	also	had	an	impact	on	rivalry	temporal	dynamics.	We	predicted	

that	a	mood	manipulation	designed	to	increase	observers’	emotional	arousal	

would	result	in	an	increase	of	rivalry	alternations	such	that	one	would	move	

faster	between	options	without	remaining	"stuck"	indefinitely.	

Study	2	focused	on	the	impact	of	arousal	on	rivalry	alternations	rather	

than	mixed	percept	because	it	has	been	previously	reported	in	a	study	by	Carter	

et	al.	(2008)	that	changes	in	subjective	levels	of	arousal	following	the	

administration	of	psilocybin	(the	active	compound	of	magic	mushroom)	were	

linked	to	changes	in	binocular	rivalry	alternations.		According	to	the	available	

evidence	in	the	literature,	no	clear	indications	exist	of	a	possible	link	between	

mixed	percept	and	arousal.		

		To	this	end	we	re-analised	the	data	of	Study	1	and	focused	on	the	impact	

that	emotional	arousal	had	on	rivalry	alternations	when	using	simple	

emotionally	neutral	stimuli.	

	 In	Study	3	we	examined	the	relation	between	personality	and	individual	

differences	in	the	flexibility	of	alternating	between	perceptual	solutions.	Because	

of	the	little	data	available	in	the	literature,	we	took	an	explorative	approach	and	

used	a	broad	personality	framework—the	Big	Five—	capturing	the	major	co-

variations	between	all	personality	traits.	Furthermore,	we	also	examined	the	

relation	between	rivalry	alternations	and	schizotypy	traits,	which	captures	in	a	

non-clinical	population,	schizophrenia-like	symptoms.	The	interest	for	
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schizotypy	traits	was	motivated	by	the	presence,	although	in	a	milder	way,	of	

similar	perceptual	abnormalities	characteristic	of	schizophrenic	patients.		

		 The	relation	between	schizotypy	and	mixed	percept	was	further	explored	

in	Study	4;	where	the	data	used	in	Study	3	was	re-analised,	but	with	a	focus	on	

the	mixed	percept.	In	this	study	we	were	interested	in	the	mixed	percept	to	

determine	whether	alterations	in	short-term	synaptic	plasticity,	to	which	mixed	

percept	is	putatively	relying	on,	was	associated	to	schizotypy	traits.	Here	we	

predicted	that	because	people	with	schizophrenia	are	characterized	by	

abnormalities	in	short	and	long-term	neural	plasticity	should	emerge	between	

people	scoring	high	on	schizotypy	and	mixed	percept.		

Study	5-6.	

In	these	studies	using	a	behavioural	task,	the	virtual	environment	task,	we	

attempted	to	put	to	a	test	the	assumptions	prevailing	in	the	majority	of	

exploration/exploitation	models,	that	people	have	a	strong	drive	to	explore;	

because	of	bottom-up	processes	(e.g.,	to	maintaining	optimal	level	of	arousal;	

Aston-Jones	&	Cohen,	2005b)	or	top-down	processes	(e.g.,	to	gain	information	

even	in	the	absence	of	immediate	rewards;	DeYoung,	2013).	The	necessity	of	

designing	our	new	task	was	also	driven	by	the	possibility	of	allowing	a	

comparison	with	the	data	from	the	animal	literature.	To	this	end,	the	task	

maintained	a	basic	nature	and	tried	to	minimise	any	“overthinking”	from	the	

participants.		

	 	Study	5	is	a	collection	of	five	experiments	in	which	a	total	of	44	

participants	were	tested	in	different	pilot	versions	of	the	Virtual	Environment	

task.	Each	version	sought	to	overcome	any	potential	limitations	present	in	the	

previous	version	of	the	task,	which	may	have	explained	the	unusual	behaviours	
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that	emerged	across	the	tasks.	That	is,	against	our	initial	predictions,	

participants	displayed	extremely	conservative	and	stereotypical	behaviour,	with	

a	complete	absence	of	exploration.	This	highly	predictable	behaviour,	however,	

disappeared	in	the	final	pilot	version	of	the	task.	

	 Study	6	presents	the	data	obtained	from	the	Virtual	Environment	task.	In	

the	task	participants	were	required	to	(virtually)	navigate	through	identical	

corridors	and	at	each	turning	point	having	to	decide	if	they	wanted	to	turn	right	

or	left.	Based	on	their	decisions,	each	participant	obtained	a	“complexity	index”	

through	the	algorithm	Complexity	(Zenil,	Soler-Toscano,	&	Kiani,	2017).	The	

complexity	index	captured	the	level	of	unpredictability	(randomness)	expressed	

in	the	sequence	of	decisions	to	turn	right	or	left	in	the	Virtual	Environment	and	

was	used	as	a	measure	of	people’s	drive	to	explore.	That	is,	high	level	of	

complexity	was	associated	with	a	high	level	of	exploration.	We	predicted	that	

people	high	in	the	Openness	to	Experience	trait	would	show	an	increase	level	of	

exploration,	because	of	their	tendency	to	seek	out	complex	and	novel	routes,	

even	in	the	absence	of	obvious	reward	(DeYoung,	2013),	and	their	high	creativity	

associated	with	being	unpredictable	(Fehr,	2009).	Lastly,	the	study	investigated	

whether	any	similarities	could	be	found,	within	the	same	person,	in	their	drive	to	

explore	as	expressed	in	the	behavioural	and	perceptual	tasks	used	in	the	thesis.		

1.11 	Outline	of	Chapters	

	 Chapter	2	will	provide	a	general	review	of	the	personality	measures	

used.	To	carry	out	a	broad	investigation	of	the	relation	between	personality	and	

exploration-exploitation	we	have	identified	two	relevant	frameworks.	First,	to	

cast	a	wide	net	in	this	investigation	we	used	the	Big	Five,	a	broad	organizing	

framework	for	human	variation	that	purports	to	capture	the	major	lines	of	
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covariation	amongst	all	personality	traits	(John,	Naumann,	&	Soto,	2008).	

Secondly,	we	focused	on	schizotypal	traits	assessed	through	the	Oxford-

Liverpool	Inventory	of	feelings	and	Experiences	(O-LIFE),	due	to	its	more	

specific	relevance	to	perceptual	phenomena.	The	O-LIFE	developed	by	Mason	et	

al.,	(1995)	was	designed	to	capture	in	the	general	population	schizophrenia-like	

traits,	thus	allowing	the	possibility	of	investigating	schizophrenia-like	features	

(e.g.,	anomalies	in	perceptual	experience)	in	a	non-clinical	population.		Chapter	

3	will	provide	a	broad	review	of	binocular	rivalry,	the	visual	paradigm	used	to	

investigate	individual	differences	in	the	drive	to	explore	or	to	exploit	equally	

valid	perceptual	solutions	(temporal	rivalry	dynamics)	and	to	flexibly	combine	

elements	of	both	perceptual	solutions	(the	mixed	percept).	Chapter	4	will	

present	the	theoretical	background	necessary	to	understand	the	rationale	and	

implications	of	the	first	four	empirical	studies	utilising	binocular	rivalry	(Study	

1-	4).	Those	studies	will	address	two	related	issues:		i)	Whether	bias	towards	

perceptual	flexibility	and	behavioural	exploration	is	associated	with	personality	

ii)	Whether	manipulation	of	transient	states	(mood)	affecting	personality	also	

has	an	influence	on	perception.	In	Chapter	5	the	findings	of	Study	1	(published	

in	Journal	of	Research	in	Personality)	are	presented	looking	at	the	relation	

between	the	Openness	to	Experience	personality	trait,	characterised	by	a	strong	

drive	to	explore	different	solutions	both	from	a	cognitive	and	perceptual	

perspective,	and	the	mixed	percept.	Furthermore,	a	mood	manipulation	tailored	

to	specific	characteristics	of	the	Openness	to	Experience	trait	was	administered	

in	order	to	investigate	whether	this	would	impact	not	only	people’s	internal	

mood	states,	but	also	their	low-level	perceptual	experience	(mixed	percept).	

Chapter	6	will	illustrate	the	findings	of	the	second	experimental	study	using	
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binocular	rivalry	and	a	mood	manipulation	(Study	2)	to	ascertain	whether	a	

manipulation	of	mood,	separate	to	personality,	has	an	influence	on	perceptual	

flexibility.		Chapter	7	will	present	the	findings	of	Study	3	(published	in	Frontiers	

in	Psychology).	Here	we	are	looking	at	systematic	changes	in	rivalry	temporal	

dynamics	together	with	broad	personality	factors,	assessed	with	the	Big	Five,	

and	schizotypy	traits.	Chapter	8	further	explores	the	link	between	binocular	

rivalry	and	personality	(Study	4).	Specifically,	here	we	are	investigating	whether	

any	relation	exists	between	changes	in	the	mixed	percept	and	schizotypy	traits.	

This	study	is	part	of	a	number	of	experiments	published	in	the	journal	of	

Schizophrenia	Research	utilising	different	sensory	adaptation	paradigms	and	

different	measures	of	schizotypy.	Chapter	9	will	present	the	development	of	a	

new	task	that	we	designed	(the	Virtual	Environment)	to	investigate	how	people	

deal	from	a	cognitive	and	behavioural	perspective	with	the	trade-off	between	

identical	options,	in	the	absence	of	external	bias.	The	results	and	shortcomings	of	

these	different	pilot	versions	will	be	presented.	Chapter	10	describes	the	last	

pilot	version	of	the	task	(the	Door	task)	and	the	Virtual	Environment	task	

together	with	an	overview	of	the	limitations	of	the	different	methods	of	analysis	

available	in	the	literature	to	capture	the	complexity	of	people’s	explorative	

behaviour	when	facing	identical	options.	Chapter	11	will	present	the	findings	

from	the	finalised	Virtual	Environmental	task.	Specifically,	here	we	are	

interested	in	three	aspects	of	people’s	behaviours	in	the	Virtual	Environment.	

First,	whether	individual	differences	exist	in	people’s	behaviour	when	facing	

identical	options	and	what	factors	drive	this	variability	(i.e.,	personality	traits).	

Second,	whether	meaningful	comparison	can	be	made	between	animal	and	

human	models	with	respect	to	exploration/exploitation	in	the	absence	of	
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external	bias.	Finally,	whether	similarities	exist	within	the	same	person	when	

looking	at	exploration/exploitation	between	identical	options	across	behavioural	

and	perceptual	domains.	Finally,	a	general	discussion	and	practical	implications	

of	the	results	of	the	entire	thesis	will	be	presented	in	Chapter	12.		 	
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Chapter	2: Personality	and	bias	towards	behavioural	
exploration	and	perceptual	flexibility			

	 	

The	typical	objective	in	research	that	aims	to	understand	human	behaviour	

and	sensory	processing	is	to	identify	the	average	responses	across	the	

population.	In	such	research,	individual	differences	are	often	considered	noise	in	

the	data	and	consequently	removed.	For	example,	Navarro,	Griffiths,	Steyvers,	&	

Lee	(2006)	describe	an	anonymous	reviewer	who	comments	on	a	study	of	

individual	differences	in	cognition	were	as	follows:		

‘‘I	am	surprised	that	the	author	has	used	this	data	set.	In	my	lab,	when	we	

collect	data	with	such	large	individual	differences,	we	refer	to	the	data	as	

‘‘junk’’.	We	then	re-design	our	stimuli	and/or	experimental	procedures	and	run	

a	new	experiment.	The	junk	data	never	appear	in	publications’’	

	 Recently,	however,	a	new	interest	in	variability	emerged	in	the	literature,	

especially	for	those	differences	that	remain	stable	across	tasks	(Vogel	&	Awh,	

2008).	These	similarities	might	suggest	that	the	brain	responds	in	a	consistent	

way	when	facing	similar	challenges	from	the	environment.	For	example,	deciding	

to	explore	new	resources	in	the	absence	of	external	biases	across	domains.			

	 This	is	in	line	with	the	personality	literature	that	associated	people	high	

in	some	traits	(e.g.,	Openness	to	Experience)	with	an	overall	strong	drive	to	

explore,	both	from	behavioural	and	perceptual	perspectives	(DeYoung,	2014).	

However,	there	is	currently	very	little	empirical	evidence	to	support	the	

existence	of	such	consistency	in	responses	across	domains.	It	is	also	unclear	to	

what	extent	such	tendencies	transfer	beyond	cognitive	strategies	to,	for	example,	

even	low-level	sensory	phenomenon.		
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	 This	chapter	provides	a	review	of	the	two	personality	frameworks	—	the	

Big	Five	and	the	Schizotypy	spectrum/cluster—	that	will	be	used	to	investigate	

whether	a	relation	exists	between	specific	personality	traits	and	the	tendency	to	

“flexibly”	explore,	both	from	a	perceptual	and	behavioural	perspective.	The	Big	

Five	is	the	most	common	and	widely	used	organizing	framework	for	personality.	

In	the	following	paragraphs	a	brief	overview	of	the	history	of	the	Big	Five	is	

presented	together	with	a	description	of	its	main	domains	(Extraversion,	

Agreeableness,	Conscientiousness,	Neuroticism	and	Openness	to	Experience).	

Because	of	the	relevance	of	Openness	to	Experience	to	the	thesis,	a	more	detailed	

description	of	the	underlying	assumptions	connecting	Openness	to	Experience	to	

exploration	is	provided:	inclusive	thinking,	flexible	cognition	and	its	relation	to	

creativity,	perceptual-aesthetic	stimulation	and	visual	awareness.	Schizotypy	

measures	capture	schizophrenia-like	traits	in	the	general	population	and	can	be	

broadly	considered	an	example	of	extreme	exploration,	because	of	the	general	

difficulty	in	focusing	on	salient	information	and	ignoring	irrelevant	ones.	The	

chapter	also	presents	a	brief	overview	of	the	heated	debate	regarding	how	to	

best	conceptualise	schizotypal	traits	(quasi-dimensional	and	fully	dimensional	

models),	the	implications	on	the	development	of	different	personality	measures	

and	the	idea	of	a	healthy	schizotypy.	The	chapter	then	concludes	with	a	brief	

summary	of	the	literature	reviewed	and	its	relevance	to	the	thesis.		

2.1 	Individual	differences:		what	are	the	benefits	of	
considering	“noise”	to	be	informative?	

If	someone	asked	you	to	describe	a	friend,	the	adjectives	that	first	come	to	

your	mind	to	describe	her	are	likely	the	ones	that	more	capture	her	peculiarities.	

That	is,	those	characteristics	that	distinguish	that	friend	from	the	other	people	
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you	know.	What	distinguishes	us	from	others	and	the	unique	patterns	of	

attributes	that	we	manifest	is	something	that	we	relish.	Some	may	say	that	those	

attributes,	or	personal	traits,	capture	the	essence	of	who	we	are	as	a	person.	

However,	individual	differences	are	often	lost	in	the	rigorous	approach	used	in	

the	lab	to	systematically	investigate	our	behaviour	and	cognitive	functions,	such	

as	perception.	By	averaging	the	data,	individual	differences	are	often	levelled	out	

and	most	investigators	consider	them	as	noise	to	control	for	(for	an	interesting	

commentary	on	this	see	Kanai	&	Rees,	2011).	On	the	one	hand	this	approach	has	

obvious	advantages,	such	that	by	averaging	the	data	we	can	create	categories	

and	normative	values	that	simplify	our	descriptions	of	the	world.	For	example,	

this	may	help	us	to	define	which	behaviour	can	be	considered	as	deviant,	such	as	

in	a	clinical	setting,	where	we	wish	to	identify	risk	for	a	specific	pathology.	

However,	disciplines	that	have	traditionally	focussed	on	describing	and	

predicting	how	people	generally	function	(e.g.,	low-level	perceptual	or	basic	

motor	functions)	are	now	starting	to	shift	their	focus	towards	the	useful	

information	that	a	close	look	at	individual	differences	may	provide.	This	is	well	

captured	in	the	graph	below	(see	Figure	4).	When	averaging	the	data	any	sub-

trend	existing	in	the	data	is	wiped	out.		
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Figure	4.	Comparison	of	average	performance	and	individual	performance	across	two	conditions.	In	
the	left	panel	the	average	performance	of	two	condition	performances	indicates	that	overall	a	
difference	between	conditions	is	observable.	In	the	right	panel	individual’s	performance	is	depicted.	
Although	overall,	when	looking	at	individual	data,	a	similar	trend	is	observable	(purple	lines),	some	
participants	show	an	opposite	trend	(pink	lines),	or	a	stronger	effect	(green	lines).	Image	adapted	
from	Kanai	and	Rees	(2011,	p.	231).	
	
		 Fluctuations	in	the	data	are	common	and	it	is	also	fair	to	say	that	

with	respect	to	perceptual	phenomena	these	fluctuations	might	not	be	so	

extreme.	Nevertheless,	it	is	important	to	recognise	that	if	similar	individual	

differences	remain	stable	across	different	tasks	or	repeated	testing	of	the	same	

task,	it	may	suggest	that	these	differences	are	real	and	might	be	informative.	

These	differences	may	reflect,	for	example,	differences	in	the	underlying	brain	

structures	or	neurochemicals	associated	with	those	tasks.	Furthermore,	an	

exciting	relatively	new	line	of	research	has	emerged	which	investigates	how	

systematic	variations	in	cognitive	and	perceptual	tasks	might	correlate	to	other	

stable	variables	within	the	same	person,	such	as	personality	traits	(Carson,	

Peterson,	&	Higgins,	2003;	Partos,	Cropper,	&	Rawlings,	2016;	Risko,	Anderson,	

Lanthier,	&	Kingstone,	2012).	
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2.2 Identifying	individual	differences	that	are	stable	across	
cognitive	and	perceptual	processes.	

Personality	psychology	historically	has	made	individual	differences	the	

main	subject	matter	of	investigation.	Since	its	beginning,	personality	psychology	

has	focused	mainly	on	describing	how	people	differ,	refining	descriptions	of	

different	personality	constructs,	and	developing	taxonomies	of	these	constructs	

(‘traits’).	Although	researchers	have	also	focussed	on	developing	explanations	of	

what	underlying	biological	systems	may	underpin	those	differences	(e.g.,	

Cloninger,	1987;	Eysenck,	1967;	Gray,	1981),	the	testing	and	refining	of	these	

explanations	has	progressed	slowly.	More	recently,	the	increased	availability	and	

affordability	of	neuroscience	methods	has	invigorated	the	push	towards	

identifying	the	biological	systems	underlying	stable	difference	in	personality	in	

an	attempt	to	shift	the	discipline	more	strongly	from	a	purely	descriptive	

approach	toward	an	explanatory	one	(DeYoung	et	al.,	2010).	To	this	end,	

investigators	have	started	to	study	how	stable	differences	in	personality	traits	

correlate	with	brain	structures	(Banissy,	Kanai,	Walsh,	&	Rees,	2012;	Coutinho,	

Sampaio,	Ferreira,	Soares,	&	Goncalves,	2013),	neurochemicals	(Delvecchio,	

Bellani,	Altamura,	&	Brambilla,	2016),	and	specific	genes	(for	a	review	see	

Bouchard	&	Loehlin,	2001).	The	evidence	to	date	strongly	suggests	that,	although	

the	definition	of	many	personality	traits	may	appear	to	be	abstract	social	

constructions,	personality	descriptions	can	be	linked	with	clear	and	measurable	

differences	in	biological	and	behavioural	variables.	Furthermore,	personality	

traits	show	impressive	predictive	validity,	even	across	many	decades	(Bogg	&	

Roberts,	2004;	Jackson,	Connolly,	Garrison,	Leveille,	&	Connolly,	2015),	and	

basically	all	psychological	traits	can	be	highly	heritable	(Turkheimer,	2016).		
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In	respect	to	the	link	between	personality	and	behavioural	variables,	

most	research	has	targeted	complex	forms	of	behaviour.	For	instance,	how	

people	respond	to	reward	stimuli	is	highly	influenced	by	people’s	level	of	

extraversion	(for	a	recent	review	see	Smillie,	2013).	However,	only	a	limited	

number	of	studies	investigated	whether	a	similar	relation	exists	between	

personality	and	lower,	or	more	basic	behaviour,	such	as	perception.	For	example,	

it	has	been	shown	that	people	scoring	high	in	curiosity	also	have	a	higher	

number	of	saccades	when	asked	to	naturally	look	at	a	scene	(Risko	et	al.,	2012).	

In	a	similar	vein,	differences	in	people’s	subjective	threshold	to	tolerate	

defocused	blur	images	—operationalised	as	the	difference	in	diopters	between	

the	point	when	a	blur	image	changed	sharpness	and	the	point	when	the	image	

was	perceived	as	uncomfortable	to	look	at	—	correlated	with	level	of	

perfectionism	(Woods,	Colvin,	Vera-Diaz,	&	Peli,	2010).	If	one	assumes	that	

difference	in	personality	ultimately	depends	on	the	brain.	Then	it	is	not	

surprising	that	systematic	differences	in	one’s	brain	structure	(or	brain	

neurochemistry)	may	affect	higher	variables,	such	as	complex	behaviour;	as	well	

as	lower	variables,	such	as	perception.	One	of	the	aims	of	this	thesis	is	to	directly	

test	this	assumption.	To	do	so	we	used	two	personality	frameworks:	The	Big	Five	

(capturing	major	lines	of	covariation	among	all	personality	traits)	and	the	O-LIFE	

(focusing	on	schizotypal	traits).	

2.3 The	five-factor	model	of	personality:	The	Big	Five.		

Over	time	researchers	have	made	multiple	different	attempts	to	define	

the	specific	characteristics	that	distinguish	a	person’s	behaviour	from	those	of	

other	people.	That	is,	those	individual	differences	that	we	manifest	in	the	way	we	

think,	feel	and	behave.	From	this	endeavour,	personality	traits	have	emerged	as	
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the	main	unit	of	investigation	used	to	capture	stable	patterns	of	behaviour,	

thinking	or	feeling.	A	trait	can	be	defined	as	a	probabilistic	description	of	a	

person’s	regular	patterns	of	behaviour	and	experience	(DeYoung,	2015).	As	

appropriately	emphasised	in	John	et	al.,	(1999),	the	study	of	traits	initially	could	

be	described	as	a	sort	of	“Babel	of	concepts	and	scales”	(John	&	Srivastava,	1999,	

p.	102).	Authors	were	using	different	scales	to	measure	similar	concepts	(the	

‘Jangle	Fallacy’),	while	others	were	using	similar	terminology	to	refer	to	different	

personality	traits	(the	‘Jingle	Fallacy’).	The	discipline	warranted,	thus,	some	

overarching	structure	to	organise	and	clarify	the	relations	between	personality	

traits—a	“map”	for	navigating	the	trait	landscape,	if	you	will.	This	necessity	led	

to	the	identification	of	the	Big	Five:	The	result	of	decades	of	psychometric	

research	seeking	to	identify	a	means	to	structure	and	organise	the	multitude	of	

trait	concepts	that	had	appeared	within	the	discipline.	The	term	“Big	Five”	was	

first	used	by	Goldberg	(1999).	The	adjective	Big	referred	to	the	fact	that	the	Big	

Five	captured	a	very	broad	way	of	describing	people’s	differences	in	personality.	

So	that,	broadly	speaking,	your	personality	could	be	described	according	to	how	

you	position	yourself	along	these	five	dimensions.	The	Big	Five	biography	is	a	

rather	interesting	one,	with	different	investigators	contributing	along	the	way	to	

the	creation	of	what	is	known	as	the	Big	Five	model.	Amongst	those	investigators	

who	made	a	substantial	contribution	to	the	creation	of	the	Big	Five	a	few	names	

stood	out.	Allport	and	Odbert	(1936)	were	the	first	investigators	to	conduct	the	

seminal	study	to	examine	the	latent	variables	underlying	the	variability	of	

personality	traits.	Those	authors	intuited	what	has	now	become	known	as	the	

“Lexical	Hypothesis”,	focussing	on	terms	that	are	present	in	the	natural	language	

to	differentiate	individuals’	behaviours.	The	logic	behind	is	that,	because	humans	
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communicate	through	language,	we	should	have	a	term	that	we	can	use	to	

describe	any	identifiable	aspects	of	behaviours	that	people	could	differ	on	(e.g.,	

aggressive,	cooperative,	talkative,	etc.).	Allport	and	Odbert	systematically	

collected	all	the	terms	present	in	the	English	dictionary	of	that	time	that	were	

used	to	differentiate	people’s	behaviour	and	were	commonly	used	to	describe	

one’s	personality	characteristics.	This	search	resulted	in	a	staggering	list	of	

18,000	terms.	

Raymond	Cattell,	roughly	a	decade	later,	removed	99%	of	the	personality	

traits	in	the	list	to	obtain	a	shorter	number	of	basic	personality	factors	(Cattell,	

1943).	Through	a	series	of	sophisticated	statistical	procedures	and	a	number	of	

more	subjective	criteria	Cattell	created	the	famous,	and	still	in	in	use,	Sixteen	

Personality	Factors	Questionnaire	(16PF)	(Cattell,	1957;	1973).	Some	authors	

criticised	the	methodology	adopted	by	Cattell,	because	some	of	the	decisions	to	

create	the	questionnaire	were	considered	to	be	arbitrary	and	employ	personal	

judgment	(Digman,	1990;	John,	Angleitner,	&	Ostendorf,	1988).	Despite	these	

limitations,	the	16PF	Questionnaire	undoubtedly	has	allowed	the	discipline	to	

move	towards	more	simplified	assessments	of	broad	personality	traits.	Many,	

however,	still	believed	that	16	factors	remained	too	many	to	handle,	especially	

given	the	computational	limitations	of	the	calculators	used	at	that	time.	

Furthermore,	the	factors	individuated	by	Cattell	were	often	correlated	with	one	

other,	raising	the	possibility	of	the	existence	of	underlying	broader	factors	

(Fiske,	1949).	Hence,	investigators	in	the	following	decades	started	to	examine	

the	overall	dimensions	of	the	structure,	to	find	factors	that	were	truly	

independent	and	irreducible.	Investigators	also	started	to	notice	that	the	factor	

analysis	of	the	personality	traits	was	converging	into	five	broad	factors	(McCrae	
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&	Costa,	1987).	These	five	factors	(described	in	detailed	in	the	following	

paragraphs)	were	subsequently	labelled:	

1)	Extraversion	(also	named	Surgency):	encompassing	traits	as	assertive,	

energetic	and	talkative.		Broadly	speaking,	highly	extraverted	people	tend	to	be	

“the	life	of	the	party”.	Accordingly,	they	enjoy	being	surrounded	by	large	groups	

and	are	generally	sociable,	talkative	and	outgoing	(Lucas,	Diener,	Grob,	Suh,	&	

Shao,	2000;	McCrae	&	Costa,	1987).	In	general,	extraverted	people,	compared	to	

introverted	ones	(people	at	the	opposite	pole)	are	oriented	towards	the	

“outside”	world	instead	of	the	inner	world.	By	contrast,	introverted	people	are	

characterised	by	a	lack	of	affiliation.	

2)	Agreeableness:	encompassing	traits	as	affectionate	and	sympathetic.	Broadly	

speaking,	people	high	in	Agreeableness	are	those	who	“play	by	the	rules”	with	

respect	to	social	conduct.	Accordingly,	they	are	cooperative,	kind,	respectful,	

empathic,	fair-minded	and	tender-hearted	(Graziano	&	Eisenberg,	1997).	The	

Agreeableness	trait	may	indeed	capture	the	conflict	that,	as	social	animals,	we	

face	between	the	decision	of	negotiating	between	our	own	interests	and	the	

interest	of	the	group	that	we	belong	to	(Digman	&	Takemoto-Chock,	1981).	

3)	Conscientiousness:	encompassing	traits	as	playful	and	organised.	Broadly	

speaking,	conscientious	people	are	the	ones	that	“ensure	the	job	gets	done”.	In	

line	with	this,	they	show	strong	determination,	together	with	being	thorough	and	

achievement-oriented.	High	scores	in	the	Conscientiousness	trait	highly	

correlate	with	high	job	performance	across	jobs	and	criteria	(Mount	et	al.,	1998),	

with	good	academic	performance,	and	more	generally	with	longer	life	

expectancy	(Ozer	&	Benet-Martínez,	2006).	
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4)	Neuroticism	(also	described	as	[low]	Emotional	Stability):	encompassing	

traits	as	moody	and	tense.	One	of	the	core	characteristics	of	Neuroticism	is	a	

strong	association	with	an	increased	likelihood	of	experiencing	negative	

emotions	(McCrae	&	Costa,	1987)	and	low	self-esteem	(Schmitz,	Kugler,	&	

Rollnik,	2003).	Although	a	high	score	in	neuroticism	is	not	a	sign	of	a	mental	

disorder,	it	is	well	known	that	high	scores	on	Neuroticism	can	be	considered	a	

risk	factor	for	clinical	conditions,	such	as	depression	and	anxiety	(Claridge	&	

Davis,	2001).	

5)	Openness	to	Experience:	encompassing	traits	as	intellectual	curiosity	(i.e.,	a	

tendency	to	actively	engage	with	possibilities)	and	perceptual	and	aesthetic	

engagement	(i.e.,	a	drive	to	explore	perceptual/sensorial	information).	As	the	

Openness	trait	is	of	particular	relevance	for	the	thesis	in	the	following	sections	

the	reader	is	provided	with	an	in-depth	literature	review	of	this	trait.	

Specifically,	four	aspects	of	Openness	will	be	presented.	That	is,	the	ability	of	

Open	people	to	flexibly	engage	with	possibility,	resulting	in	remote,	perhaps,	

unusual	connection	between	ideas,	the	well-known	link	with	between	Openness	

and	creativity,	the	strong	response	that	Open	people	have	to	perceptual	and	

aesthetic	stimuli,	and	Openness	to	Experience	and	visual	awareness.		

	 Some	questioned	the	validity	of	the	initial	lexical	methodology	used	to	

uncover	those	traits.	For	example,	some	important	characteristics	related	to	

one’s	personality	might	not	have	in	everyday	language	a	specific	term	to	capture	

them.	Thus,	the	Big	Five	might	not	provide	a	satisfactory	and	complete	theory	of	

personality.	It	is	worth	stressing	that,	however,	the	Big	Five	model	was	never	

intended	to	provide	an	explanation	of	personality,	but	rather	a	descriptive	

hierarchical	taxonomy	of	personality	traits	—with	very	broad	dimensions	at	the	
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first	level	of	the	hierarchy,	middle	level	categories,	and	more	specific	behaviour	

(e.g.,	talkative)	at	the	bottom	(see	Figure	5;	DeYoung,	Quilty,	&	Peterson,	2007).	

Despite	the	descriptive	nature	of	the	Big	Five	model,	a	variety	of	evidence	has	

been	put	forward	to	demonstrate	the	genuine	existence	of	these	latent	five	broad	

domains.	For	example,	it	was	showed	that	the	Big	Five	structure	emerged	

reliably	in	self-rating	and	peer-rating	(McCrae	&	Costa,	1987)	and	cross-

languages	(Bond,	Nakazato,	&	Shiraishi,	1975).	Furthermore,	when	using	scales	

utilising	adjectives	different	from	the	ones	of	the	Big	Five	(administered	by	

independent	investigators)	they	all	converged	in	a	similar	five	factor	solution	

(Costa	&	McCrae,	1992b;	John,	Naumann,	&	Soto,	2008).		

	 Considerable	evidence	indicates	that	the	Big	Five	reliably	predicts	

important	outcomes	in	people’s	life,	such	as	academic	performance	(Mitrofana	&	

Iona,	2013),	longevity	(Atherton,	Robins,	Rentfrow,	&	Lamb,	2014),	and	job	

satisfaction	(Judge,	Heller,	&	Mount,	2002)—	For	systematic	reviews	and	meta-

analyses	see	Ozer	&	Bennet-Martinez	(2006)	and	Roberts	et	al.,(2007).	

Furthermore,	studies	have	shown	that	many	of	the	Big	Five	domains	correlate	

with	the	volume	of	different	brain	regions,	specific	gene	loci,	hormones,	and	

neurotransmitters	(DeYoung,	2010;	DeYoung	&	Gray,	2009).	It	is	also	widely	

accepted	that	correspondence	of	the	five	structure	generalises	across	cultures	

(Schmitt,	Allik,	McCrae,	&	Benet-Martínez,	2007)	and	to	some	degree	across	

species	(Gosling	&	John,	1999).	However,	with	respect	to	how	personality	

dimensions	are	assessed	in	nonhuman	animals	it	is	important	to	highlight	two	

potential	issues.	First,	the	description	of	personality	traits	in	nonhuman	animals	

rely	on	human	observers,	who	rate	animals’	behaviour	using	trait-adjective	

similar	to	the	ones	used	with	humans	(e.g.,	extroverted,	agreeable	etc…).	This	
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approach	has	been	criticised	by	some	investigators	who	accused	these	ratings	to	

reflect	anthropomorphic	projections,	rather	than	true	descriptions	of	animals’	

personalities	(for	a	review	see	Gosling	&	John,	1999).	Second,	the	personality	

dimensions	emerged	in	the	animal	literature	appeared	to	be	specific	for	each	

species.	For	example,	a	study	by	Weiss	et	al.,	(1999)	investigating	personality	

factors	in	chimpanzees	reported	that	there	were	six	factors	and	not	five	as	

observed	for	humans,	with	the	six-factor	reflecting	a	dominance-related	factor.		

Despite	these	differences,	however,	the	remarkable	commonalities	across	

species	and	people	across	cultures	strongly	suggest	that	universal,	evolved	

biological	mechanisms	may	underlie	those	broad	five	dimensions.		

2.4 Different	measures	to	assess	the	Big	Five	and	the	Big	Five	
Aspect	Scales	(BFAS)	

Because	of	the	popularity	of	the	Big	Five,	different	investigators	have	

come	up	with	different	rating	instruments	(e.g.,	inventories,	questionnaires,	

short	sentences,	single	adjectives)	to	capture	this	overarching	structure	of	

personality.	Therefore,	investigators	according	to	the	aims	or	time	constraints	

within	their	study,	have	a	number	of	options	for	assessing	personality	traits	to	

choose	from.	The	most	exhaustive	instrument	to	assess	the	Big	Five	is	the	

inventory	developed	by	Costa	and	McCrae	(1992a)	the	NEO	Personality	

inventory	(240-items).	The	NEO	Personality	Inventory	was	designed	to	capture	

the	five	broad	dimensions	and	the	six	facets	within	each	dimension.	Other	well-

established	instruments	are:	the	NEO-FFI,	a	shorter	version	of	the	NEO	

Personality	inventory	(60-items),	assessing	solely	the	broad	five	domains	(Costa,	

1992);	Goldberg	(1992)	TDA	100-descriptive	adjectives;	Saucier	(1994)	Big	Five	

mini-markers	(40-items)	a	concise	version	of	the	TDA.		
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As	illustrated	in	the	previous	paragraph,	the	Big	Five	has	provided	

investigators	with	a	broad	taxonomy	of	personality	traits	that	captures	the	

pattern	in	which	traits	tend	to	aggregate	together.	However,	within	this	

taxonomy	exists	a	clear	hierarchy,	with	broader	domains	encompassing	

narrower	traits.	For	example,	according	to	Costa	and	McCrae	(1992)	each	

broader	dimension	encompasses	six	subordinate	facets	(i.e.,	extraversion	

encompassed	concrete	traits	such	as	talkative,	assertive	and	energetic).	Within	

the	Big	Five	the	relation	between	traits	is	probabilistic,	such	that	it	is	likely	that	a	

person	who	is	high	on	assertiveness	may	also	be	talkative,	but	the	opposite	could	

also	be	true	(e.g.,	the	strong	quiet	person).	Different	levels	of	organisation	of	the	

structure	of	the	Big	Five	exist	in	the	literature	and	investigators	disagree	on	how	

the	hierarchy	should	be	organised.	Recently,	interesting	research	highlighted	

that	other	levels	exists	within	and	beyond	the	Big	Five.	For	example,	authors	

noted	that	correlations	existed	between	the	five	factors,	suggesting	the	existence	

of	broader	metatraits	—named	Alpha	and	Beta	(Digman,	1997)	or	Stability	and	

Plasticity	(DeYoung,	2006;	DeYoung,	Peterson,	&	Higgins,	2002).	Notably,	De	

Young	(2006,	2002)	also	suggested	the	existence	an	intermediated	level	of	

organization	between	domains	and	facets	(see	Figure	5).		
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Figure	5.	Adapted	from	De	Young	paper	(2007).	The	diagram	illustrates	the	three	levels	of	the	
hierarchy	in	the	Big	Five	Aspect	BFAS	(from	the	top:	metatraits,	domains,	aspects	and	facets).	
	

The	purpose	of	a	midlevel	in	the	Big	Five	hierarchy,	capturing	the	shared	

variance	between	the	facets,	finds	strong	resemblance	with	intriguing	data	from	

a	genetic	study	by	Jang	et	al.	(2002).	In	that	study	the	authors	found	that,	for	

each	domain	of	the	Big	Five,	the	shared	variance	of	the	six	facets	is	driven	by	two	

genetic	factors.	This	strongly	suggests	that	the	existence	of	a	further	level	in	the	

Big	Five	model	is	genuine	and	likely	driven	by	biological	factors-The	existence	of	

a	midlevel	within	the	Big	Five	hierarchy	is	particularly	relevant	for	the	design	of	

Study	1	to	examine	the	distinct	contribution	of	its	two	subfactors.	Accordingly,	

we	decided	to	use	the	De	Young’s	hierarchy	of	the	Big	Five	(the	BFAS	100-item	

measure)	for	the	current	thesis,	as	other	personality	measures	commonly	used	

to	assess	the	Big	Five	do	not	make	it	possible	to	clearly	separate	the	core	

components	of	Openness	(for	a	detailed	explanation	of	the	debate	around	the	

Openness	to	Experience	trait	see	Section	2.10).	
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2.5 The	Five	factors		

The	personality	domain	of	the	Big	Five	that	is	of	major	relevance	to	this	

thesis	is	Openness	to	Experience,	given	its	relation	to	a	flexible	perceptual	

experience.	The	following	sections	provide	a	brief	summary	of	the	main	

characteristics	of	the	Openness	to	Experience	trait.		

However,	before	reviewing	the	main	characteristics	of	the	Openness	to	

Experience	trait,	it	is	worth	providing	a	brief	summary	of	the	characteristics	of	

the	other	four	domains	of	the	Big	Five	(Extraversion,	Agreeableness,	

Conscientiousness,	Neuroticism).		

2.6 Extraversion	

A	considerable	volume	of	research	has	been	carried	out	to	characterise	

what	are	the	core	aspects	of	Extraversion,	both	at	a	broader	domain	level	and	at	

its	narrow	traits	levels.	Overall,	a	few	overarching	themes	can	be	individuated.	

Broadly	speaking,	highly	extraverted	people	tend	to	be	“the	life	of	the	party”.	

Accordingly,	they	enjoy	being	surrounded	by	large	groups	and	are	generally	

sociable,	talkative	and	outgoing	(Lucas,	Diener,	Grob,	Suh,	&	Shao,	2000;	McCrae	

&	Costa,	1987).	In	general,	extraverted	people,	compared	to	introverted	ones	

(people	at	the	opposite	pole)	are	oriented	towards	the	“outside”	world	instead	of	

the	inner	world.	By	contrast,	introverted	people	are	characterised	by	a	lack	of	

affiliation.	Authors,	however,	suggested	that	the	sociability	characterising	

extraverted	people	may	only	be	a	secondary	manifestation	of	their	core	feature:	

sensitivity	for	reward	(Depue	&	Collins,	1999;	Lucas	et	al.,	2000;	Watson	&	Clark,	

1997).	That	is,	extraverted	people	are	sociable	because	most	opportunities	

where	one	is	likely	to	obtain	a	reward	involves	being	surrounded	by	people.	The	
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link	between	extraversion	and	reward-behaviour	has	also	found	clear	support	

from	anatomical	and	neurochemical	studies.	In	a	study	by	DeYoung	et	al.	(2010)	

using	magnetic	resonance	imaging	(MRI)	it	was	found	that	higher	scores	on	

extraversion	covary	with	brain	regions	associated	with	reward	processing	(i.e.,	

orbitofrontal	cortex).	Furthermore,	studies	using	pharmacological	manipulation	

of	the	dopaminergic	system	have	established	a	clear	link	between	dopamine,	the	

key	neurotransmitter	involved	in	reward	and	approaching-behaviour,	and	

extraversion	(Depue	&	Fu,	2013).		

Extraverted	people	are	also	characterised	by	excitement	and	high	activity	

levels	—“Surgency”	was	one	of	the	labels	used	for	the	extraversion	domain—	

together	with	assertiveness	and	dominance	(Morrone-Strupinsky	&	Lane,	2007).	

Finally,	it	is	worth	mentioning	that	one	of	the	most	reliable	findings	in	the	

extraversion	literature	is	a	strong	association	of	extraversion	with	the	likelihood	

of	experiencing	positive	affect	(Watson,	Clark,	Mcintyre,	&	Hamaker,	1992).	

In	the	Big	Five	aspect	scale	(BFAS)	the	Extraversion	domain	is	divided	

into	two	subfactors:		Assertiveness,	capturing	the	tendency	to	adopt	leadership	

role;	and	Enthusiasm	capturing	the	tendency	of	being	sociable	and	experiencing	

positive	emotions.		

2.7 Agreeableness	

	 The	Agreeableness	domain,	similar	to	Extraversion,	is	characterised	by	

interpersonal	behaviour.	However,	Extraversion	and	Agreeableness	capture	

fundamental	different	aspects	of	“enjoying”	being	with	other	people.	Put	simply,	

extraverts	enjoy	being	surrounded	by	people,	but	due	to	their	tendency	towards	

assertiveness,	the	pleasure	of	extraverted	people	to	be	surrounded	by	others	

may	not	be	mutual	(McCrae	&	Costa,	1987).	Conversely,	people	high	in	
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Agreeableness	are	generally	likable	and	warm	toward	others,	which	in	turn	

increase	the	chances	that	other	people	also	enjoy	their	presence—for	a	review	

see	Jensen-Campbell,	Knack,	&	Gomez	(2010).		

	A	few	overarching	themes	can	be	individuated	in	the	Agreeableness	

literature.	Broadly	speaking,	people	high	in	Agreeableness	are	those	who	“play	

by	the	rules”	with	respect	to	social	conduct.	Accordingly,	they	are	cooperative,	

kind,	respectful,	empathic,	fair-minded	and	tender-hearted	(Graziano	&	

Eisenberg,	1997).	The	Agreeableness	trait	may	indeed	capture	the	conflict	that,	

as	social	animals,	we	face	between	the	decision	of	negotiating	between	our	own	

interests	and	the	interest	of	the	group	that	we	belong	to	(Digman	&	Takemoto-

Chock,	1981).	In	line	with	these	attributes,	studies	using	functional	magnetic	

resonance	imaging	(fMRI)	shown	that	Agreeableness	covary	with	those	brain	

regions	associated	with	processing	information	of	other	people’s	mental	states	

(e.g.,	the	temporoparietal	junction,	the	superior	temporal	sulcus	and	the	

posterior	cingulate	cortex;		Digman,	1990;	Pelphrey	&	Morris,	2006;	Saxe	&	

Powell,	2006).		

	 Evidence	suggests	that	agreeableness	may	also	be	associated	with	one’s	

wellbeing	and	positive	relations.	Furthermore,	high	levels	of	Agreeableness	

predict	positive	outcomes	in	jobs	where	flexibility	and	cooperation	are	required	

(Mount,	Barrick,	&	Stewart,	1998).	However,	this	pattern	is	inverted	at	

managerial	level,	where	high	level	of	agreeableness	correlates	with	poor	

performance	(Howard	&	Howard,	1995).	This	may	be	linked	to	the	difficulties	for	

high	agreeable	people	to	confront	colleagues	and	maintain	a	firm	hand	over	

decisions	and	generally	speak	to	the	cost	associated	with	being	at	the	extreme	

end	on	the	Agreeableness	continuum	(Nettle,	2006b)		
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		 Conversely,	at	the	opposite	pole,	people	low	in	agreeableness	are	

characterised	by	callousness,	hostile	behaviour	and	selfishness.	Accordingly,	

they	have	difficulties	in	managing	relationships	with	others	and	put	their	

interests	first.	For	example,	low	agreeableness	correlates	to	conflictual	

relationships,	abuse	(Karney	&	Bradbury,	1995)	and	increase	infidelity	(Schmitt	

&	Shackelford,	2008).		

	 In	the	Big	Five	aspect	Scales	(DeYoung	et	al.,	2007)	the	Agreeableness	

domain	is	divided	into	two	sub	factors:	Politeness,	capturing	the	tendency	to	

conform	and	respect	the	rules;	and	Compassion,	capturing	the	tendency	of	caring	

and	being	concerned	about	others.		

2.8 Conscientiousness	

	 The	Conscientiousness	domain	is	characterised	by	behaviours,	

such	as	being	organised,	responsible	and	self-motivated.	

	 Overall,	two	main	overarching	themes	can	be	found	in	the	

Conscientiousness	literature.	Firstly,	studies	point	to	the	proactive	drive	

characterising	people	high	in	Conscientiousness	(Costa,	McCrae,	&	Dye,	1991).	

Broadly	speaking,	conscientious	people	are	the	ones	that	“ensure	the	job	gets	

done”.	In	line	with	this,	they	show	strong	determination,	together	with	being	

thorough	and	achievement-oriented.	High	scores	in	the	Conscientiousness	trait	

highly	correlate	with	high	job	performance	across	jobs	and	criteria	(Mount	et	al.,	

1998),	with	good	academic	performance,	and	more	generally	with	longer	life	

expectancy	(Ozer	&	Benet-Martínez,	2006).		

	 The	second	larger	theme	in	the	Conscientiousness	literature	

speaks	to	the	ability	to	postpone	(inhibit)	an	immediate	reward	in	face	of	a	

delayed,	potentially	higher,	one	(DeYoung	et	al.,	2007).	That	is,	people	high	in	
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Conscientiousness	are	not	only	hard	working,	but	they	are	also	willing	to	

sacrifice	and	delay	immediate	gratification,	while	also	resisting	impulses	that	

would	sabotage	one’s	goals.	At	the	opposite	pole,	people	low	in	

Conscientiousness,	are	characterised	by	impulsivity	and	disorganisation.	In	line	

with	these	attributes	it	has	been	shown	that	Conscientiousness	covary	with	

those	regions	of	the	prefrontal	cortex	dedicated	to	organising	complex	

behaviours	and	following	rules	(Prefrontal	cortex;	DeYoung	et	al.,	2010).		

As	for	the	other	personality	traits,	also	for	Conscientiousness	an	excessive	

shift	towards	an	exacerbation	of	its	core	characteristics	may	come	with	a	cost.	

People	extremely	high	in	Conscientiousness	may	also	present	traits	of	

dysfunctional	perfectionism,	and	evidence	showed	an	association	with	

obsessive-compulsive	behaviour	(Claridge	&	Davis,	2003).	Furthermore,	high	

score	on	Conscientiousness	may	be	detrimental	especially	for	those	occupations	

that	require	a	fast	completion	of	tasks	(Deluga	&	Masson,	2000),	such	as	police	

officers	(Tett	&	Burnett,	2003).			

Notably,	the	line	of	studies	investigating	the	correspondence	cross-

species	of	the	Big	Five	structural	organization	in	other	non-human	animals,	

reported	that	in	contrast	to	other	personality	traits,	a	correspondence	of	the	

Conscientiousness	trait	was	observable	solely	in	chimpanzees	(our	closest	

primate	relative),	but	not	in	other	species	(Gosling	&	John,	1999).	This	has	led	to	

speculation	that	Conscientiousness	may	capture	a	number	of	abilities	that	

promoted	the	general	evolution	of	humans.	

	 In	the	Big	Five	Aspect	Scales	(BFAS)	the	Conscientiousness	domain	

is	divided	into	two	subfactors:	Industriousness,	capturing	the	tendency	to	
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perseverate	in	goal-direct	behaviours;	and	Orderliness,	capturing	the	tendencies	

to	manifest	perfectionist	behaviours.		

2.9 Neuroticism	

The	Neuroticism	domain	(reverse	of	emotional	stability)	is	characterised	

by	a	number	of	aspects,	such	as	anger,	shame,	anxiety,	and	depressed	mood.	One	

of	the	core	characteristics	of	Neuroticism	is	a	strong	association	with	an	

increased	likelihood	of	experiencing	negative	emotions	(McCrae	&	Costa,	1987)	

and	low	self-esteem	(Schmitz,	Kugler,	&	Rollnik,	2003).	Although	a	high	score	in	

neuroticism	is	not	a	sign	of	a	mental	disorder,	it	is	well	known	that	high	scores	

on	Neuroticism	can	be	considered	a	risk	factor	for	clinical	conditions,	such	as	

depression	and	anxiety	(Claridge	&	Davis,	2001)	.		

Overall,	a	few	overarching	themes	can	be	individuated	in	the	Neuroticism	

literature.	People	high	in	Neuroticism	tend	to	interpret	ordinary	situations	as	

particularly	stressful	and	threatening.	In	line	with	this,	higher	scores	on	

Neuroticism	covary	with	brain	regions	associated	to	assessing	punishments	and	

threats	in	the	environment	(e.g.,	the	amygdala,	anterior	and	midcingulate	cortex,	

medial	prefrontal	cortex,	and	hippocampus;	DeYoung	et	al.,	2010).	Overall	

females	appeared	to	report	slightly	higher	levels	of	neuroticism	compared	to	

males,	and	in	respect	to	the	broader	society,	higher	levels	of	neuroticism	are	

found	in	low-level	socio	economic	backgrounds	(Costa,	Terracciano,	&	McCrae,	

2001;	Judge	&	Higgins,	1999).		

As	for	the	other	personality	traits,	also	Neuroticism	might	be	associated	

with	positive	outcomes.	For	example,	neuroticism	has	been	associated	with	

higher	levels	of	vigilance	(Cox-Fuenzalida,	Swickert,	&	Hittner,	2004).	This	may	

have	been	extremely	beneficial	for	our	ancestors,	where	higher	survival	rates	
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were	linked	to	cautious	behaviour	and	prompted	response	to	potential	threats	

and	predators	in	the	environment.	

	Furthermore,	Neuroticism	is	also	associated	with	competitiveness,	and	

amongst	university	students	it	has	been	shown	to	be	a	good	predictor	of	

academic	success	however,	only	when		it	is	accompanied	by	high	levels	of	

resilience,	defined	as	one’s	ability	to	cope	and	overcome	adversities	through	

abilities	such	as	ego-strength,	self-efficacy	and	internal	locus	of	control	

(Mckenzie,	Taghavi-Khonsary,	&	Tindell,	2000).	That	is,	high	scores	on	

Neuroticism	are	associated	with	academic	success	as	long	as	students	also	

developed	some	type	of	compensatory	coping	strategies.	Otherwise	the	opposite	

relation	emerged	(high	neuroticism	correlating	with	low	academic	achievement).		

	 In	the	Big	Five	aspect	scales	(BFAS)	the	Neuroticism	domain	is	

divided	into	two	subfactors:	Volatility	capturing	the	tendency	to	experience	

anger	and	a	limited	ability	to	control	emotional	impulses;	and	Withdrawal	

capturing	a	tendency	to	experience	negative	emotions.	

2.10 	Openness	to	Experience		

	 The	Openness	to	Experience	factor	was	the	last	of	the	broad	domains	of	

the	Big	Five	model	to	be	discovered	and	the	one	that	to	date	remains	the	most	

elusive	(for	a	comprehensive	review	see	DeYoung,	2014).	This	is	likely	to	be	

attributed	to	the	diversity	of	aspects	captured	by	the	Openness	to	Experience	

domain.	People	high	in	Openness	are	characterised	by	intellectual	curiosity,	they	

are	typically	very	creative	and	appear	to	have	what	has	been	defined	as	a	

permeable	consciousness	(McCrae	&	Costa,	1997).		The	term	permeable	

consciousness	was	used	to	capture	the	feeling	of	being	fully	immersed	and	

absorbed	in	the	perceptual	experience,	characteristic	of	Open	people.	Such	that	
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the	sensory	experience	is	enlarged	and	permeable	to	aspects	that	other	people	

may	tend	to	ignore.	Recent	functional	imaging	studies	investigating	individual	

difference	in	the	mesocortical	and	salience	network	(the	circuits	in	the	brain	

playing	a	key	role	in	responding	to	novel	stimuli	in	the	environment)	suggested	

that	open	people	are	more	reactive	to	the	external	world	(Passamonti	et	al.,	

2015).	Thus,	the	threshold	for	allowing	information	into	consciousness	is	lower	

and	may	explain	what	McCrae	and	Costa	(1997)	had	described	as	open	people	

having	greater	“breadth,depth,	and	permeability,	of	consciousness”	and	the	

“recurrent	need	to	enlarge	and	examine	experience”	(p.826).		The	following	

paragraphs	aim	to	provide	the	necessary	theoretical	background	to	understand	

the	link	between	Openness	to	Experience	and	one’s	perceptual	experience,	as	

well	as	between	Openness	to	Experience	and	decision-making,	that	will	be	

investigated	in	the	following	experimental	chapters.	

	 The	name	“Openness	to	Experience”	used	to	identify	this	factor	has	quite	

an	unusual	history,	especially	in	comparison	to	the	other	factors	of	the	Big	Five.	

Proponents	of	the	lexical	tradition	referred	to	this	factor	as	“Intellect”	(or,	in	

earlier	decades	“Culture”),	while	the	questionnaire	tradition	preferred	the	name	

“Openness	to	Experience”,	which	is	now	most	commonly	used.	This	controversy	

was	not	a	simply	semantic	dispute,	but	spoke	to	the	fact	that	the	Openness	factor	

contained	two	distinct	and	clearly	separated	elements	(Intellect	and	Openness;	

Saucier,	1992).	A	solution	to	this	debate	was	found	in	the	work	of	DeYoung	

(DeYoung,	2013;	DeYoung,	Quilty,	Peterson,	&	Gray,	2014),	who	showed	that	

Openness	and	Intellect	are	related,	yet	separated,	and	can	be	encompassed	in	a	

single	domain.	The	general	domain	O/I	(Openness/Intellect)	captured	the	shared	

variance	observed	in	two	separate	subscales,	driven	by	a	common	tendency	to	
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“explore”	various	sources	of	information.	The	Intellect	subscale	describes	the	

tendency	to	explore	abstract	information	(ideas,	concepts,	arguments,	etc.);	

whereas	the	Openness	subscale	captures	the	tendency	to	explore	

perceptual/aesthetic	information	(images,	visual	patterns,	sounds,	sensations,	

experiences,	etc.).	Consistent	with	this	distinction	growing	evidence	indicate	that	

Openness	and	Intellect	are	associated	with	separate	aspects	of	cognitive	

performance.	For	example,	implicit	learning	(i.e.,	the	unintentional	ability	to	

detect	regularities	in	a	noisy	environment;	Stadler	&	Frensch,	1998)	is	predicted	

by	Openness,	but	not	Intellect	(Kaufman	et	al.,	2010).	Conversely,	working	

memory	and	intelligence	is	predicted	by	Intellect,	but	not	Openness	(DeYoung,	

Shamosh,	Green,	Braver,	&	Gray,	2009).	In	a	similar	way,	Intellect	predicts	

creative	achievement	in	science,	whilst	Openness	in	arts	(Kaufman	et	al.,	2016).	

These	distinctions	have	been	further	corroborated	by	recent	genetics	

investigations	(DeYoung	et	al.,	2011).		Inclusive	thinking	and	flexible	cognition	

		 One	of	the	main	characteristics	of	open	people	is	their	ability	to	flexibly	

engage	with	possibilities,	resulting	in	remote,	and	perhaps,	unusual	connections	

between	ideas.	A	fruitful	line	of	research	has	shown,	for	example,	that	open	

people	perform	particularly	well	in	tasks	requiring	less	conventional	solutions,	

such	as	the	divergent	thinking	task	(McCrae,	1994).	In	this	task	people	are	

typically	asked	to	come	up	with	different	uses	for	ordinary	objects	(e.g.,	a	brick).	

A	score	is	then	attributed	based	on	the	number	of	uses	suggested	and	their	

originality	(popular	vs.	infrequently	suggested).	These	findings	are	interpreted	

as	evidence	that	open	people	can	entertain	more	loose	associations	between	

concepts	and	a	less	tightly	compartmentalised	beliefs	(Rokeach,	1960).	Such	that	

when	thinking	of	a	specific	category	of	items,	for	instance	shoes,	other	unrelated	
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and	more	distant	categories,	such	as	kitchen	utensils,	are	not	fully	suppressed.	

Thus,	allowing	an	open	person	to	view	a	shoe	as	a	useful	tool	for	throwing,	

drinking	out	of,	or	using	as	a	door-stop—in	addition	to	being	a	wearable	object.	

This	flexibility	and	the	ability	to	“embrace”	opposite	variables	has	been	reported	

for	open	people	in	different	aspect	of	their	lives,	for	example	experiencing	

simultaneous	mixed	emotions	(Barford,	Fayn,	Silvia,	&	Smillie,	2016).	

	 	It	is	important	to	note	that	in	the	literature	the	relation	between	

Openness	and	ambiguity	is	not	described	as	a	mere	“tolerance”,	rather	as	an	

active	striving	towards	novelty,	especially	in	the	visual	domain	(Fayn,	MacCann,	

Tiliopoulos,	&	Silvia,	2015)—	or	as	more	poetically	worded	a	“homesickness	for	

the	unknown”	(McCrae	&	Sutin,	2009,	p.	257).	Indeed,	when	looking	at	tolerance	

measured	as	subjective	threshold	of	discomfort	when	viewing	defocused	images,	

open	people	do	not	appear	to	be	more	tolerant	(Woods	et	al.,	2010).		

2.10.1 		Openness	to	Experience	and	creativity	
	 A	well-established	relation	in	the	literature	is	the	link	between	Openness	

to	Experience	and	creativity	(Aitken	Harris,	2004;	Feist,	1998;	McCrae	&	Costa,	

1987).	Openness	to	Experience	is	considered	a	strong	and	consistent	predictor	of	

all	types	of	creativity,	for	example	everyday	creativity	and	creative	achievement	

(Burch,	Pavelis,	Hemsley,	&	Corr,	2010;	Griffin	&	Mcdermott,	1998).	It	is	worth	

noting,	however,	that	the	concept	of	creativity	has	been	considered	by	many	

authors	too	difficult	to	measure	in	any	objective	way	(Furnham	&	Bachtiar,	

2008).	As	a	consequence,	Openness	to	Experience	has	even	been	used	as	an	

indirect	measure	of	creativity.		

	 As	will	be	explained	further	(see	Chapter	11)	it	has	been	suggested	that	

creativity	relies	to	some	extent	on	randomness,	such	that	a	creative	behaviour	
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results	in	something	qualitatively	different	from	the	history	of	one’s	previous	

actions	(Sweller,	2009).	In	other	words,	a	behaviour	to	be	considered	creative	

does	not	rely	on	a	fixed	stimulus-response	association	(Fuster,	1995),	but	it	is	

associated	with	a	flexible	interaction	with	the	environment	—or	as	it	is	

discussed	in	the	current	thesis,	as	a	balance	between	explorative	and	exploitative	

behaviour.	The	relation	between	creativity	(or	Openness)	and	the	level	of	

randomness	displayed	on	one’s	explorative	behaviour	is	discussed	in	detail	in	

Chapter	11.		

2.10.2 		Openness	to	Experience,	Perceptual-aesthetic	stimulation	

and	Emotional	States	
	 	One	of	the	most	interesting	characteristics	associated	with	Openness	to	

Experience	is	the	strong	response	that	Open	people	have	to	perceptual	and	

aesthetic	stimuli	(Fayn,	MacCann,	Tiliopoulos,	&	Silvia,	2015;	McCrae,	2007;	

Nusbaum	&	Silvia,	2011).	There	are	converging	findings	in	the	literature	strongly	

suggesting	that	Openness,	distinct	from	the	other	personality	traits	of	the	Big	

Five	model,	is	particularly	susceptible	to	physical	stimulation.	For	instance,	open	

people	reported	to	experience	more	frequent	“chills”	(in	form	of	shivers	and	

goosebumps)	in	response	to	visual	stimuli,	such	as	art	(Silvia	&	Nusbaum,	2011).	

This	somewhat	odd	phenomenon	has	been	replicated	across	different	studies	

and	across	cultures	(McCrae,	2007),	such	that	it	was	believed	to	be	a	

fundamental	characteristic	of	the	Openness	to	Experience	trait.		

	 Moreover,	this	link	of	Openness	to	perceptual	experience	squares	with	

the	finding	that	Openness	is	a	strong	predictor	of	the	absorption	scale	(Radtke	&	

Stam,	1991).		
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	 An	interesting	aspect	of	the	strong	response	that	Open	people	have	to	

perceptual-aesthetic	stimuli	is	its	emotional	component	(McCrae,	2007;	Silvia	&	

Nusbaum,	2011).	When	Open	people	“absorb”	themselves	into	an	aesthetic	

experience	this	is	accompanied	by	an	intense	emotional	response,	which	

amplifies	the	experience	(Silvia,	Fayn,	Nusbaum,	&	Beaty,	2015).	Furthermore,	

increasing	evidence	suggests	that	Openness,	together	with	Extraversion	and	

Neuroticism,	are	the	only	traits	in	the	Big	Five	model	capturing	individual	

differences	in	the	susceptibility	to	experience	emotions	(Shiota,	Keltner,	&	John,	

2006;	Silvia	et	al.,	2015).	In	relation	to	Openness	and	emotion,	there	has	been	an	

interest	in	characterising	“awe”	(Silvia	et	al.,	2015),	the	emotional	feeling	of	

wonder	and	amazement	(for	a	detailed	description	of	awe	see	Keltner	&	Haidt,	

2003),	which	appear	to	be	experienced	particularly	by	Open	people	in	relation	to	

aesthetic	stimuli	(e.g.,	nature,	music	and	art).	Given	the	strong	relation	between	

Openness,	perception	and	emotional	states,	it	is	reasonable	to	assume	that	in	

Open	people	changes	in	specific	emotional	states	(i.e.,	aesthetic	emotions)	would	

also	impact	their	perceptual	experience.	However,	in	the	literature,	to	the	best	of	

the	author’s	knowledge,	this	has	not	been	investigated	directly.		

	 Two	recent	studies	have	considerably	advanced	our	general	

understanding	of	the	relation	between	Openness	and	emotions.	First,	In	a	study	

by	Barford	and	Smillie	(2016)	it	was	demonstrated	that	Open	people	are	more	

likely	to	experience	what	has	been	defined	as	“mixed	emotions”.	That	is,	a	

tendency	to	experience	simultaneously	opposite	feelings,	such	as	positive	and	

negative	ones	(Larsen	&	McGraw,	2014).	For	example,	the	bittersweet	feelings	

associated	with	graduation	day	or	moving	out	from	college	dormitory	(Larsen,	

McGraw,	&	Cacioppo,	2001).	This	finding	is	particularly	relevant,	because	it	
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suggests	for	the	first	time	that	the	flexibility	and	tolerance	for	ambiguity	

characteristics	of	Open	people	also	extends	to	emotions.	Accordingly,	when	

facing	emotions	that	are	opposite,	but	identical	from	a	valence	perspective,	Open	

people	do	not	suppress	these	contradictory	feelings,	but	rather	actively	engage	

with	them.	This	active	engagement	results	in	an	integration	of	the	incompatible	

emotions	into	a	single	“mixed”	emotional	experience.	It	is	also	noteworthy	that	

the	definition	of	“mixed	emotion”	and	its	relation	with	Openness	has	strong	

similarities	with	the	relation	explored	in	Study	1	between	“mixed	percept”	(a	

perceptual	experience	described	in	Section	3.8)	and	Openness.	That	is,	similar	to	

mixed	emotions	where	incompatible	feelings	are	experienced	simultaneously,	

during	mixed	percept	incompatible	visual	stimuli	are	unified	into	a	single	

perceptual	experience.	Hence,	this	strongly	suggests	that	flexibility	is	a	key	

aspect	of	Openness,	which	influences	the	way	ambiguous	stimuli	are	explored,	

irrespective	of	the	nature	of	the	stimuli	itself	(perception	or	emotion).	In	line	

with	this,	a	study	by	Barford	et	al.,	(2018)	showed	that	Openness	also	positively	

correlates	with	“mixed	appraisals”.	That	is,	the	tendency	to	embrace	both	

positive	and	negative	evaluation	of	a	complex	stimulus	(e.g.,	a	painting	might	be	

evaluated	simultaneously	beautiful	and	disgusting).	It	is	yet	unclear	what	are	the	

driving	factors	underlying	this	flexibility.	However,	perhaps	the	emotional	aspect	

of	engaging	with	uncertainty	could	partially	explain	this,	such	as	the	“enjoyment”	

or	“rewarding”	feelings	associated	with	engaging	in	complex	and	ambiguous	

information.	As	pointed	out	by	McCrae	and	Costa	(1997),	“open	people	are	not	

only	able	to	grasp	new	ideas,	they	enjoy	doing	so”	(p.832).		

	 Secondly,	in	a	study	by	Fayn	et	al.,	(2017)	it	was	shown	that,	specifically	

for	aesthetic	experiences,	Open	people	appeared	to	better	differentiate	between	
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emotions	of	similar	valence	(i.e.,	Emotion	Differentiation;	for	a	review	see	

Kashdan,	Barrett,	&	McKnight,	2015;	Smidt	&	Suvak,	2015).	That	is,	especially	in	

relation	to	aesthetic	experiences,	Open	people	appear	to	have	a	more	nuanced	

emotional	experience,	beyond	the	simple	dichotomous	like/dislike	feeling.	

Rather,	they	also	encompass	more	complex	emotions,	such	as	confusion,	anger,	

awe,	fascination	(Silvia,	Nusbaum,	Berg,	Martin,	&	O’Connor,	2009).	Notably,	the	

relation	between	Openness	and	high	levels	of	emotional	differentiation	was	

independent	to	art	knowledge,	suggesting	that	for	Open	people	the	rich	

emotional	experience	associated	with	the	aesthetic	experience	might	result	from	

internal	drive	(e.g.,	curiosity;	Fayn	et	al.,	2015).	

	 In	summary,	it	appears	that	perceptual-aesthetic	stimuli	have	a	profound	

impact	on	people	high	in	Openness,	both	from	a	physical	(i.e.,	chills)	and	

emotional	perspective	(i.e.,	awe).	With	respect	to	emotions,	Open	people	also	

appear	able	to	“flexibly”	embrace	opposite	emotions	(i.e.,	mixed	emotions)	and	

have	access	to	more	complex	and	differentiated	nuances	of	emotional	states.				

2.10.3 		Openness	to	Experience	and	visual	awareness	
		 It	is	well	established	in	the	literature	that	people	high	in	Openness	to	

Experience	are	more	receptive	to	information	coming	from	the	external	world.	

However,	there	are	a	very	limited	number	of	studies	that	have	directly	and	

systematically	investigated	whether	differences	in	Openness	also	lead	to	changes	

in	low-level	perceptual	performance.	In	other	words,	whether	measurable	

differences	exist	in	the	way	open	people	experience	the	world.	The	studies	

available	are	of	particular	relevance	to	the	current	thesis.	In	particular	to	help	

understanding	the	rationale	behind	Study	1	where	the	Openness	trait	is	
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investigated	in	relation	to	a	perceptual	phenomenon	(binocular	rivalry).	Given	

their	relevance,	it	is	worth	providing	a	brief	summary.		

	 Broadly	speaking,	these	studies	suggested	that	in	open	people	the	amount	

of	information,	which	breaks	through	to	awareness,	is	somewhat	greater	than	

the	average	person.	Open	people	appear	to	have	a	more	“flexible”	or	“leaky”	gate	

system	letting	through	more	information	and	allowing	them	to	process	stimuli	

that	are	typically	ignored	or	suppressed	by	others.	This	has	been	demonstrated	

through	two	attentional	phenomena:	latent	inhibition	and	inattentional	

blindness.	

	 Latent	inhibition	is	based	on	an	adaptive	mechanism	regulating	our	

attentional	system,	through	which	an	attenuated	response	is	associated	with	

stimuli	repeatedly	presented	without	consequence	(Lubow	&	Moore,	1959).	This	

is	because	the	amount	of	information	from	the	external	world	that	reaches	our	

sensory	system	is	overwhelming,	compared	to	the	limited	capacity	of	the	

perceptual	systems	themselves.	To	compensate	for	this,	our	attentional	system	

needs	to	learn	what	is	useful	to	focus	on	and	what	to	ignore.		

	 A	stimulus	may	initially	convey	important	information	and	be	worth	

attending	to,	but	if	over	time	the	brain	learns	that	nothing	interesting	follows	its	

presentation,	then	it	quickly	loses	its	relevance.	As	a	consequence,	the	brain	will	

retard	any	subsequent	response	to	that	stimulus	(i.e.,	habituation).	A	number	of	

studies	reported	that	people	scoring	high	in	the	Openness	trait	showed	a	

reduced	latent	inhibition,	such	that	they	continue	attending	to	those	stimuli	that	

others	have	learned	to	filter	out	(Peterson	&	Carson,	1999;	Peterson,	Smith,	&	

Carson,	2002).		
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	 Further	evidence	of	the	flexibility	characterising	open	people	at	a	

preconscious	level	was	reported	in	a	study	by	Kreitz	et	al.,(2015).	In	that	study	

the	investigators	showed	that	people	high	in	Openness	performed	noticeably	

different	than	other	people	in	a	task	based	on	a	perceptual	phenomenon	named	

inattentional	blindness.	Inattentional	blindness	occurs	when	we	miss	(i.e.,	fully	

ignore)	something	unexpected,	which	happens	right	in	front	of	us,	while	

performing	a	concurrent	task	(Mack	&	Rock,	1998).	For	example,	while	focusing	

on	signing	a	document	at	an	information	desk	the	employee	working	in	front	of	

us	might	swap	place	with	a	colleague.	Most	of	the	time	we	would	be	fully	

unaware	that	the	employee	had	changed.	This	is	because	while	our	attentional	

system	is	engaged	in	a	primary	demanding	task,	it	ignores	anything	that	it	does	

not	expect,	or	that	it	deems	very	unlikely	(for	a	recent	review	see	White,	Davies,	

&	Aimola	Davies,	2018).	Following	the	book	written	by	Chabris	and	Simons	

(2010)	“The	invisible	gorilla”,	inattentional	blindness	has	become	a	very	popular	

attentional	phenomenon,	reported	in	most	introductory	psychology	books	and	

featured	worldwide	in	popular	media.	Most	research	carried	out	around	this	

phenomenon	focuses	on	unravelling	the	impact	of	contextual	factors	(e.g.,	

specific	features	of	the	ignored	stimulus)	driving	this	blatant	failure	of	attention.	

Kreitz	et	al.,	(2015)	however,	showed	that	Openness	also	had	a	significant	impact	

in	the	frequency	of	times	when	the	unexpected	stimulus	was	reported—with	a	

higher	frequency	associated	to	high	levels	of	Openness.	The	authors	interpreted	

these	findings	as	evidence	that	the	“fluid	and	permeable	structure	of	

consciousness”	(McCrae,	1994)	often	used	to	describe	open	people	in	relation	to	

their	engagement	with	new	ideas	and	interests,	also	extends	to	the	ability	of	

seeing	unexpected	objects.							
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2.11 	 Schizotypy		

	 As	discussed	in	the	previous	paragraphs,	the	Big	Five	aims	to	

systematically	and	comprehensively	organise	the	trait	“universe”	by	identifying	

the	major	lines	of	covariation	among	all	personality	traits.	In	parallel	to	the	

development	of	such	broad	taxonomic	frameworks,	other	researchers	have	

focussed	more	narrowly	on	specific	clusters	of	personality	traits,	with	the	intent	

of	capturing	high	fidelity	or	“fine-grained”	measures	of	individual	differences	in	

specific	aspects	of	personality.	One	of	these	measures,	which	was	used	in	the	

current	thesis,	is	the	Oxford-Liverpool	Inventory	of	Feelings	and	Experience	(O-

LIFE)	developed	to	measure	schizotypy	traits	(Claridge	et	al.,	1996).	The	

advantages	of	utilising	the	O-LIFE,	over	other	measures	available	in	the	

literature	to	assess	schizotypy,	will	be	explained	in	detail	in	the	following	

paragraphs,	together	with	an	overview	of	the	theoretical	debate	in	which	the	

different	measures	were	created.		

	 Before	stepping	into	a	more	in-depth	description	of	schizotypy	measures	

and	its	different	sub-aspects,	it	is	important	to	clarify	one	of	its	core	features:	to	

capture	in	the	general	population	schizophrenia-like	traits.	What	are	the	

advantages	of	investigating	distinctive	features	of	patients	diagnosed	with	

schizophrenia	in	a	non-clinical	population?	In	other	words,	why	not	directly	

investigate	the	clinical	population	under	investigation,	rather	than	healthy	

subjects	that	are	characterised	as	showing	attenuated	forms	of	signs	and	

symptoms	of	schizophrenia?	

	 There	are	undoubtedly	benefits	to	working	directly	with	patients	with	

schizophrenia.	However,	there	are	also	many	disadvantages	and	practical	

limitations	that	need	to	be	taken	into	account,	as	often	they	severely	impact	the	
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results	and	replicability	of	a	study.	For	example,	when	working	with	a	clinical	

population	it	is	important	to	account	for	comorbidity,	confounding	drug	effects,	

or	simply	compliance	of	the	patient—especially	when	the	task	is	repetitive	or	

ambiguous.	The	possibility	of	investigating	schizophrenia-like	features	in	a	non-

clinical	population	also	relies	on	the	weight	of	evidence	available	in	the	literature	

suggesting	that	the	difference	between	the	general	population	and	the	clinical	

ones	lies	in	degree	rather	than	kind	(Haslam,	Holland,	&	Kuppens,	2012).	Thus,	it	

is	possible	to	investigate	in	the	same	framework	aspects	of	psychopathology	and	

normal	variation	of	personality	observed	in	a	non-clinical	population	(Markon,	

Krueger,	&	Watson,	2005;	O'Connor	&	Dyce,	2001).	

	 The	debate	around	how	to	best	conceptualise	schizotypy	is	still	open.	

Namely,	whether	a	strict	categorical	perspective	or	a	dimensional	one	should	be	

adopted.	A	brief	summary	of	the	relevant	literature	will	be	explained	in	the	

following	paragraphs,	to	provide	the	reader	with	a	better	understanding	of	the	

reasons	why	the	O-LIFE	was	deemed	a	suitable	measure	amongst	others.	The	

decision	of	which	schizotypy	measure	to	use,	amongst	the	ones	available,	is	not	a	

neutral	one	from	a	theoretical	point	of	view.	As	different	measures	reflect	

opposite	views	of	schizotypy	(i.e.,	categorical	or	dimensional).	Furthermore,	

from	a	practical	point	of	view	the	use	of	different	measures	may	account,	at	least	

in	part,	for	heterogeneous	findings	in	the	literature	(Liouta,	Smith,	&	Mohr,	2008;	

Pace	&	Brannick,	2010).		
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2.12 		The	quasi-dimensional	model	and	the	fully	dimensional	
model	of	schizotypy	

	 The	term	"schizotypy"	or	"schizophrenic	phenotypy"	was	first	used	by	

Rado	in	the	50s	(Rado,	1953)	to	denote	a	constellation	of	traits	that	can	be	found	

in	individuals	with	a	predisposition	to	schizophrenic	psychosis.		

The	term	schizotypy	is	now	commonly	used	in	the	literature	and	indicates	a	

multidimensional	personality	construct	whose	broad	classification	mirrors	a	

milder	version	of	symptoms	and	diagnostic	criteria	of	people	with	schizophrenia	

(for	a	review	see	Grant,	Green,	&	Mason,	2018).	In	the	literature	two	different	

theoretical	conceptualisations	of	schizotypy	can	be	found,	namely	the	quasi-

dimensional	and	fully-dimensional	models.	The	former	was	the	one	that	first	

appeared	in	the	literature	and	adhered	to	a	medical	and	categorical	view	of	

schizotypy.	This	model	was	proposed	by	Meehl	in	the	early	60s	and	was	

grounded	on	the	subclinical	expression	of	the	symptoms	of	schizophrenia	

(Meehl,	1962).	One	of	the	core	tenets	was	that	only	those	people	who	showed	the	

“schizotaxia”	genes	were	at	risk	of	developing	schizophrenia.	It	is	important	to	

note	that	this	did	not	imply	that	all	people	scoring	high	in	schizotypy	measures	

would	eventually	develop	into	full-blown	schizophrenia.	Meehl	himself	clearly	

stated	that	other	factors	(e.g.,	social	and	environmental)	may	play	a	critical	role	

for	schizophrenia	to	be	diagnosed.	

	 However,	according	to	this	perspective	people	with	the	schizotaxia	genes	

are	qualitatively	different	from	others,	and	part	of	a	discrete	‘taxon’	or	class	that	

includes	only	a	small	group	of	people	(approximately	10%	of	the	population	vs.	

90%	who	is	not	at	risk;	Meehl,	1990).	That	is	why	the	model	was	dubbed	‘quasi’	

(i.e.,	nearly)	dimensional,	as	it	contains	a	clear	categorical	classification.	The	
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arbitrary	nature	of	this	distinction	is	one	of	the	contentious	aspects,	and	the	

proponents	of	the	“fully	dimensional	model”	contested	this	truly	categorical	

distinction	between	“healthy”	and	“illness”.	In	line	with	this,	a	number	of	studies	

(Verdoux	et	al.,	1998)	showed	that	the	percentage	of	the	population	who	

endorsed	schizotypy	items	was	much	higher	than	the	10%	estimated	by	Meehl.	

For	example,	positive	psychotic	experiences	were	reported	up	to	be	100	times	

greater	than	the	conservative	estimate	of	10%	(Hanssen,	Bak,	Bijl,	Vollebergh,	&	

Os,	2005).		

	 The	opposed	“fully	dimensional”	model	was	first	described	by	Claridge	

and	colleagues	in	the	late	90s	(Claridge	et	al.,	1996).	Although	Eysenck	(1953)	

already	cast	doubt	in	a	rigid	medical	view	of	pathological	traits	and	considered	

psychotic	illness	the	extreme	of	a	continuous	personality	dimension.	The	fully	

dimensional	model	stemmed	from	personality	theory	and	considered	schizotypy	

traits	as	normal	personality	variation	that	can	be	found	across	all	the	population.	

An	analogy	used	by	Claridge	comparing	blood	pressure	levels	to	schizotypy	

levels	explain	how	schizotypy	traits	can	be	so	pervasive	and	distinct	from	

pathology	(Claridge,	1997).	To	survive,	it	is	essential	that	certain	levels	of	blood	

pressure	are	reached	in	the	body,	however,	if	those	levels	pass	a	certain	

threshold,	then	high	blood	pressure	can	lead	to	hypertension	which	in	turn	

increases	the	risk	of	a	heart	attack.	Nevertheless,	the	chance	of	a	heart	attack	in	

the	presence	of	very	high	level	of	blood	pressure	is	high,	but	well	below	100%.	In	

a	similar	way,	to	a	certain	extent,	a	level	of	schizotypy	trait	may	have	a	beneficial	

effect,	however,	it	may	be	detrimental	when	extreme	levels	are	reached,	without	

necessarily	developing	into	schizophrenia	in	individual’s	located	at	the	upper	

end	of	the	continuum	(Claridge	&	Beech,	1995).	In	line	with	this,	an	extensive	
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review	carried	out	by	Haslam	et	al.,	(2012)	comparing	177	articles	and	311	

findings	available	in	the	literature	using	the	same	type	of	analysis	(i.e.,	

taxometric)	strongly	supported	the	existence	of	a	dimensional	model	underlying	

most	personality	constructs,	including	schizotypy.	

	 Despite	the	two	models	differing	on	the	way	schizotypal	traits	stand	with	

respect	to	schizophrenia,	all	the	personality	measures	that	form	those	models	

share	a	similar	overall	structure,	which	mirrors	the	diagnostic	criteria	of	

schizophrenia.	Thus,	the	differentiation	between	positive,	negative	and	

disorganised	symptoms	found	in	schizophrenia	appears	in	all	schizotypal	

measures.	Some	authors	also	included	a	fourth	factor	(i.e.,	Impulsive	Non-

conformity)	in	the	schizotypal	construct.	However,	the	inclusion	of	this	fourth	

factor	has	been	controversial,	as	some	believe	that	it	does	not	reflect	those	

characteristic	behaviours	and	cognition	styles	found	in	patients	with	

schizophrenia,	but	rather	a	more	general	antisocial	behaviour	common	to	other	

pathologies	(e.g.,	Cochrane,	Petch,	&	Pickering,	2010).	Positive	schizotypy	

dimensions	include	Unusual	Experience	(magical	ideation,	perceptual	

aberration)	similar	to	the	hallucination	and	distorted	views	of	the	world	

characterising	people	with	schizophrenia.	Negative	schizotypy	dimensions	

reflect	the	reduced	ability	to	perceive	pleasure	(Anhedonia)	from	physical	and	

social	experiences.	Finally,	the	Cognitive	Disorganisation	captures	a	tendency	

towards	disorganised	thoughts	and	attentional	distractibility.	

2.13 	 Different	measures	to	assess	schizotypy—

Theoretical	and	practical	implications.		

	 In	the	literature	a	number	of	measures	are	available	to	assess	schizotypy.	

Although	each	measure	may	tap	into	subtly	different	aspects	of	schizotypy,	the	
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main	and	most	impactful	differentiation	is	whether	a	measure	was	developed	to	

adhere	to	the	quasi-dimensional	or	to	the	fully-dimensional	model.	This	

distinction	is	not	only	of	theoretical	importance	but	has	a	clear	impact	on	the	

actual	prevalence	of	schizotypy	traits	that	a	personality	measure	may	be	able	to	

account	for.	As	illustrated	in	the	previous	paragraphs,	personality	measures	born	

from	the	quasi-dimensional	model	contain	items	that	are	less	likely	to	be	

endorsed	in	a	non-clinical	population.	On	one	hand	they	may	be	able	to	detect	

people	who	are	more	susceptible	to	developing	schizophrenia	within	the	general	

population.	On	the	other	hand,	as	others	pointed	out,	the	results	obtained	with	

those	types	of	measures	may	be	extremely	skewed	(Mason,	Claridge,	&	Jackson,	

1995).	Such	that,	people	would	obtain	either	very	high	or	low	scores.	While	in	

measures	adhering	to	the	fully	dimensional	model,	a	broader	range	of	scores	can	

be	obtained.	This	may	also	account	for	different	results	(e.g.,	opposite	relation,	or	

no	relation	between	schizotypy	traits	and	other	variables)	in	the	literature	using	

different	schizotypal	measures	(Liouta	et	al.,	2008;	Pace	&	Brannick,	2010).	This	

is	an	important	point	that	has	also	been	raised	in	Thakkar	et	all’s	paper	(2018)	

—	which	Study	4	of	the	current	thesis	is	part	of—	where	the	use	of	different	

schizotypal	measures	(the	O-LIFE	and	the	SPQ)	may	have	influenced	the	pattern	

of	results.	With	regard	to	what	extent	different	measures	of	schizotypy	can	be	

comparable,	investigators	hold	different	opinions.	With	some	investigators	

holding	the	belief	that	different	schizotypal	measures	(i.e.,	O-LIFE	and	SPQ)	

capture	almost	identical	concepts	(Asai,	Sugimori,	Bando,	&	Tanno,	2011)	while	

other	investigators	believe	that	results	obtained	through	different	scales	may	

capture	substantially	different	aspects	(Claridge	&	Broks,	1984).		
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	 Amongst	the	different	measures	used	in	the	literature	to	assess	

schizotypy,	the	two	most	commonly	used	are:	The	Schizotypal	Personality	

Questionnaire	(SPQ)	and	The	Oxford-Liverpool	Inventory	of	Feeling	and	

Experience	(O-LIFE).	

The	SPQ	(Raine,	1991)	is	a	self-report	scale	with	74-item	dichotomous	response	

(yes/no)	heavily	based	on	the	DSM-III-R	criteria	published	as	described	in	the	

1987	edition	(Diagnostic	and	Statistical	Manual	of	Mental	Health	Disorders,	DSM-

III-R,	1987).	It	is	a	multidimensional	scale	with	nine	subscales	aiming	to	capture	

different	schizotypal	traits.	Factor	analysis	of	the	nine	subscales	revealed	that	

they	load	on	to	three	factors	mirroring	the	overarching	symptomatology	

structure	of	schizophrenia-spectrum	disorder.	The	three	factors	are:	Cognitive-

Perceptual,	including	idea	of	reference,	odd	beliefs	and	unusual	perceptual	

experience;	Interpersonal,	including	social	anxiety	and	constricted	affect;	

Disorganization,	including	odd	behaviour	and	odd	speech.	The	Cognitive-

Perceptual	factor	captures	positive	symptoms	of	schizophrenia,	while	the	

Interpersonal	factor	captures	negative	symptoms	of	schizophrenia.	Finally,	

Disorganization	factor	captures	disorganised	symptoms	of	schizophrenia.		

2.14 	 The	Oxford-Liverpool	Inventory	of	Feeling	and	

Experience	(O-LIFE)	and	the	idea	of	“healthy	schizotypy”.		

	 The	Oxford-Liverpool	Inventory	of	Feeling	and	Experience	(O-LIFE)	was	

first	created	by	Mason	in	1995	(1995).	It	was	the	result	of	a	thorough	

examination	of	the	current	measures	available	to	assess	schizotypy	in	order	to	

create	a	measure	that	eliminated	the	redundancy	that	those	scales	presented	

(e.g.,	the	Perceptual	aberration	scale	or	the	Hallucination	of	Launay	and	Slade)	

and	their	somewhat	limited	scope.	The	authors	used	an	exploratory	factor	
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analysis	of	15	psychosis	scales	and	identified	the	four	factors	that	characterise	

the	O-LIFE	(Unusual	Experience,	Introvertive	Anhedonia,	Cognitive	

Disorganisation	and	Impulsive	Non-conformity).	The	scale	has	sound	

psychometric	properties	showing	good	reliability	(coefficient	alpha	=	0.80	

Loughland	&	Williams,	1997),	and	good	internal	consistency	(coefficient	alpha	

>0.77	Mason	et	al.,	1995).	It	has	been	extensively	used,	translated	into	many	

languages,	and	has	become	extremely	popular	in	the	line	of	research	suggesting	

that	schizotypy	traits	may	be	associated	with	healthy	outcomes	(Goulding,	2005;	

McCreery	&	Claridge,	2002).	That	is,	providing	an	advantage	rather	than	being	

exclusively	a	sign	of	susceptibility	to	illness.	For	example,	a	high	score	in	

schizotypy	traits,	specifically	Unusual	of	Experiences,	when	assessed	through	the	

O-LIFE,	has	been	associated	with	creativity	and	artistic	excellence	in	general	

(Burch	et	al.,	2010).	Furthermore,	when	personality	scales	are	factored	together	

with	schizotypy	measures,	the	latter	tend	to	load	on	Openness	(Ashton,	Lee,	de	

Vries,	Hendrickse,	&	Born,	2012).	

	Those	compelling	findings,	and	the	more	general	idea	of	a	healthy	schizotypy,	

explains	why	the	O-LIFE	focuses	on	traits	rather	than	symptoms	and	does	not	

contain	any	items	with	strong	clinical	wordings.		

The	O-LIFE	has	four	distinct	factors:	Unusual	Experience,	Cognitive	

Disorganisation,	Introvertive	Anhedonia	and	Impulsive	Non-conformity:	

1)	Unusual	Experience	(UE):		This	factor	was	designed	to	capture	both	the	

perceptual	aberration	characteristics	of	patients	with	schizophrenia	and	their	

delusional	ideas	(e.g.,	magical	ideation,	superstitious	belief	and	unusual	views	of	

the	world).	The	Unusual	Experience	scale	captures	behaviours	and	thoughts	

analogous	to	positive	schizophrenia-like	symptoms,	such	as	aberration	and	
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hallucinatory	experience.	However,	it	encompasses	also	more	subtle	

characteristics	of	those	people	scoring	at	the	top	end	of	the	scale	reporting	

atypical	perceptual	experience,	going	under	the	umbrella	term	of	“sensory	

flooding”	(Dakin,	Carlin,	&	Hemsley,	2005;	Uhlhaas	&	Silverstein,	2005).	That	is,	a	

difficulty	to	separate	one	sensorial	experience	from	another	and	a	more	general	

impairment	in	focusing	on	salient	stimuli	and	ignoring	irrelevant	ones	

2)	Impulsive	Non-conformity	(ImpNon):		This	factor	was	designed	to	

capture	poor	impulse	control,	asocial	tendencies	and	eccentric	behaviour.	

Impulsive	Non-conformity	is	one	of	the	most	controversial	factors	of	the	O-LIFE	

and	is	one	of	the	primary	features	distinguishing	it	from	other	schizotypy	

measures	that	usually	converge	into	a	three-factor	solution	(the	positive,	

negative	and	disorganised	symptoms	observed	in	schizophrenia).	Although,	it	

was	observed	that	Impulsive	Non-conformity	may	be	equivalent	to	the	

Interpersonal	Factor	found	in	SPQ	(Mason,	Claridge,	&	Williams,	1997).	

3)	Cognitive	Disorganization	(CogDis):	This	factor	was	designed	to	capture	

disorganised	thoughts,	difficulties	in	maintaining	attention	(i.e.,	increase	

distractibility),	social	anxiety	and	general	poor	decision-making.	Mason	(1997)	

highlighted	that	the	Cognitive	Disorganization	subscale	in	the	O-LIFE	taps	into	

the	same	aspects	assessed	by	the	Interpersonal	factor	of	the	SPQ	scale.	That	is,	

those	disorganised	aspects	and	thoughts	characterising	psychosis	that	reflect	the	

three-factor	models	of	schizophrenia,	including	positive,	negative	and	

disorganised	symptoms	(Liddle	&	Barnes,	1990).	

4)	Introvertive	Anhedonia	(IntAn):	This	factor	was	designed	to	capture	a	

reduce	ability	to	gain	pleasure	from	social	and	physical	stimulation	and	a	general	

tendency	to	avoid	close	relationships.	The	Introvertive	Anhedonia	subtrait	
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should	reflect	schizophrenia-like	negative	symptoms	in	the	general	population.	

Many	believe	that	Introvertive	Anhedonia	taps	into	very	similar	personality	

aspects	captured	by	the	withdrawn	factor	in	the	SPQ	(measuring	constricted	

affect	and	social	anxiety;	Gruzelier,	1996).	However,	one	clear	difference	

between	the	scales	supposedly	measuring	similar	negative	schizotypy	traits	is	

that	in	the	withdrawn	factor	there	are	no	items	referring	to	one’s	perceptual	

experience.		

2.15 	 The	four	scales	of	the	O-LIFE	

	 The	O-LIFE	has	four	distinct	factors:	Unusual	Experience,	Cognitive	

Disorganisation,	Introvertive	Anhedonia	and	Impulsive	Non-conformity.		

2.15.1 		Unusual	Experience		
	 Unusual	Experience	(UE)	was	designed	to	capture	both	the	perceptual	

aberration	characteristics	of	patients	with	schizophrenia	and	their	delusional	

ideas	(e.g.,	magical	ideation,	superstitious	belief	and	unusual	views	of	the	world).	

This	factor	is	assessed	through	30	items	(e.g.,	“Have	you	ever	thought	you	heard	

people	talking	only	to	discover	that	it	was	in	fact	some	nondescript	noise?”	as	an	

example	of	a	perceptual	aberration	item;	and	“Have	you	felt	that	you	might	cause	

something	to	happen	just	by	thinking	too	much	about	it?”	as	an	example	of	a	

delusional	idea	item).		As	previously	mentioned,	the	O-LIFE	is	heavily	grounded	

in	the	measures	available	at	the	time	of	its	creation	that	were	most	commonly	

used	to	assess	schizotypy.	Specifically,	the	Unusual	Experience	sub-scale	

overlaps	with	some	items	being	identical,	to	the	perceptual	Aberration	scale	(L.	J.	

Chapman,	Chapman,	&	Raulin,	1978),	the	Launay-Slade	Hallucination	scale	

(Launay	&	Slade,	1981)	and	the	Magical	Ideation	Scale	(Mark	&	Loren	J,	1983).		
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	 The	Unusual	Experience	scale	captures	behaviours	and	thoughts	

analogous	to	positive	schizophrenia-like	symptoms,	such	as	aberration	and	

hallucinatory	experience.	However,	it	encompasses	also	more	subtle	

characteristics	of	those	people	scoring	at	the	top	end	of	the	scale	reporting	

atypical	perceptual	experience,	going	under	the	umbrella	term	of	“sensory	

flooding”	(Dakin,	Carlin,	&	Hemsley,	2005;	Uhlhaas	&	Silverstein,	2005).	That	is,	a	

difficulty	to	separate	one	sensorial	experience	from	another	and	a	more	general	

impairment	in	focusing	on	salient	stimuli	and	ignoring	irrelevant	ones.	For	

example,	people	high	in	Unusual	Experience	generally	show	significant	

impairments	during	standard	visual	search	task,	because	they	are	unable	to	filter	

out	those	stimuli	that	have	no	relevance	for	the	current	task	(i.e.,	distractors;	

Gray,	Fernandez,	Williams,	Ruddle,	&	Snowden,	2002).	Most	people	when	

presented	repeatedly	with	stimuli	that	do	not	convey	useful	information	

typically	start	screening	them	out	and	instead	focus	on	those	stimuli	that	are	

relevant	for	the	task	(latent	inhibition).	As	previously	mentioned,	(see	Section	

2.10),	this	difficulty	to	ignore,	or	“stop	exploring”,	perceptual	information	of	the	

external	world	has	been	associated	with	the	Openness	to	Experience	trait.	In	line	

with	this,	there	is	considerable	evidence	in	the	literature	that	Openness	to	

Experience	and	Unusual	Experience	are	strongly	related	and	share	similar	

mechanisms,	both	from	a	cognitive	and	perceptual	perspective	(DeYoung,	

Grazioplene,	&	Peterson,	2012;	Kwapil,	Barrantes-Vidal,	&	Silvia,	2007;	Rawlings,	

2000;	Ross,	Lutz,	&	Bailley,	2002).	

	 It	is	well	accepted	in	the	literature	that	people	with	schizophrenia	show	

significantly	reduced	latent	inhibition,	however,	interestingly	studies	have	also	

linked	reduced	latent	inhibition	to	creativity	and	artistic	achievements	(Carson	
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et	al.,	2003).	Thus,	the	distinction,	at	a	preconscious	level,	between	what	is	

relevant	and	what	is	inconsequential	and	can	be	ignored,	appears	to	be	looser	for	

people	high	in	Unusual	Experience	in	a	manner	that	is	similar	to	people	high	in	

Openness	to	Experience.		

2.15.2 		Impulsive	Non-conformity		
	 Impulsive	Non-conformity	(ImpNon)	is	assessed	through	27	items	(e.g.,	

“Do	you	often	like	doing	the	opposite	of	what	other	people	suggest,	even	though	

you	know	they	are	right?”).	This	factor	was	designed	to	capture	poor	impulse	

control,	asocial	tendencies	and	eccentric	behaviour.	

	 	Impulsive	Non-conformity	is	one	of	the	most	controversial	factors	of	the	

O-LIFE	and	is	one	of	the	primary	features	distinguishing	it	from	other	schizotypy	

measures	that	usually	converge	into	a	three-factor	solution	(the	positive,	

negative	and	disorganised	symptoms	observed	in	schizophrenia).	Although,	it	

was	observed	that	Impulsive	Non-conformity	may	be	equivalent	to	the	

Interpersonal	Factor	found	in	SPQ	(Mason,	Claridge,	&	Williams,	1997).	In	line	

with	this,	Mason	&	Claridge	(2006)	described	the	impulsive	Non-Conformity	

factor	as	the	combination	of	asocial	and	inhibited	behaviours.	However,	

empirical	studies	have	yielded,	mixed	results	in	respect	to	the	inclusion	of	this	

fourth	factor	within	the	schizotypy	personality.	For	example,	there	is	no	

significant	difference	between	the	scores	obtained	in	this	trait	by	patients	

diagnosed	with	schizophrenia	and	control;	while	a	difference	is	found	for	the	

other	traits	of	the	O-LIFE	(Pickering,	2004).		

	 This	strongly	suggests	that	Impulsive	Non-conformity	may	not	be	an	

exclusively	schizotypal	factor,	as	it	does	not	reflect	behaviour	or	cognition	

typical	of	schizophrenia.	Hence,	some	authors	decided	to	remove	this	factor	from	
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analysis	(Loughland	&	Williams,	1997).		However,	it	is	worth	mentioning	that	

studies	investigating	specifically	healthy	schizotypy	have	shown	that	creative	

artists	tend	to	score	higher	in	the	Unusual	Experience	factor	and	also	in	

Impulsive	Non-conformity	(Nettle	&	Clegg,	2006).	Contrary	to	patients	with	

schizophrenia,	who	score	high	only	in	Unusual	Experience	(Nettle,	2006a).	This	

suggests	that	asocial-schizotypy	traits	may	play	a	critical	role	in	an	individual’s	

capacity	for	creative	outputs.		

2.15.3 		Cognitive	Disorganization		
	 Cognitive	Disorganization	(CogDis)	is	assessed	through	24	items	(e.g.,	"Do	

you	find	it	difficult	to	keep	interested	in	the	same	things	for	a	long	time?").	This	

factor	was	designed	to	capture	disorganised	thoughts,	difficulties	in	maintaining	

attention	(i.e.,	increase	distractibility),	social	anxiety	and	general	poor	decision-

making.	Mason	(1997)	highlighted	that	the	Cognitive	Disorganization	subscale	in	

the	O-LIFE	taps	into	the	same	aspects	assessed	by	the	Interpersonal	factor	of	the	

SPQ	scale.	That	is,	those	disorganised	aspects	and	thoughts	characterising	

psychosis	that	reflect	the	three-factor	models	of	schizophrenia,	including	

positive,	negative	and	disorganised	symptoms	(Liddle	&	Barnes,	1990).	In	line	

with	the	idea	that	schizotypy	reflected	variation	within	normal	function,	the	

cognitive	disorganization	subscale	was	found	to	correlate	with	creative	

achievements,	with	visual	artists	scoring	particularly	high	(Burch	et	al.,	2010).	

One	aspect	that	is	particularly	interesting	for	the	current	thesis	is	the	influence	

of	cognitive	disorganization	to	one's	perceptual	experience.	The	purpose	of	

Study	3	and	Study	4	was	to	specifically	investigate	the	relation	between	

schizotypy	subtraits	and	the	perceptual	experience	of	binocular	rivalry.	There	is	

a	wealth	of	evidence	pointing	to	impairment	in	perceptual	organization	
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associated	with	schizophrenia	(for	a	review	see	Uhlhaas	&	Silverstein,	2005).	

Similar,	although	milder,	impairments	have	been	seen	in	people	scoring	high	in	

schizotypy	(Silverstein,	Raulin,	Pristach,	&	Pomerantz,	1992).	This	is	particularly	

relevant	for	schizophrenia	research	in	the	longstanding	attempt	to	identify	an	

"endophenotype"	of	the	condition.	That	is,	a	reliable	factor	associated	specifically	

to	schizophrenia,	which	can	be	found	before	the	onset	of	the	illness;	providing	

obvious	benefits	in	terms	of	vulnerability	detection.	It	has	been	shown	that	

cognitive	disorganization	(but	not	other	schizotypy	subtraits)	is	associated	with	

a	deficit	in	visual	backward	masking	(Cappe,	Herzog,	Herzig,	Brand,	&	Mohr,	

2012).	That	is,	backward	masking	was	more	effective	with	greater	schizotypy	

and	fewer	target	stimuli	were	identified	when	the	target	was	briefly	obscured	by	

a	second	visual	stimulus.		Although	the	authors	highlighted	the	preliminary	

nature	of	their	findings,	they	also	stressed	that	this	correlation	may	be	clinically	

relevant	if	replicated	in	a	clinical	sample.	In	a	similar	way,	others	showed	that	

cognitive	disorganization	may	also	be	involved	in	the	reduced	Motion	Induced	

Blindness	(MIB)	(Tschacher,	Schuler,	&	Junghan,	2006)	reported	by	people	high	

in	schizotypy	traits.	As	the	authors	of	that	study	pointed	out,	the	decrease	in	MIB	

may	reflect	an	overall	impairment	to	integrate	features	of	the	visual	stimulus	in	a	

holistic	way,	rather	than	simply	being	a	result	of	low-level	vision	processes.		

	 Taken	together	these	studies	speak	to	the	importance	in	schizotypy	

research	of	gathering	a	better	understanding	of	the	factors	associated	to	these	

perceptual	phenomena.	However,	it	is	also	clear	that	this	research	should	not	be	

confined	only	to	vision	or	attention,	because	stable	factors,	such	as	personality,	

might	also	play	an	important	role.	In	this	thesis	we	are	addressing	the	relation	

between	schizotypy	and	deviance	in	one’s	perceptual	experience	in	two	studies	
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(presented	in	Chapters	7-8).	In	Study	3	by	investigating	the	relation	between	

schizotypy	traits	and	variability	in	rivalrous	dynamics;	in	Study	4	by	

investigating	the	relation	between	schizotypy	traits	and	the	mixed	percept	

during	rivalry.		

2.15.4 		Introvertive	Anhedonia	
	 Introvertive	Anhedonia	(IntAn)	is	assessed	through	27	items	(e.g.,	“Do	

you	like	mixing	with	people?”	as	an	example	of	an	item	assessing	pleasure	from	

social	interaction	and	“Do	you	find	the	bright	lights	of	a	city	exciting	to	look	at”	as	

an	example	of	an	item	assessing	pleasure	from	physical	stimulation).	This	factor	

was	designed	to	capture	a	reduce	ability	to	gain	pleasure	from	social	and	

physical	stimulation	and	a	general	tendency	to	avoid	close	relationships.	The	

Introvertive	Anhedonia	subtrait	should	reflect	schizophrenia-like	negative	

symptoms	in	the	general	population.	However,	Anhedonia	was	not	included	in	

the	diagnostic	criteria	of	schizotypal	personality	disorder	until	the	early	80s	

(DSM-	III-R:	American	Psychological	Association,	American	Psychiatric,	1980).	

	 Many	believe	that	Introvertive	Anhedonia	taps	into	very	similar	

personality	aspects	captured	by	the	withdrawn	factor	in	the	SPQ	(measuring	

constricted	affect	and	social	anxiety;	Gruzelier,	1996).	However,	one	clear	

difference	between	the	scales	supposedly	measuring	similar	negative	schizotypy	

traits	is	that	in	the	withdrawn	factor	there	are	no	items	referring	to	one’s	

perceptual	experience.	This	is	particularly	interesting	for	the	current	thesis,	

given	the	focus	on	the	relation	between	rivalry	dynamics,	a	perceptual	

phenomenon,	and	schizotypy	traits	investigated	in	Study	2	and	Study	3.		

	 Many	authors	assume	that	the	lack	of	enjoyment	from	social	interaction	

and	perceptual	experience	assessed	through	Introvertive	Anhedonia	is	tapping	
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into	very	similar	mechanisms,	thus	there	is	no	need	to	differentiate	the	two	

(Gruzelier,	1996).	However,	starting	from	Chapman’s	extensive	research	(L.	J.	

Chapman,	Chapman,	&	Raulin,	1976)	it	was	shown	that	sometimes	data	would	

point	to	the	presence	of	two	separate	and	different	factors	within	the	Anhedonia	

factor	(Venables,	Wilkins,	Mitchell,	Raine,	&	Bailes,	1990).	For	example,	a	study	

by	Grizzlier	and	Davis	(1995)	showed	that	the	two	separate	aspects	of	

Introvertive	Anhedonia	correlates	differently	to	electrodermal	responses,	with	

physical	anhedonia	having	a	stronger	relation.		

	 To	compensate	for	the	lack	of	items	assessing	perceptual	anhedonia	in	

some	schizotypal	scales,	investigators	have	included	in	their	study	more	specific	

scales(e.g.,	the	physical	anhedonia	scale	of	L.	J.	Chapman	et	al.,	1976).	It	remains	

debatable	whether	it	is	appropriate	or	not	to	clearly	distinguish	the	social	and	

perceptual	aspect	of	Introvertive	Anhedonia	and	it	is	beyond	the	scope	of	the	

current	thesis	to	resolve	this	issue.	However,	it	is	important	to	note	that	in	

relation	to	“the	healthy	schizotypy”,	as	assessed	by	the	O-LIFE,	Introvertive	

Anhedonia	plays	a	key	role	in	separating	the	beneficial	aspects	of	schizotypy	

traits	in	the	general	population	to	the	clinical	component.	That	is,	the	interesting	

question	of	why	personality	traits	associated	with	schizotypy	are	also	found	in	

creative	artists.	Creative	people	score	as	high	as	people	with	schizophrenia	in	the	

Unusual	Experience	and	Impulsive	Non-conformity	scales,	however,	what	clearly	

distinguish	the	two	is	that	only	artist	score	low	in	Introvertive	Anhedonia	

(Schuldberg	2000	and	Nettle	2005).	

2.16 	 Summary	and	Relevance	to	the	present	thesis		

	 Personality	traits	capture	stable	responses,	within	the	same	person	over	

time,	to	broad	category	stimuli	or	feedback	from	the	environment.	In	respect	to	
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the	exploration	and	exploitation	trade-off,	there	are	a	number	of	personality	

traits	that	might	play	a	key	role	in	explaining	individual	differences	in	people’s	

behaviour.	However,	it	is	important	to	remember	that	a	crucial	aspect	for	

investigating	the	impact	of	personality	in	exploration	is	the	way	explorative	

behaviours	are	defined	in	a	task.		

	 For	example,	when	considering	a	traditional	exploration	and	exploitation	

task	where	behaviours	are	motivated	by	a	final	goal	or	reward,	Extraversion	may	

be	expected	to	impact	one’s	performance,	because	of	its	putative	basis	in	

sensitivity	to	reward	(Depue	&	Collins,	1999).		

	 In	this	thesis,	the	exploration-exploitation	trade-off	is	investigated	in	an	

atypical	way.	Namely,	how	people’s	behaviours	differ	when	facing	identical	

options	in	the	absence	of	external	bias.	To	the	best	of	the	author’s	knowledge,	no	

previous	research	has	looked	specifically	at	this	matter	in	relation	to	personality.	

However,	the	number	of	properties	of	the	Openness	to	Experience	trait	reviewed	

above,	indirectly	suggest	that	Openness	might	have	an	influential	impact	in	

people’s	behaviour	when	dealing	with	a	drive	to	explore,	in	the	absence	of	an	

obvious	reward.	For	example,	it	has	been	suggested	that	people	scoring	high	in	

Openness	might	engage	with	explorative	behaviours	simply	to	pursue	

information	(DeYoung,	2014),	rather	than	a	concrete	reward.	In	a	similar	vein,	

Openness	has	been	associated	with	an	“incentive	reward	of	uncertainty”	

(DeYoung,	2013),	which	promotes	exploration	even	in	the	absence	of	a	reward.	

That	is,	most	people	commonly	interpret	uncertainty	and	ambiguity	as	a	threat	

and	consequently	engage	with	behaviours,	which	would	fall	into	the	

“exploitation”	category	(i.e.,	keep	doing	what	you	are	doing)	to	keep	this	

ambiguity	at	bay.	Conversely,	people	high	in	the	Openness	trait	have	a	strong	
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drive	towards	engaging	with	ambiguous	information,	from	a	cognitive	

perspective	(DeYoung,	2014),	as	well	as	a	perceptual/aesthetic	one	(Feist	&	

Brady,	2004;	Rawlings,	2000),	and	to	flexibly	embrace	opposite	aspects	of	it.	For	

open	people	to	transform	the	unknown	into	known,	thus,	becomes	a	rewarding	

process	itself,	which	in	turns	promotes	exploration	even	in	the	absence	of	any	

obvious	reward	(Peterson,	1999).		

	 Another	important	aspect	to	consider,	which	concerns	both	Openness	to	

Experience	trait	and	Unusual	Experience	(i.e.,	schizotypy),	is	the	mounting	

evidence	associating	these	traits	to	(perceptual)	exploration.	Both	traits	are	

characterised	by	a	lower	threshold	for	bringing	information	to	awareness	and	

process	stimuli	that	are	usually	filtered	out	by	most	people.	In	other	words,	

people	high	in	those	traits	keep	exploring,	or	sampling,	the	environment	at	a	

significantly	higher	rate.	This	can	be	observed	for	a	number	of	attentional	

phenomena.	For	example,	a	decrease	of	inattentional	blindness	for	open	people,	

and	a	decrease	of	latent	inhibition	for	both	open	people	and	people	scoring	high	

in	the	Unusual	Experiences	trait.			

	 Lastly,	of	particular	relevance	for	this	thesis,	in	relation	to	the	broad	

relation	of	personality	and	one’s	perceptual	experience,	are	the	similar	

anomalies	observed	in	patients	with	schizophrenia	and	people	high	in	

schizotypy.	There	is	converging	evidence	that	anomalies	in	perceptual	

experience	associated	with	schizophrenia	may	occur	both	at	a	lower	level	and	a	

higher	level	in	the	visual	hierarchy.	For	example,	when	compared	to	a	non-

clinical	population,	people	with	schizophrenia	appear	to	be	characterised	by	an	

altered	level	of	synaptic	plasticity	(Stephan,	Baldeweg,	&	Friston,	2006).	
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	 One	visual	phenomenon	that	strongly	relies	on	neural	plasticity	is	visual	

adaptation	(Clifford	et	al.,	2007;	Kohn,	2007)	where	an	observer	following	a	

prolonged	exposition	becomes	less	sensitive	to	a	specific	aspect	of	the	visual	

stimuli.	Another	example	of	a	perceptual	phenomenon	believed	to	rely	on	neural	

plasticity	is	binocular	rivalry	(Alais,	Cass,	O’Shea,	&	Blake,	2010;	Qian,	Brascamp,	

&	Liu,	2017).	Therefore,	it	could	be	expected	that	these	perceptual	anomalies	

emerged	in	people	with	schizophrenia	for	visual	adaptation	and	binocular	

rivalry	could	also	be	found	in	people	high	in	schizotypy.			
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Chapter	3: Perceptual	decisions		

	

The	trade-off	between	exploration	and	exploitation	is	typically	

investigated	in	relation	to	behavioural	decisions.	However,	there	is	converging	

evidence	clearly	pointing	to	similar	decisional	processes	occurring	at	an	

unconscious	level	during	perception.	In	line	with	this,	many	are	using	the	term	

perceptual	inference	(the	term	was	coined	by	Helmhotz	in	the	19th	century)	

when	referring	to	perceptual	processing	to	highlight	the	probabilistic	and	

inferential	nature	of	it	(for	a	recent	and	comprehensive	review	see	Brascamp,	

Sterzer,	Blake,	&	Knapen,	2018).	Put	simply,	when	the	brain	needs	to	interpret	

any	information	coming	from	the	external	world,	it	automatically	weighs	up	the	

evidence	in	favour	of	plausible	interpretations	of	what	is	in	front	of	it.	Usually	

this	process	results	in	a	unique	and	stable	perceptual	experience	associated	with	

a	given	sensory	input.	However,	for	a	specific	set	of	stimuli	the	sensory	input	

might	be	perfectly	explained	by	different,	although	equally	valid,	perceptual	

solutions.	Hence,	the	brain	oscillates	between	those	perceptual	solutions,	

without	remaining	stuck	in	one	interpretation.	This	class	of	perceptual	illusions	

are	called	“multistable	images”,	where	more	than	one	interpretation	of	the	

ambiguous	image	can	be	plausible.		

	 When	viewing	a	multistable	image,	the	brain	appears	to	alternate	

between	viable	solutions.	Figure	6	presents	some	of	the	most	popular	examples	

of	multistable	images.	For	example,	in	quadrant	D	of	Figure	6	an	observer	can	

experience	the	ambiguous	image	as	either	the	face	of	a	young	lady	or	an	old	

woman.	Another	name	used	to	describe	this	perceptual	phenomenon	is	

“perceptual	rivalry”.	This	name	well	captures	the	competition	and	alternation	
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between	different	interpretations	of	the	ambiguous	image,	with	an	inability	of	

the	brain	to	completely	settle	on	one	of	the	two	solutions.		

	 As	previously	mentioned,	it	might	be	assumed	that	during	perceptual	

rivalry	a	decision	is	made	below	awareness.	However,	a	careful	examination	of	

the	literature	reveals	converging	evidence	supporting	the	existence	of	important	

similarities	in	how	the	brain	deals	with	the	act	of	selecting	an	option	across	

domains	(e.g.,	perceptual	and	behavioural).	Three	common	themes	can	be	found.	

First,	similar	models	have	been	used	to	describe	perceptual	decisions	under	

ambiguous	conditions	(where	the	brain	is	faced	with	different	but	equally	valid	

perceptual	solutions)	and	behavioural	decisions	(where	a	person	is	required	to	

choose	between	options).	For	example,	the	LC-NA	model	(Aston-Jones	&	Cohen,	

2005;	Bouret	&	Sara,	2005)	described	in	Chapter	1,	which	explains	how	the	brain	

implements	the	optimal	balance	between	deciding	to	explore	or	exploit	among	

options,	can	also	account	for	changes	between	perceptual	solutions	when	an	

observer	is	faced	with	ambiguous	stimuli	(for	a	recent	and	comprehensive	

review,	see	Brascamp	et	al.,	2018).	It	has	been	suggested	that	the	LC-NE	model	

may	account	for	the	increase	in	one’s	pupil	diameter	observed	just	before	a	

perceptual	decision	is	made	(de	Gee,	Knapen,	&	Donner,	2014;	Gilzenrat,	

Nieuwenhuis,	Jepma,	&	Cohen,	2010;	Jepma	&	Nieuwenhuis,	2011;	Murphy,	

Vandekerckhove,	&	Nieuwenhuis,	2014).	Furthermore,	the	increase	in	pupil	size	

also	reliably	predicts	the	duration	of	stability	of	the	“selected”	perceptual	

interpretation	(Einhauser,	Stout,	Koch,	&	Carter,	2008).	That	is,	how	long	the	

brain	would	“exploit”	a	perceptual	solution	used	to	interpret	the	ambiguous	

information,	before	moving	to	“exploring”	another	possible	perceptual	solution.	

In	constant	light,	changes	in	pupil	diameter	are	mediated	by	Noradrenaline	(NA)	
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(Aston-Jones	&	Cohen,	2005;	Bouret	&	Sara,	2005;	Sterpenich	et	al.,	2006).	This	

is	important	because	Noradrenaline	plays	a	key	role	in	consolidating	one’s	

response	during	behavioural	decisions.	Thus,	in	a	similar	way,	during	an	

ambiguous	stimulus	it	is	proposed	that	Noradrenaline	acts	to	consolidate	the	

(perceptual)	choice	of	one	of	the	possible	solutions.	This	in	turn	would	provide,	

at	any	given	time	during	an	ambiguous	stimulus,	the	stability	required	for	taking	

action,	without	the	risk	of	remaining	indefinitely	stuck	in	one	of	the	two	

perceptual	solutions.	

	 Secondly,	theoretical	frameworks	(e.g.,	Leopold	&	Logothetis,	1999)	

suggest	that	reversal	in	multistable	images	result	from	explorative	behaviours,	

rather	than	a	passive	low-level	physiological	response.	This	idea	is	supported	by	

the	randomness	characterising	both	multistable	dynamics	and	explorative	

behaviour,	which	has	been	described	as	evidence	that	both	phenomena	pursue	a	

similar	goal:	to	“shake-up”	current	behaviour	and	flexibly	engage	with	

possibilities	in	the	environment	(Leopold	&	Logothetis,	1999).	In	line	with	this,	it	

has	been	shown	that	random	timing	is	characteristic	of	other	involuntary	

explorative	behaviour	(Kitajo,	Yamanaka,	Ward,	&	Yamamoto,	2006).		

	 Thirdly,	compelling	evidence	of	a	similarity	between	perceptual	and	

behavioural	decisions	has	been	derived	from	theoretical	models	using	the	

Bayesian	framework	(Hohwy,	Roepstorff,	&	Friston,	2008),	which	investigate	

from	an	epistemological	perspective	why	during	a	rivalrous	experience	the	brain	

does	not	settle	on	a	single	perceptual	solution.	Within	a	Bayesian	framework	the	

brain	is	described	as	an	inference	machine	attempting	to	generate	the	“best	

hypothesis”	to	explain	its	perceptual	content.	These	hypotheses	gradually	

emerge	through	interactions	with	the	environment	and	experience.	However,	
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while	viewing	a	multistable	image	no	hypothesis	will	be	able	to	entirely	explain	

the	bottom-up	signals,	because	the	oncoming	signal	from	the	suppressed	

solution	of	the	ambiguous	image	cannot	be	“explained	away”.	Hence,	the	system	

becomes	increasingly	unstable	over	time,	with	a	stronger	error	signal,	until	it	

eventually	opts	for	the	alternative	hypothesis.		

	 In	summary,	irrespective	of	the	type	of	problem	the	brain	faces,	

similarities	exist	between	exploring	tendencies	that	might	occur	either	in	

perception	or	behaviour.		

Despite	the	obvious	differences,	commonalities	are	apparent,	although	in	the	

literature	they	are	not	always	adequately	emphasised.	These	similarities	open	

the	possibility	of	investigating	perceptual	and	behavioural	decisions	within	the	

same	theoretical	framework,	as	this	thesis	will	attempt	to	accomplish.	
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Figure	6.	Examples	of	well-known	multistable	images.	The	ambiguity	of	these	stimuli	leads	the	brain	
to	alternate	between	equally	valid	perceptual	solutions	about	the	perceived	depth	or	the	
figure/ground	segregation	(A)	The	Necker	cube	(B)	The	Schroeder’s	stair	(C)	Rubin’s	vase/face	
illusion	(D)	Boring’s	old	woman/young	lady	figure.	
	

3.1 What	is	Binocular	Rivalry	

	 The	following	paragraphs	will	give	a	broad	overview	of	the	history	and	

core	features	of	one	of	the	best	documented	examples	of	a	multistable	image:	

binocular	rivalry	(Wheatstone,	1838).	Binocular	rivalry	is	the	example	of	

perceptual	rivalry	used	in	this	thesis	(in	Studies	1-	4)	to	investigate	individual	

difference	in	perceptual	flexibility	while	exploring/exploiting	equally	valid	

perceptual	solutions.			

	 Under	normal	conditions	each	eye	receives	a	slightly	different	view	of	the	

world.	However,	the	different	images	are	typically	combined	effortlessly	by	the	

brain	to	provide	a	unified	coherent	image.	A	completely	different	perceptual	

experience	can	be	triggered	when	presenting	different	images	to	each	eye	

simultaneously.	Under	this	condition	the	brain	faces	a	perceptual	dilemma,	with	

incompatible	stimuli	appearing	to	occupy	the	identical	location	in	space.	From	a	

probabilistic	point	of	view	this	represents	an	extremely	unlikely	occurrence.	To	

resolve	this	dilemma	the	brain	will	tend	to	oscillate	between	different,	but	

equally	valid,	perceptual	solutions	of	the	incompatible	stimuli.		

	 Accordingly,	during	a	rivalrous	experience	an	observer	will	report	

alternating	between	seeing	only	one	of	the	rivalrous	stimuli	at	any	given	time,	

despite	the	unchanging	sensorial	input.	In	addition	to	these	periods	of	complete	

dominance	of	one	image	and	suppression	of	the	other,	there	are	also	instances	

where	the	two	stimuli	are	fused	into	one	unified	stimulus,	in	a	scrambled	or	

superimposed	way:	mixed	percept.	For	an	extensive	review	on	binocular	rivalry	
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see	Alais	and	Blake’s	monograph	“Binocular	Rivalry”	(2005)	and	Miller’s	

monograph	“The	constitution	of	Visual	Consciousness:	Lessons	from	Binocular	

Rivalry”	(2013).		

	 One	main	difference	between	binocular	rivalry	and	other	multistable	

images	is	that	an	observer	cannot	wilfully	determine	which	interpretation	of	the	

ambiguous	image	“to	see”.	While	observing	other	multistable	images	an	observer	

can	sometimes	switch	back	and	forth	between	interpretations	by	attending	or	

moving	their	gaze	to	different	features	of	the	image	(Einhäuser,	Stout,	Koch,	&	

Carter,	2008).	In	contrast,	it	is	generally	found	that	the	switches	in	awareness	

during	binocular	rivalry	cannot	be	voluntarily	controlled,	other	than	in	some	

extreme	cases	such	as	after	extensive	perpetual	training	(Chong,	Tadin,	&	Blake,	

2005;	Dieter,	Melnick,	&	Tadin,	2016a).	

		 To	induce	rivalry	no	sophisticated	optometric	machines	are	required.	The	

phenomenon	can	be	observed	as	long	as	the	two	dissimilar	images	fall	on	

corresponding	locations	of	the	two	retinas,	for	example	by	presenting	a	red	and	

green	image	through	anaglyphic	glasses	(Figure	7).	However,	despite	this	

simplicity,	binocular	rivalry	has	captured	the	attention	of	many	disciplines.	As	

outlined	in	more	detail	below,	an	extensive	body	of	research	has	investigated	at	

what	level	of	the	visual	hierarchy	the	perceptual	competition	occurs	and	full	

perceptual	suppression	is	achieved.	It	has	also	been	a	focus	of	research	aiming	to	

understand	how	rivalry	can	coexist	with	our	ordinary	stereopsis	(Wolfe,	1986).	

In	line	with	these	questions,	many	psychophysiological	studies	have	tried	to	

unravel	the	“general”	principles	that	regulate	rivalry	(Brascamp,	Klink,	&	Levelt,	

2015).	
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Figure	7.	Examples	of	binocular	rivalry	stimuli.	(Image	adapted	from	Tong,	Meng,	&	Blake,	2006)	
	 Notably,	this	simple	perceptual	phenomenon	has	also	sparked	a	

completely	different	type	of	research,	with	investigators	using	rivalry	as	a	tool	to	

investigate	the	neural	correlates	of	consciousness	(Rees,	Kreiman,	&	Koch,	

2002).	In	this	latter	line	of	research,	the	more	ambitious	aim	is	to	use	binocular	

rivalry	to	find	the	part,	or	processes,	in	the	brain	responsible	for	generating	our	

conscious	experience.	This	may	be	achieved	through	the	neat	separation	during	

rivalry	between	what	is	seen	(constant	retinal	input)	and	what	is	perceived	

(fluctuation	of	one's	subjective	perceptual	experience).	

		 Finding	an	answer	to	these	general	questions	is	undoubtedly	essential	for	

the	discipline	to	progress,	however,	here	we	are	interested	in	three	specific,	

often	underappreciated,	features	of	binocular	rivalry.	That	is:	i)	Individual	

differences	of	rivalry	dynamics	ii)	The	effects	of	transient	emotional	states	and	

more	stable	factors	on	rivalry	dynamics	and	iii)	The	mixed	percept	(where	

neither	of	the	two	rivalrous	stimuli	is	fully	suppressed).		

	 Hence,	we	are	interested	not	so	much	in	why	rivalry	occurs	or	its	general	

principles,	but	rather	in	why	the	rivalrous	experience	differs	between	people.	

Understanding	why	individual	differences	exist	in	rivalry	dynamics	will	allow	us	

to	address	the	broad	research	question	of	this	thesis:	When	dealing	with	identical	
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(or	equally	valid)	options	can	the	stable	drive	to	explore	also	influence	one’s	

perceptual	flexibility?	

	 	The	following	two	related	and	important	questions	will	also	be	

addressed:	What	stable	or	transient	variables	may	affect	the	way	each	person	

solves	this	perceptual	dilemma	(Study	1-2).	And	if	the	phenomenon	of	binocular	

rivalry	reflects	an	evolved	response	to	conflict	between	the	two	eyes	that	is	

controlled	by	the	basic	physiological	inhibitory	mechanisms	proposed	in	the	

literature,	why	is	there	so	much	variability	in	terms	of	the	rate	of	switching	and	

the	specific	perceptual	states	experienced	(Study	3-4)?		

3.2 The	early	history	of	rivalry	

	 As	previously	mentioned,	binocular	rivalry	has	captured	the	attention	of	

very	different	disciplines,	from	neurophysiology	to	philosophy.	Currently,	

researchers	interested	in	rivalry	use	a	vast	range	of	techniques,	equipment	and	

animal	species,	from	humans	to	flies	(Miller,	2012).	However,	as	reported	by	

Wade	in	his	comprehensive	reconstruction	of	the	history	of	vision	(Wade,	1998),	

it	is	evident	that	the	interest	in	rivalry	started	many	years	before	these	

techniques	were	available.	The	rivalry	experience	was	first	described	in	1593	by	

a	mathematician	from	Naples,	Della	Porta,	who	in	an	attempt	to	optimise	his	

reading	speed	and	acquisition	of	new	knowledge,	designed	a	set	up	to	allow	him	

to	read	different	manuscripts	simultaneously,	by	presenting	each	one	to	a	

separate	eye.	As	appealing	as	this	method	might	appear	to	any	avid	reader,	

unfortunately	it	did	not	work.	Della	Porta	himself	described	the	result	of	his	

experiment	as	rather	disappointing,	because	the	images	of	the	two	books	

alternated,	and	it	was	impossible	to	make	any	sense	of	them.		
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	 The	first	systematic	description	and	formal	investigation	of	the	rivalry	

experience	is	to	be	attributed	to	Wheatstone.	In	1838	Wheatstone	invented	the	

mirror	stereoscope	(see	Figure	8),	the	first	experimental	tool	created	to	induce	

binocular	rivalry	in	a	controlled	experimental	setting.	Notably,	the	first	

description	that	Wheatstone	provides	of	binocular	rivalry	captures	the	

hallmarks	of	rivalry	that	in	contemporary	literature	remain	the	focuses	of	

investigation.	This	includes	i)	The	alternation	between	exclusive	perception	of	

the	rivalrous	stimulus	ii)	The	occurrence	of	instances	during	the	rivalrous	

experience	where	neither	of	the	two	rivalrous	stimuli	is	fully	suppressed	iii)	The	

inability	for	observers	to	control	the	perceptual	alternations	of	the	rivalrous	

stimuli,	and	iv)	The	influence	of	low-level	characteristics	of	the	rivalrous	stimuli	

in	biasing	the	competition	to	visual	awareness.	

	

	

Figure	8.	A	reproduction	of	the	first	stereoscope	used	by	Wheatstone	in	1838.		The	observer	would	
position	his	head	in	front	of	the	mirror	stereoscope	(the	object	in	the	centre	of	the	reproduction)	
such	that	his	right	eye	would	see	the	image	reflected	on	the	right	mirror	(A)	and	the	left	eye	the	
image	reflected	on	the	left	mirror	(A’).	Each	mirror	would	reflect	the	image	inserted	in	the	holders	
(E	and	E’).	(Image	adapted	from	Blake,	2001).	
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	 From	the	earliest	systematic	descriptions	of	the	rivalrous	experience,	

investigators	often	highlighted	the	discrepancies	existing	between	the	way	the	

rivalrous	experience	was	operationalised	in	an	experimental	setting	and	what	

rivalry	genuinely	looked	like	in	real	life.	That	is,	in	the	laboratory	most	of	the	

time	binocular	rivalry	is	described	as	a	binary	experience,	as	if	exclusively	one	of	

the	rivalrous	stimuli	is	seen	at	any	given	moment.	However,	anyone	who	

experiences	rivalry	quickly	realises	that	the	rivalry	experience	is	more	complex	

and	ambiguous	and	there	are	also	instances	of	rivalry	experience	where	the	

rivalrous	images	appear	like	a	scramble	or	superimposed	whole	image,	mixed	

percept	(see	Section	3.8	for	more	details	about	the	mixed	percept	which	is	also	

the	focus	of	Study	1	and	Study	4).		

	 From	Wheatstone	onwards,	most	of	the	research	focused	on	binocular	

rivalry	mostly	as	a	low-level	vision	phenomenon.	Investigators	aimed	to	pinpoint	

where	in	the	visual	hierarchy	the	conflict	of	the	rivalry	experience	took	place.	

Two	mains,	and	opposite,	positions	emerged	in	the	literature	often	referred	to	as	

the	eye-based	rivalry	and	object-based	rivalry	theories	(described	in	the	

following	paragraph).		

		 Although	the	majority	of	publications	in	literature	using	binocular	rivalry	

belong	to	vision	research,	three	major	lines	of	research	outside	vision	can	be	

individuated.	The	first	less	fruitful	line	of	research	goes	back	to	the	second	half	of	

the	20th	century	within	the	psychological	movement	called	the	New	Look	(for	a	

review	see	Erdelyi,	1974).	The	New	Look	movement	used	binocular	rivalry	not	

as	a	visual	phenomenon,	but	as	a	means	to	secure	“preferential”	access	to	one’s	

internal	world.	The	movement	took	place	after	the	Second	World	War,	a	

historical	moment	where	so	many	aspects	of	people’s	previously	stable	lives	
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were	threatened.	Perhaps	as	consequence	of	this,	psychologists	questioned	the	

authenticity	of	everything,	such	as	the	previous	assumption	that	our	perceptual	

experience	represents	an	authentic	representation	of	the	outside	world.		

	 With	respect	to	vision,	the	New	Look	challenged	the	idea	that	what	the	

observers	see	is	an	automatic	reproduction	of	the	outside	world.	Instead	it	was	

suggested	a	more	active	role	was	played	by	the	observers,	with	their	internal	

world	(e.g.,	desire,	impulses	or	personality)	shaping	how	the	world	was	

perceived.	For	instance,	Kohn	et	al.,	(1960)	claimed	that	in	a	psychiatric	

population	the	patients	who	recognised	and	reported	an	emotional	word	in	a	

binocular	task	were	able	to	do	so	because	of	their	internal	level	of	aggression.	To	

assess	patients’	aggression	a	number	of	measures	were	used	(i.e.,	hostility	

questionnaires,	a	projective	test,	and	direct	ratings	by	the	clinical	staff)	and	the	

results	showed	that	participants	with	the	highest	levels	of	aggression	also	

perceived	negatively	charged	words	more	often	and	for	longer.	Based	on	these	

findings	the	authors	suggested	that	the	patient’s	personality	had	a	clear	impact	

on	the	way	they	perceived	the	world	and	showed	that	they	were	naturally	

inclined	to	see	negative	emotionally	charged	stimuli	in	the	environment,	rather	

than	neutral	ones.	In	other	words,	it	was	concluded	that	the	types	of	content	that	

“breakthrough”	to	consciousness	might	reveal	one’s	true	self,	as	it	cannot	be	

controlled	or	faked.		

	 From	a	theoretical	point	of	view,	the	line	of	research	that	started	with	the	

New	Look	movement	could	be	conceptually	linked	to	more	recent	studies	

investigating	rivalry	and	internal	factors	(e.g.,	Alpers	&	Pauli,	2006;	Hastorf	&	

Myro,	1959).	However,	the	New	Look	movement	has	received	considerable	

criticism,	especially	because	of	the	limitations	in	the	methodology	used.	For	
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example,	often	observers	were	asked	to	verbally	report	what	they	perceived,	

rather	than	using	button	press	or	other	measures	less	susceptible	to	the	

observer’s	assumptions	about	the	experimenter’s	expectations	or	values	

(Erdelyi,	1974).	Because	of	the	emotional	content	of	the	stimuli	used,	it	could	not	

be	excluded	that	some	observers	might	have	simply	felt	ashamed	to	report	

emotional	words	(e.g.,	words	with	sexual	connotations	or	particularly	

gruesome),	while	others	may	have	felt	more	comfortable	in	reporting	them	

(Erdelyi,	1974).	Taken	together,	these	criticisms	speak	to	the	difficulty	of	

determining	whether	the	visual	experience	that	observers	were	reporting	

resulted	from	their	conscious	decision	or	genuine	perceptual/visual	processes.		

	 Because	the	issues	with	the	methodology	adopted	during	the	New	Look	

severely	impaired	the	reliability	of	the	findings,	any	attempts	to	link	binocular	

rivalry	with	an	observer’s	internals	factors,	such	as	motivations,	was	abandoned	

for	many	years.	It	is	only	recently	that	there	has	been	a	resurgence	of	interest	in	

understanding	how	rivalry	dynamics	are	linked	to	internal	processes,	such	as	

emotion	(Alpers	&	Pauli,	2006;	Yoon,	Hong,	Joormann,	&	Kang,	2009)	or	mental-

imagery	(Pearson,	2014;	Pearson,	Clifford,	&	Tong,	2008).	One	aim	of	studies	1-4	

utilising	binocular	rivalry	in	the	current	thesis	is	to	explore	how	rivalry	

dynamics	are	affected	by	stable	factors	such	as	personality,	and	transient	factors	

such	as	mood,	adopting	a	rigorous	methodology	that	controls	for	possible	

confounding	variables.	

	 The	second	more	fruitful	line	research,	using	binocular	rivalry	outside	

vision	science,	used	binocular	rivalry	as	a	“tool”	to	investigate	the	neural	

correlate	of	consciousness	(NCC).	This	new	interest	in	rivalry	has	been	referred	

to	as	the	binocular	rivalry	explosion	(Baker,	2010).	This	resurgence	of	interest	in	
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rivalry	is	mostly	attributed	to	an	article	published	by	Crick	and	Koch	in	1998	

titled	“Consciousness	and	Neuroscience”	(Crick	&	Koch,	1998),	in	which	the	

authors	questioned	where	visual	awareness	emerges	from	neural	processes.	To	

answer	this	question	many	investigators	used	binocular	rivalry.	

	 The	third	recently	emerging	line	of	research	investigates	the	use	of	

binocular	rivalry	as	a	potential	diagnostic	tool.	That	is,	proponents	of	this	line	of	

research	have	undertaken	a	number	of	empirical	studies	suggesting	that	specific	

clinic	populations	differ	in	a	measurable	way	in	their	rivalry	dynamics	compared	

to	non-clinical	populations.	A	dedicated	paragraph	(Section	4.6)	in	Chapter	4	will	

summarise	the	main	findings	of	rivalry	in	the	clinical	field.	Although	the	use	of	

rivalry	dynamics	as	a	diagnostic	tool	is	still	in	its	infancy	—to	date	binocular	

rivalry	is	not	part	of	any	test	batteries	being	used	routinely	in	a	clinical	setting—	

there	are	obvious	advantages	associated	with	it,	that	make	it	extremely	

appealing	to	clinicians	(e.g.,	easy	to	administer	with	limited	cost).	In	line	with	

this,	a	limited	but	steady	number	of	studies	using	rivalry	in	clinical	settings	can	

be	found	in	the	literature.	Studies	3	and	4	were	designed	to	contribute	

specifically	to	this	literature.	In	particular,	the	purpose	of	Study	3	was	to	rule	out	

possible	confounding	factors,	such	as	low	compliance,	that	may	affect	the	

reliability	of	testing	rivalry	dynamics	in	a	clinical	population.	

3.3 Neurobiological	models	of	rivalry	

	 Despite	the	high	quality	and	breadth	of	binocular	rivalry	research,	

investigators	are	still	grappling	with	a	core	aspect	of	the	phenomenon.	That	is,	

what	exactly	is	rivalling	during	binocular	rivalry?	Is	binocular	rivalry	a	low-level	

visual	phenomenon	or	do	higher	cognitive	processes	and	non-visual	brain	

regions	also	contribute	to	the	rivalry	experience?	The	answer	to	these	questions	
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remains	an	active	topic	of	debate.	While	a	detailed	survey	of	this	literature	is	

outside	the	scope	of	the	thesis,	a	brief	summary	of	the	different	views	regarding	

the	contribution	of	lower	and	higher-level	brain	regions	to	rivalry	is	important	to	

contextualise	the	rationale	of	the	studies	presented	in	the	thesis.	This	literature	

also	provides	context	for	one	of	the	goals	of	this	thesis:	To	investigate	the	

relation	between	binocular	rivalry	and	higher	factors,	such	as	personality,	mood	

and	decision-making.		

	 This	is	a	fundamental	point	for	this	thesis.	Because	if	binocular	rivalry	

should	be	considered	exclusively	as	a	low-level	vision	phenomenon,	then	any	

influence	on	its	dynamics	can	only	be	exerted	by	manipulating	basic	features	of	

the	rivalrous	stimuli.	As	a	consequence,	any	attempts	of	investigating	rivalry	

outside	the	vision	research	should	be	dismissed.	It	is	therefore	important	to	

provide	a	brief	overview	of	the	psychophysical,	electrophysiological	and	

neuroimaging	studies	examining	the	brain	regions	and	processes	involved	in	

binocular	rivalry.	

	 The	dominant	initial	view	was	that	rivalry	was	occurring	at	a	relatively	

early	stage,	between	neural	populations	representing	specific	and	different	

regions	of	the	eye.	In	a	series	of	experiments	carried	out	in	the	80s,	Blake	and	

colleagues	provided	evidence	that	rivalry	occurs	relatively	early	in	the	visual	

pathway	between	monocular	representation	of	the	information.	That	is,	before	

the	information	coming	from	the	two	eyes	is	fused.	In	two	separate	experiments,	

Blake	provided	clear	evidence	supporting	the	view	that	what	dominates	or	is	

suppressed	during	binocular	rivalry	must	be	a	region	of	the	eye.	In	the	first	

experiment	Blake	(1980)	swapped	the	two	stimuli	during	the	rivalrous	task.	As	a	

consequence	of	this,	the	suppressed	image	was	presented	to	the	dominant	eye—	
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the	eye	representing	the	visible	stimulus.	Following	the	switch,	the	suppressed	

stimulus	became	dominant.	This	suggested	that	during	a	rivalrous	experience	it	

is	the	eye-of-origin	that	is	preserved	and	not	the	representation	of	the	stimulus	

itself.	

	 	In	a	second	experiment,	Blake	et	al.	(1974)	showed	that	an	observer	

would	not	detect	subtle	changes	occurring	in	features	of	the	suppressed	

stimulus.	This	was	interpreted	as	evidence	that	the	suppressed	eye	acted	as	a	

general	filter	to	the	rivalrous	stimulus,	and	it	was	not	tailored	to	individual	

stimulus	features.		

	 Two	studies	published	in	1996	by	separate	investigators,	however,	

provided	a	completely	different	perspective	and	equally	compelling	evidence	of	a	

contribution	of	higher	brain	regions	during	rivalry.	The	first	study	published	by	

Kovács	et	al.	(1996)	(discussed	in	Section	3.8.2),	used	a	modified	version	of	the	

traditional	rivalrous	stimuli	in	which	elements	of	two	meaningful	stimuli	are	

broken	and	switched	between	the	two	rivalrous	stimuli	(see	Figure	9).	When	

seeing	this	modified	version,	observers	reported	mostly	an	alternation	between	

the	coherent	images-representing	a	fusion	of	elements	from	the	two	scramble	

images.	This	was	impossible	to	explain	with	models	of	rivalry	limited	to	

monocular	information,	as	that	they	predicted	the	observer	to	report	an	

alternation	between	the	two	scrambled	images.		
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Figure	9.	(a)	Traditional	rivalrous	stimuli,	where	two	incompatible	stimuli	are	presented	to	each	
eye	respectively	(b)	Modified	version	of	the	rivalrous	stimuli;	observers	reported	most	of	the	time	an	
alternation	between	coherent	images	of	a	monkey	or	texts	(Image	adapted	from	Kovács	et	al.,	
1996).	It	is	important	to	note,	however,	that	the	original	study	by	Kovács	et	al.	used	conventional	
colour	rivalry	visual	stimuli	(chromatic	dots).	The	image	of	monkey	and	text	was	used	in	the	paper	
for	illustrative	purposes	to	highlight	that	an	alternation	between	the	coherent	images	was	
impossible	to	explain	with	models	of	rivalry	limited	to	monocular	information.	
	
			
	 The	second	study,	published	by	Logothetis	et	al.	(1996),	used	another	

modified	version	of	the	traditional	rivalrous	stimuli,	the	interocular	switching	

paradigm,	where	the	rivalrous	stimuli	were	rapidly	swapped	between	the	eyes	

every	333	milliseconds	and	flickered	at	18Hz.	Despite	the	rapid	switching	of	the	

stimulus,	the	perceptual	experience	associated	with	this	modified	paradigm	was	

equivalent	to	a	typical	rivalrous	experience,	with	observers	alternating	between	

images	every	1-2	seconds.	Again,	these	findings	were	in	direct	contrast	with	the	

eye-model	proposed	by	Blake.	If	that	model	was	true	and	the	conflict	occurred	

through	monocular	representations,	then	an	observer	should	have	reported	

seeing	a	fast	alternation	between	the	rivalrous	stimuli.		
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	 Taken	together,	these	studies	suggest	that	the	competition	occurs	later	in	

the	visual	hierarchy,	when	both	eyes	have	processed	the	stimuli	and	the	brain	

needs	to	decide	between	different	interpretations	of	the	ambiguous	information.		

	 Further	evidence	supporting	the	idea	of	a	major	contribution	of	higher	

parts	of	the	brain	to	rivalry	comes	from	neurophysiological	findings.	In	a	widely	

cited	study	by	Sheinberg	and	Logothetis	(1997),	a	monkey	was	trained	to	report	

its	perpetual	experience	during	a	rivalrous	task	while	its	neural	activity	was	

recorded	in	vivo.	The	main	interest	of	the	investigators	was	to	determine	what	

part	of	the	brain	in	the	monkey	had	a	response	time-locked	to	the	fluctuations	of	

the	perceptual	experience.	The	recording	revealed	that	only	a	minority	of	cells	

(20%)	in	the	lower-level	of	the	visual	pathway	(V1and	V2)	was	synchronised	

with	the	monkey’s	perceptual	experience.	Conversely,	a	substantial	number	of	

cells	(40%)	in	the	higher	part	of	the	brain	(e.g.,	V4)	was	synchronised	with	the	

monkey’s	perceptual	experience	and	almost	all	the	neurons	(90%)	in	the	

inferotemporal	cortex	(IT)	and	the	superior	temporal	sulcus	(STS)	matched	the	

monkey's	fluctuation	in	its	perceptual	experience	despite	the	unchanged	retinal	

input	(see	Figure	10).	
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Figure	10.	Neural	activity	was	recorded	in	vivo	in	monkeys	performing	a	binocular	rivalry	task.	(A)	
A	monkey	was	trained	to	perform	a	rivalrous	task.	When	the	monkey	saw	one	stimulus	it	had	to	pull	
one	lever	(e.g.,	right	level	for	right	stimulus);	when	it	saw	the	alternative	stimulus,	it	had	to	pull	the	
other	lever.	(B)	The	number	of	cells	with	activity	synchronised	with	the	monkey’s	perceptual	
experience	increased	in	the	higher	part	of	the	brain	(i.e.,	the	superior	temporal	sulcus	STS	and	the	
inferotemporal	cortex	IT).	(Image	from	Leopold	&	Logothetis,	1999b).		
	
	 Similar	to	the	psychophysics	findings	reported	above,	these	studies	

pointed	to	a	clear	contribution	of	higher	brain	regions	during	binocular	rivalry.	

Although	there	is	no	consensus	amongst	researchers	on	where	exactly	rivalry	

occurs	in	the	brain,	it	is	now	widely	accepted	that	factors	beyond	the	primary	

visual	cortex	contribute	to	“resolving”	the	rivalry	dilemma.	In	line	with	this,	

pharmacological	studies	manipulating	a	level	of	specific	neurotransmitters,	such	

as	serotonin	(Carter	et	al.,	2007;	Carter,	Pettigrew,	et	al.,	2005a)	and	GABA	(van	

Loon	et	al.,	2013)	highlighted	the	need	for	a	holistic	approach	in	investigating	the	

factors	shaping	rivalry	dynamics.	

Another	important	line	of	research	using	functional	magnetic	resonance	

(fMRI),	blood	oxygen	level-dependent	(BOLD)	response	and	repetitive	

transcranial	magnetic	stimulation	(rTMS)	also	provided	useful	information	to	
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the	current	understanding	of	whether	binocular	rivalry	reflects	the	competition	

amongst	monocular	channels	or	higher	brain	regions,	such	as	the	right	parietal	

cortex.		

With	respect	to	the	line	of	research	highlighting	the	importance	of	the	

role	of	the	primary	visual	cortex	(V1)	in	determining	the	content	of	one’s	

perceptual	experience	during	a	rivalry	task	two	studies	are	worth	mentioning.	

First,	a	study	by	Tong	and	Engel	(2001)	using	fMRI	to	monitor	neural	activity	

during	a	rivalrous	visual	task	in	monocular	regions	of	primary	visual	cortex	

demonstrated	that	rivalry	might	be	fully	resolved	in	these	regions.	Consequently,	

conscious	perception	started	much	earlier	in	the	visual	pathway	to	what	was	

previously	believed.	In	a	similar	vein,	a	study	by	Polonksy	et	al.	(2000)	showed	

that	during	a	rivalrous	task	the	activity	recorded	in	the	primary	visual	cortex	

(V1)	was	coupled	with	the	observer’s	perceptual	experience.	Furthermore,	the	

fluctuation	in	activity	recorded	in	V1	during	rivalry	was	also	present	in	nearby	

visual	areas	(e.g.,	V2,	V3).	The	authors	of	that	study	interpreted	these	findings	as	

evidence	that	neuronal	events	underlying	rivalry	initially	occurs	in	V1	and	might	

later	propagate	to	later	stages	of	visual	processing.		

		 However,	an	influential	study	by	Maier	et	al.	(2008)	combining	blood	

oxygen	level-dependent	(BOLD)	response	with	electrophysiological	response	

recorded	in	two	monkeys	while	performing	a	rivalry	task,	provided	a	new	take	

on	the	role	of	V1	during	rivalry.	It	also	provided	a	new	reasonable	explanation	on	

opposite	findings	found	in	the	literature	in	relation	to	the	role	of	V1	when	using	

humans	or	animals.	During	rivalrous	tasks	in	human	observers	(using	fMRI)	V1	

activity	was	characterised	by	a	severe	drop	when	the	stimulus	was	perceptually	

invisible,	while	this	perception-locked	activity	in	V1	was	not	found	with	animals	
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(using	single-unit	recording).	The	authors	showed	that	this	discrepancy	was	

driven	by	the	nature	of	the	signal	measured,	rather	than	reflecting	a	true	

difference,	as	the	electrophysiological	and	BOLD	responses	greatly	differed	

specifically	during	the	suppression	phase	of	rivalry.	That	is,	only	the	BOLD	

response	showed	a	decreased	during	the	suppressed	phase	of	rivalry,	whilst	the	

low-frequency	local	filed	potential	(LFP)	recording	remained	unaffected.		

With	respect	to	the	line	of	research	highlighting	the	importance	of	the	

role	of	higher	cortical	regions,	it	has	been	shown	that	frontoparietal	areas	play	a	

specific	role	in	mediating	perceptual	transition	during	rivalry,	rather	than	the	

activity	associated	with	the	perceptual	states	during	rivalry	(Lumer	et	al.,	1998).		

That	is,	while	other	extrastriate	areas	respond	to	perceptual	changes	during	a	

rivalry	task,	the	frontoparietal	areas	only	activate	during	the	perceptual	

transition	state	of	rivalry	(i.e.,	when	a	stimulus	that	was	perceptually	suppressed	

regains	visual	awareness).	Furthermore,	studies	using	repetitive	transcranial	

magnetic	stimulation	(rTMS)	over	the	right	superior	parietal	cortex	reported	

shorter	rivalry	dominance	durations	(Carmel	et	al.,	2010;	Zaretskaya	et	al.,	

2010).	These	findings	are	particularly	important	because	for	the	first	time	in	the	

rivalrous	literature	they	established	a	causal	role	for	this	brain	region	in	

controlling	rivalry	dynamics.	That	is,	the	right	parietal	cortex	plays	a	crucial	role	

in	maintaining	the	current	perceptual	state	during	rivalry,	consequently	any	

disruption	of	this	brain	region	results	in	a	destabilization	of	rivalry	dynamics	and	

shorter	percept	duration.		

	 Rather	than	adhere	exclusively	to	the	eye-model	or	the	stimulus-model,	

investigators	currently	prefer	to	opt	for	an	intermediate	position:	the	hybrid	

model	(Alais	&	Blake,	2005;	Blake,	2001;	Blake	&	Logothetis,	2002;	Tong	et	al.,	
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2006).	Because	neither	of	the	models	provides	an	exhaustive	account	of	all	

rivalry	properties,	in	the	hybrid	model	both	models	coexist.	Hence,	rivalry	is	

resolved	at	different	levels	of	the	visual	hierarchy,	depending	on	the	stimulus	

complexity.		

	 	Lastly,	the	fluctuation	between	perceptual	experiences	is	believed	to	

involve	reciprocal	inhibition	of	the	neuronal	population	representing	the	two	

rivalrous	stimuli.	Over	time	the	neuronal	population	representing	the	dominant	

stimulus	eventually	fatigues	and	exerts	less	inhibition,	allowing	the	previously	

suppressed	stimulus	to	increase	activity	and	gain	perceptual	dominance.	

Consequently,	the	balance	between	the	two	neuronal	populations	continues	to	

alternate,	causing	flips	between	the	perceptual	experiences	(for	a	recent	review	

see	Zhang,	Engel,	&	Kay,	2017).		

3.4 Factors	that	influence	rivalry	dynamics	and	the	percept	

	 The	promotion	of	binocular	rivalry	from	a	curious	visual	illusion	to	a	well-

regarded	scientific	tool	was	the	result	of	years	of	extensive	rigorous	

psychophysical	investigations.	In	particular,	following	Levelt’s	(1965)	

monograph	many	investigators	aimed	to	provide	a	systematic	description	of	the	

direct	influence	that	characteristics	of	the	rivalrous	stimuli	have	on	rivalry	

dynamics.	Initially	this	influence	was	thought	to	be	limited	to	two	specific	

characteristics	of	the	visual	stimuli,	namely,	changes	in	contrast	and	spatial	

frequency	(for	a	review	see	Brascamp	et	al.,	2015).		However,	now	it	is	clear	that	

there	are	many	properties	of	the	rivalrous	stimuli	that	impact	on	rivalry	

dynamics;	for	example,	changes	in	motion	(Bossink,	Stalmeier,	&	de	Weert,	1993;	

Platonov	&	Goossens,	2013),	colour	(Bossink	et	al.,	1993),	and	localization	of	the	

stimuli	on	the	visual	field	(Blake,	O'Shea,	&	Mueller,	1992).		
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	 Recent	studies	have	shown	that	rivalry	dynamics	are	influenced	not	only	

by	low-level	characteristics	of	the	stimuli,	but	also	by	higher	properties;	for	

example	the	semantic	content	of	the	stimulus	(Zimba	&	Blake,	1983),	or	the	

familiarity	that	an	observer	has	with	the	stimulus	(Yu	&	Blake,	1992).	Specific	

stimuli,	such	as	rivalrous	stimuli	representing	emotional	faces	(Alpers	&	Gerdes,	

2007)	also	appear	to	have	an	inherent	advantage	and	dominate	visual	

awareness.	That	is,	during	a	rivalry	task	if	an	emotional	face	is	pitted	against	a	

neutral	stimulus	(e.g.,	a	house),	the	competition	for	visual	awareness	will	be	

clearly	biased	in	favour	of	the	emotional	face.	It	is	important	to	note	that	Alpers	

and	Gerdes	‘s	study	does	not	directly	test	whether	the	bias	reported	towards	

emotional	face	vs.	a	neutral	stimulus	is	stronger	than	a	possible	general	bias	

towards	faces.	However,	neutral	faces	have	been	pitted	against	neutral	stimuli	in	

many	rivalrous	studies	(e.g.,	house/face)	and	overall	investigators	reported	

comparable	durations	of	rivalry	phases.		

	 It	has	been	shown	that,	amongst	those	possible	factors	that	might	

influence	rivalry	dynamics,	there	are	some	idiosyncrasies	specific	to	a	particular	

observer.	For	example,	during	a	rivalry	task	patients	with	a	specific	phobia	(e.g.,	

spiders)	reported	seeing	more	of	the	image	of	the	phobic	stimulus	compared	to	a	

neutral	one	(Alpers	&	Pauli,	2006;	Gerdes	&	Alpers,	2014).	These	findings	are	

particularly	relevant	for	this	thesis	for	two	reasons.	First,	they	provide	strong	

evidence	of	the	influence	of	low-level	properties	of	the	visual	stimuli	on	rivalry	

dynamics.	Secondly,	they	speak	to	the	influence	that	higher	factors	have	on	

rivalry	dynamics.	

	 In	an	experimental	setting,	however,	it	is	often	very	difficult	to	separate	

those	two	influences,	because	most	complex	stimuli	differ	in	their	low-level	
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properties.	For	example,	Anderson	et	al.	(2011)	investigated	whether	mood	had	

an	influence	on	rivalry	dynamics	by	using	images	of	faces	displaying	different	

emotions.	However,	as	the	authors	pointed	out,	because	of	the	differences	

existing	in	low-level	properties	of	the	stimuli	(e.g.,	spatial	frequency	in	a	happy	

vs.	sad	face)	any	changes	found	in	rivalry	dynamics	could	not	be	attributable	

exclusively	to	the	valence	of	the	rivalrous	stimuli.	Studies	1	and	2	specifically	

addressed	this	issue	by	investigating	the	effect	of	transitory	emotional	states	by	

using	neutral	rivalrous	stimuli	(i.e.,	gratings	of	different	orientations).	

3.5 Binocular	rivalry	properties:	regularities	between-people	
and	within-	individuals.	

	 An	important	aspect	that	emerged	from	psychophysics	studies	is	that	

there	are	a	number	of	variables,	which	can	be	used	to	describe	rivalrous	

dynamics.		Some	of	the	variables	investigated	in	the	literature	are:	i)	The	number	

of	switches	an	observer	makes	between	perceiving	exclusively	one	of	the	

rivalrous	stimuli	(perceptual	alternations;	e.g.,	Carter	et	al.,	2007;	M.S.	Kang	&	

Blake,	2010)	ii)	The	total	time	that	one	of	the	rivalrous	stimuli	is	perceived	(total	

predominance;	e.g.,	Alpers	&	Pauli,	2006;	Anderson	et	al.,	2011a)	iii)	The	number	

or	total	duration	of	the	instances	where	observers	report	perceiving	not	solely	

one	of	the	rivalrous	stimuli,	but	a	combination	of	the	two	stimuli	

fused/scrambled	into	one	(mixed	percept;	e.g.,	Antinori,	Carter,	&	Smillie,	2017;	

Freyberg,	Robertson,	&	Baron-Cohen,	2015)	iv)	The	stimulus	that	dominates	at	

rivalry	onset	(e.g.,	Carter	&	Cavanagh,	2007;	Stanley,	Forte,	&	Cavanagh,	2011).		

	 Another	important	aspect	of	rivalry	dynamics	to	consider	is	the	

compelling	regularities	that	characterise	the	alternations	between	exclusive	

dominance.	That	is,	the	frequency	of	dominance	phases	(i.e.,	when	only	one	of	
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the	rivalrous	stimuli	is	perceived)	presents	a	characteristic	distribution	

(commonly	approximated	in	the	literature	through	a	gamma	distribution;	Levelt,	

1967).	Historically	the	gamma	distribution	is	the	most	popular	way	to	describe	

rivalry	temporal	dynamics	in	the	literature	(see	Figure	11).	Notably,	a	similar	

gamma	distribution	in	rivalry	dynamics	has	been	found	across	species;	for	

example	in	monkeys	(Keliris,	Logothetis,	&	Tolias,	2010;	Panagiotaropoulos,	

Deco,	Kapoor,	&	Logothetis,	2012),	rodents	(Zhang	et	al.,	2012)	and	even	fruit	

flies	(reviewed	in	Miller,	2012).	

	 Rivalry	alternations,	however,	also	follow	a	stochastic	time	course.	As	a	

consequence,	it	cannot	be	predicted	with	absolute	certainty	when	a	switch	will	

occur	(Fox	&	Herrmann,	1967;	Lehky,	1995;	Levelt,	1967).	As	shown	in	Figure	

11,	rivalry	alternations	are	characterised	by	a	peak	in	the	left	of	the	graph	and	a	

long	right	tail.	Hence,	although	rivalry	alternations	are	characterised	by	

unpredictability,	there	is	an	increased	chance	that	a	switch	will	occur	close	to	an	

observer’s	mean	percept	duration	(i.e.,	usually	1-2	sec).	Longer	alternations,	

however,	could	also	occur	during	rivalry,	reflecting	its	unpredictable	nature	

(Mamassian	&	Goutcher,	2005).		

	

	



	 125	

	

Figure	11.	Distribution	of	binocular	rivalry	alternations.	The	figure	shows	that	the	distribution	
tends	to	a	gamma	distribution	(mean	phase	durations	have	been	normalised,	before	being	plotted	
to	account	for	the	profound	inter-individual	variability).	(Image	from	Levelt,	1967)		
	

	 The	existence	of	a	typical	distribution	presents	a	number	of	benefits.	For	

example,	the	emergence	of	similar	patterns	between	different	species	suggests	

that	commonalities	exist	along	the	phylogenetic	tree	in	the	way	the	brain	

engages	with	different,	but	equally	valid,	perceptual	solutions.	Of	a	more	general	

relevance	for	the	rivalry	literature,	the	presence	of	a	typical	distribution	is	

important	as	a	check	(control)	within	a	rivalry	study.	This	is	particularly	

important	for	clinical	studies	using	deviations	in	rivalry	dynamics	as	a	potential	

diagnostic	tool.		

	 Binocular	rivalry	dynamics,	however,	are	also	characterised	by	strong	

within-individual	regularities.	Most	notably,	it	is	well	recognised	that,	when	

keeping	stimulus	and	experimental	conditions	constant,	a	person’s	rivalry	rate	

shows	little	variation	over	time	and	adequate	test-retest	reliability	(r	=	0.7-0.8;	

Miller	et	al.,	2010;	Pettigrew	&	Miller,	1998).	This	reliability	of	rivalry	dynamics	

within	the	same	person	has	been	associated	with	a	number	of	other	stable	

factors;	for	example,	genetic	factors	(Miller	et	al.,	2010;	Shannon,	Patrick,	Jiang,	

Bernat,	&	He,	2011),	the	volume	of	specific	brain	regions	(Kanai,	Bahrami,	&	
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made equal to the area under the histogram, and a scale factor h = 4 had to be 
used in order to give f = 1, since the histogram had been rescaled to have a mean of 
unity. The approximation is fair, but it is realized that other functions may fit as 
well. The question of interest, however, is whether the function can be understood 
as an expression of some underlying mechanism. 

In  the previous paper (Levelt, 1966) it was shown that fz is independent of what 
was there called A,, the strength of the left eye stimulus. It is not accidental that 
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that a function of form (1) results, is a summative one in which the recessive stimulus 
produces a series of randomly distributed 'excitation spikes'. If  the chance of no 
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Rees,	2010;	Kleinschmidt,	Sterzer,	&	Rees,	2012),	personality	(Antinori,	Smillie,	

&	Carter,	2014;	Farkas,	Denham,	Bendixen,	Tóth,	&	Kondo,	2016;	Kohn,	1960;	

Medith,	1967;	Nagamine	et	al.,	2007),	and	specific	clinical	conditions	(e.g.,	

Amador	Campos,	Aznar	Casanova,	Moreno	Sánchez,	Medina-Peña,	&	Ortiz-

Guerra,	2013;	McKendrick,	Battista,	Snyder,	&	Carter,	2011;	Robertson,	Kravitz,	

Freyberg,	Baron-Cohen,	&	Baker,	2013).	

	 It	is	worth	highlighting	that	this	reliability	within	the	individual	is	not	

exclusive	to	rivalry	alternations	but	has	been	found	in	other	aspects	of	rivalry.	A	

case	in	point	is	onset	rivalry	(for	a	recent	review	see	Stanley,	Carter,	&	Forte,	

2011).	In	this	thesis	we	did	not	investigate	onset	rivalry,	however,	given	its	

relevance	in	respect	to	reliability	a	brief	summary	of	its	main	features	is	

provided.	Onset	rivalry	refers	specifically	to	the	very	first	instance	of	exclusive	

dominance	that	an	observer	reports	during	a	rivalry	task.	That	is,	the	initial	

rivalrous	stimulus	that	breaks	through	consciousness.	Initially	it	was	believed	

that	onset	rivalry	was	similar	to	all	other	instances	of	exclusive	dominance.	

Indeed,	this	is	true	from	a	phenomenological	point	of	view:	for	the	observer	the	

onset	experience	is	similar	to	the	other	dominance	phases	and	only	one	stimulus	

is	perceived.	However,	compelling	recent	evidence	suggests	that	onset	rivalry	is	

fundamentally	different	(Carter	&	Cavanagh,	2007;	Stanley,	Forte,	Cavanagh,	&	

Carter,	2011).	For	example,	onset	dominance	does	not	follow	the	

unpredictability	that	characterises	rivalry	alternations.	This	predictability	has	

proved	to	be	even	more	intriguing,	as	a	bias	at	the	onset	of	rivalry	to	specifically	

perceive	one	of	the	rivalrous	stimuli	changes	across	the	visual	field	and	this	

change	is	strongly	reliable	over	time	within-individuals	(Stanley,	Forte,	

Cavanagh,	&	Carter,	2011c).	This	means	that	when	intermittent	rivalrous	stimuli	
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are	briefly	presented	across	the	visual	field	for	a	specific	location,	a	person	will	

tend	to	report	the	same	rivalrous	stimulus.	These	idiosyncrasies	cannot	be	

explained	by	monocular	dominance	or	past	perceptual	history	(Carter	&	

Cavanagh,	2007).	Furthermore,	onset	rivalry	appears	to	be	affected	by	low-level	

features	of	the	stimuli	differently	to	sustained	rivalry.	For	example,	an	influence	

is	exerted	by	minor	differences	in	luminance	of	the	rivalrous	stimuli	(Chong	et	

al.,	2005;	Song	&	Yao,	2009).	

	 With	respect	to	the	current	thesis,	onset	dominance	is	particularly	

interesting	for	two	reasons.	First,	similar	to	sustained	rivalry	it	is	another	clear	

example	of	the	profound	individual	differences	that	characterise	rivalry	

dynamics.	Second,	although	it	is	clear	that	bottom-up	characteristics	of	the	

stimuli	influence	what	stimulus	will	be	seen	first,	studies	also	suggest	a	role	of	

top-down	higher	factors.	The	influence	of	the	latter	is	less	clear.	For	instance,	a	

recent	study	by	Chopin	and	Mamassian	(2010)	found	that	the	learned	utility	

associated	with	one	of	the	rivalrous	stimuli	could	bias	the	initial	percept.	In	that	

study,	observers	were	presented	with	Gabor	patches	of	different	orientations	to	

each	eye,	but	only	one	of	the	orientations	was	useful	to	correctly	perform	an	

auxiliary	search	task.	Although	observers	were	not	aware	of	the	benefits	

associated	with	the	orientation,	they	reported	seeing	the	useful	orientation	first	

in	the	rivalry	task.	This	bias	towards	one	orientation	remained	even	when	that	

orientation	was	no	longer	beneficial	to	perform	the	task.	The	bias	appeared	to	be	

specific	to	the	initial	dominance	and	not	to	the	following	dominances.		

		 An	opposite	pattern,	however,	emerged	in	a	study	by	Anderson	et	al.	

(2011)	investigating	learned	affective	information	(or	gossip)	and	rivalry	

dynamics.	Prior	to	the	testing	phase,	the	rivalrous	stimuli	(faces)	were	coupled	
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with	positive,	negative	or	neutral	social	information.	The	authors	reported	that	

affective	information	influenced	the	overall	predominance	of	a	stimulus,	rather	

than	the	initial	dominance.	In	a	similar	vein,	studies	have	reported	that	

emotionally	charged	stimuli	induced	a	bias	in	respect	to	the	overall	dominance,	

but	not	for	the	initial	dominance	(Sheth	&	Pham,	2008).	Studies	have	also	shown	

that	during	a	rivalry	task	emotionally	charged	stimuli	(e.g.,	angry	faces)	are	

perceived	first	by	people	with	high	levels	of	anxiety	and	by	people	with	phobias	

when	the	phobic	stimulus	is	pitted	against	a	neutral	one	(Gray,	Adams,	&	Garner,	

2009).	In	other	words,	it	appears	that	generally	people	would	more	often	report	

seeing	an	emotionally	charged	stimulus,	but	whichever	stimulus	is	seen	first	is	

immune	to	the	valence	of	the	stimulus.	However,	if	observers	are	confronted	

with	stimuli	to	which	they	are	particularly	susceptible,	then	those	stimuli	will	

have	a	twofold	advantage:	they	will	be	seen	first,	and	longer.		

	 In	summary,	although	it	is	widely	accepted	that	rivalry	dynamics	are	

characterised	by	profound	individual	differences	and	some	evidence	of	genetic	

involvement,	to	date	it	is	not	clear	whether	other	stable	factors	within	a	person	

may	also	play	a	relevant	role.	Studies	1	and	3	were	motivated	to	investigate	this	

in	more	detail.			

3.6 Idiosyncratic	temporal	alternations	in	rivalry		

	 During	rivalry	the	full	suppression	of	the	stimuli	follows	idiosyncratic	

temporal	dynamics	(Aafjes,	Hueting,	&	Visser,	1966).	That	is,	striking	individual	

differences	in	rivalry	alternations	exist,	with	some	people	reporting	fast	

sequential	alternations	of	the	rivalrous	stimuli,	while	others	experience	slightly	

slower	ones.	Aafjes	(1966),	one	of	the	first	authors	who	systematically	

investigated	individual	differences	in	rivalry	dynamics,	reported	that	although	
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the	majority	of	people	follow	general	rivalry	rules,	some	appeared	to	be	immune.	

Within	the	same	testing	session	people	generally	tended	to	slightly	increase	their	

rivalry	rates,	however,	some	people	remained	oddly	constant—Aafjes	named	the	

first	ones	‘climbers’,	and	the	latter	‘non-climbers’.		

	 Hence,	although	it	was	clear	from	the	beginning	that	rivalry	dynamics	

could	be	successfully	captured	by	general	principles,	it	was	also	evident	that	

some	people	deviated	systematically.	How	have	these	idiosyncrasies	been	

handled	in	the	literature?	Across	much	of	the	literature,	to	obtain	adequate	

norms,	any	individuals	who	have	deviated	from	the	general	principles	have	

tended	to	be	discarded	from	analysis	or	made	only	a	footnote	to	the	main	

research	findings.	However,	recently	an	exciting	new	line	of	studies	has	

emerged:	A	few	authors	have	started	questioning	directly	why	these	individual	

differences	exist	and	whether	they	correlate	with	other	stable	factors	within	the	

same	individual	(for	a	review	see	Kleinschmidt	et	al.,	2012).	The	current	thesis	

follows	this	renewed	critical	interest	in	the	rivalry	literature.			

	 Notably,	it	has	been	shown	that	within	the	same	person	similar	temporal	

dynamics	can	be	found	across	bistable	stimuli	(Carter	&	Pettigrew,	2003;	

Shannon	et	al.,	2011;	Sheppard	&	Pettigrew,	2006).	This	finding	is	particularly	

compelling	and	relevant	to	the	current	thesis,	because	it	strongly	suggests	that	

rivalry	should	not	be	investigated	solely	as	a	low-level	visual	phenomenon.	More	

importantly,	rivalry	provides	an	avenue	to	investigate	the	way	each	person	

resolves	the	dilemma	of	choosing	between	two	identical	(perceptual)	solutions.	It	

is	worth	pointing	out	that,	within	the	same	individual,	rivalry	alternations	also	

change	with	age	(Jalavisto,	1964;	Ukai,	Ando,	&	Kuze,	2016)	and	after	the	
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consumption	of	psychoactive	substances	(Carter	et	al.,	2007;	Frecska,	White,	&	

Luna,	2004).	

	 In	the	literature,	different	studies	have	used	different	approaches	to	

investigate	individual	differences	in	rivalry	dynamics,	however	three	main	lines	

of	research	can	be	individuated:	clinical	studies,	genetic	studies	and	brain	

studies.	First,	individual	differences	in	rivalry	temporal	dynamics	have	been	the	

focus	of	an	increasing	number	of	studies	looking	at	specific	clinical	populations.	

The	underlying	assumption	of	this	line	of	research	is	that	clear	deviance	in	

rivalry	dynamics	can	be	associated	with	specific	clinical	populations	and	

consequently	may	serve	as	a	diagnostic	tool.	In	the	following	chapter	a	more	

detailed	account	will	be	provided	of	the	putative	relation	between	clinical	

populations	and	rivalry	dynamics	(see	Section	4.6).	In	contrast	with	the	

traditional	rivalry	psychophysics	literature,	where	little	interest	was	shown	in	

those	subjects	deviating	from	the	average	population,	clinical	studies	were	

perhaps	the	first	ones	to	emphasise	the	practical	relevance	of	investigating	

individual	differences.		

	 A	second	line	of	research	has	focused	on	the	genetic	contribution	to	

variability	in	rivalry	dynamics.	The	first	study	was	carried	out	by	Miller	et	al.	

(2010),	looking	at	twin	data.	The	authors	concluded	that	a	staggering	52%	of	the	

variance	in	rivalry	rate	could	be	attributed	primarily	to	genetic	factors.	However,	

the	concordance	was	not	100%	implying	that	environmental	factors	also	played	

a	key	role.	This	result	highlights	the	importance	of	investigating	the	influence	on	

rivalry	dynamics	of	stable	variables,	such	as	genes	and	personality,	together	with	

transitory	ones,	such	as	mood.	Studies	looking	specifically	at	genes	and	slower	

rivalry	rates	suggest	that	this	decrease	in	rivalry	rate	may	be	linked	to	a	
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particular	bipolar	risk	allele	(2R)	of	the	dopamine	receptor	gene	DRD4	(Schmack	

et	al.,	2013).	More	recently,	an	extensive	genetic	mapping	study	(involving	1,060	

healthy	adults)	also	found	strong	links	between	rivalry	dynamics	and	genotypes	

(Shannon	et	al.,	2011).		

	 Lastly,	a	separate	line	of	research	has	focused	on	rivalry	rates	variability	

and	differences	in	specific	brain	regions.	A	recent	series	of	influential	studies	

demonstrated	that	individual	differences	in	switching	rates	relate	to	the	density	

of	grey	and	white	matter	of	the	parietal	superior	bilateral	cortex	(e.g.,	Kanai	et	

al.,	2010).	Additional	evidence	of	the	link	between	rivalry	dynamics	and	the	

parietal	cortex	can	be	found	in	studies	using	repetitive	transcranial	magnetic	

stimulation	(rTMS)	(Carmel,	Walsh,	Lavie,	&	Rees,	2010;	Miller	et	al.,	2000;	

Pearson,	Tadin,	&	Blake,	2007).	This	is	likely	to	be	accounted	for	by	the	parietal	

cortex	acting	as	a	strong	top-down	regulator	to	the	sensory	cortex,	resulting	in	

the	brain	being	able	to	suppress	faster	(i.e.,	switch)	the	neural	population	

associated	with	each	rivalrous	stimulus.	Other	investigators	have	looked	at	the	

amplitude	of	the	response	of	extra	striate	regions	(V3	and	V4),	claiming	that	

weaker	responses	appear	to	be	associated	with	longer	periods	of	suppression	

(Yamashiro	et	al.,	2013).	However,	event	related	potentials	(ERPs)	data	suggest	

that	differences	in	rivalry	rate	may	be	associated	with	later	stages	of	the	

stimulus	processing,	when	a	perceptual	decision	is	made	(Russo	&	De	Pascalis,	

2015).		

3.7 	Can	rivalry	alternations	be	controlled?		

	 Two	broad	overarching	lines	of	evidence	can	be	found	in	the	literature	

regarding	rivalry	dynamics	and	decision-making.	That	is,	studies	where	

observers	are	indirectly	or	directly	required	to	exert	some	control	on	the	rivalry	



	 132	

switching,	and	studies	looking	at	the	contribution	of	those	regions	of	the	brain	

typically	associated	with	decision-making	during	a	rivalry	task.		

	 With	respect	to	the	ability	of	an	observer	to	“decide”	what	to	perceive	

during	a	rivalrous	task,	there	are	a	number	of	studies	showing	that,	beyond	the	

low-level	characteristics	of	the	stimuli	(e.g.,	a	stronger	stimulus	will	dominate	

over	a	weaker	one),	the	“value”	of	the	stimulus	might	also	play	a	key	role	in	

providing	an	advantage	to	gaining	visual	awareness.	For	example,	in	a	recent	

study	by	Marx	and	Einhäuser	(2015)	it	was	shown	that	our	internal	expectations	

have	a	clear	effect	on	rivalry	dynamics.	That	study	showed	that	changes	in	

features	of	a	rivalrous	stimulus	(e.g.,	width	increase	of	the	annulus)	associated	

with	a	reward,	resulted	in	a	bias	in	visual	awareness	in	favour	of	that	stimulus.	

These	findings	suggest	that	even	if	an	observer	did	not	explicitly	decide	to	see	

the	rewarded	stimulus,	she	was	still	able	to	exert	some	form	of	control.	On	the	

other	hand,	evidence	of	a	direct	control	of	the	observer	over	rivalry	dynamics	

was	found	in	a	study	by	Hugrass	and	Crewther	(2012).	In	that	study	observers	

were	asked,	and	successfully	managed,	to	directly	control	the	time	of	switch	(or	

to	perceive	one	of	the	rivalrous	stimuli	for	as	long	as	desired).	The	authors	

claimed	that	their	results	should	be	considered	as	a	clear	proof	that	rivalry	

alternations	are	not	a	stimulus-driven	reflex,	but	observers	can	exert	volitional	

control.	It	is	worth	noting	that	in	both	studies	the	authors	controlled	the	

reliability	of	the	observers’	responses	through	the	optokinetic	nystagmus	(OKN).	

Hence,	they	could	determine	at	any	time	during	the	rivalrous	experience	

whether	there	was	a	correspondence	between	what	was	reported	by	the	

observers	and	the	image	projected	on	the	retina	(Fahle,	Stemmler,	&	Spang,	

2011;	Naber,	Frässle,	&	Einhäuser,	2011).	It	is	important	to	note,	however,	that	a	
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study	carried	out	by	Meng	and	Tong	(2004)	also	investigated	whether	observers	

were	able	to	exert	any	form	of	control	over	rivalry	alternations.	That	study	

reported	that	observers	were	able	to	exert	only	weak	control	over	rivalry	

alternations.	Furthermore,	the	authors	attributed	any	changes	emerged	in	

rivalry	alternations	to	eye	movements	and	saccades,	rather	than	observers’	

volitional	control”.	

In	the	past	only	one	study	by	Carter	et	al.,	(2005b)	had	shown	such	a	level	

of	control	on	rivalry	fluctuations	in	a	highly	selected	population:	Buddhist	monks	

with	years	of	practise	in	a	specific	style	of	meditation	requiring	intense	

attentional	focus.	Taken	together	these	findings	lend	some	support	to	the	

contentious	idea	that	observers	may	be	able	to	exert	some	degree	of	control	

during	a	rivalrous	task.	However,	to	extend	the	generalizability	of	these	findings,	

it	is	paramount	that	future	studies	replicate	them	—as	they	are	based	on	a	small	

number	of	subjects	or	subjects	not	representative	of	the	general	population.		

	 With	respect	to	the	literature	investigating	whether	brain	regions	

implicated	in	decision-making	also	subserve	rivalry	dynamics,	converging	

evidence	from	lesion	studies	(Ricci	&	Blundo,	1990)	and	studies	utilising	TMS	

(Carmel	et	al.,	2010)	point	to	an	involvement	of	the	frontal-parietal	regions,	

which	are	crucial	for	higher	cognitive	processes.	However,	it	remains	an	open	

question	whether	a	causal	link	can	be	drawn	between	the	recruitment	of	these	

areas	during	rivalry	alternations	and	general	decision-making	processes.		

3.8 	The	Mixed	Percept:	When	neither	of	the	perceptual	
solutions	are	fully	suppressed	in	a	rivalrous	task		

	 As	previously	mentioned,	during	binocular	rivalry	there	are	times	when	

neither	of	the	two	stimuli	are	fully	suppressed	from	awareness,	a	perceptual	
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experience	dubbed	mixed	percept.	During	the	mixed	experience,	both	stimuli	

appear	fused	into	one,	as	an	ever-changing	mosaic-like	stimulus,	or	a	transparent	

superimposition	(see	Figure	12,	central	quadrant).	Notably,	mixed	percept	does	

not	always	signal	the	transition	from	one	perceptual	solution	to	another,	but	it	

can	also	occur	between	instances	of	the	same	dominant	rivalrous	stimulus—

return	transitions.	For	example,	when	using	green	and	red	patches	an	observer	

might	report:	green,	mixed	percept,	and	then	return	to	perceiving	green,	rather	

than	flipping	into	the	red	patch	(Brascamp,	van	Ee,	Noest,	Jacobs,	&	van	den	Berg,	

2006;	Dieter,	Sy,	&	Blake,	2016b).	

	 The	mixed	percept,	although	present	since	the	earliest	descriptions	of	

binocular	rivalry	(Breese,	1899;	Sherrington,	1906),	has	received	little	attention	

from	the	research	community.	This	might	be	caused	by	the	fact	that	the	mixed	

percept	is	generally	considered	somewhat	less	compelling	and	harder	to	

investigate,	compared	to	the	more	sensational	fluctuations	occurring	during	

rivalry	between	times	of	full	perceptual	suppression	of	one	eye’s	image.	

Certainly,	it	is	intriguing	that	during	exclusive	dominance	the	brain	suppresses	a	

stimulus	from	visual	awareness.	However,	the	brain’s	ability	to	combine	

elements	of	both	rivalrous	stimuli	to	“create”	a	new	phenomenological	

experience	is	equally	fascinating.	The	mixed	percept,	compared	to	times	of	

exclusive	dominance,	is	a	perceptual	experience	that	does	not	fully	resemble	

either	of	the	retinal	inputs.		

	 Currently	most	research	focuses	on	the	relation	between	mixed	percept	

and	the	characteristics	of	the	visual	stimuli.	However,	here	we	investigated	

mixed	percept	from	a	different,	and	perhaps,	unusual	perspective.	We	were	

interested	in	mixed	percept	as	a	novel	approach	to	studying	the	brain	as	it	
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“flexibly”	engages	with	different	perceptual	solutions	at	once.	Specifically,	Study	

1	was	designed	to	investigate	the	mixed	percept	and	its	relation	to	the	Openness	

to	Experience	personality	trait	characterised	by	a	flexible	tendency	to	engage	

with	possibilities	(see	Section	2.10.1	for	details).	In	Study	4	the	mixed	percept	

was	used	as	a	proxy	to	measure	alteration	in	visual	adaptation	in	relation	to	

schizotypy.		

	 A	systematic	review	of	all	studies	investigating	the	mixed	percept	was	

outside	the	scope	of	this	thesis.	However,	when	navigating	through	the	

literature,	one	cannot	avoid	noticing	the	lack	of	clear	consensus	on	how	to	

investigate	the	mixed	experience,	in	comparison	to	the	rigorous	approach	

carried	out	for	other	aspects	of	rivalry.	Thus,	below	I	will	briefly	summarise	what	

the	main	practical	limitations	a	researcher	interested	in	the	mixed	percept	will	

need	to	account	for.	

	

	

Figure	12.	Schematic	representation	of	the	mixed	percept	perceptual	experience	during	a	rivalrous	
task.	While	the	observer	alternates	back	and	forth	between	perceiving	exclusively	one	of	the	
rivalrous	stimuli	(first	and	last	quadrant)	there	are	also	times	were	the	two	rivalrous	images	
appear	as	scrambled	or	superimposed	(central	quadrant).	
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3.8.1 Limitations	to	consider	when	evaluating	mixed	percept	

studies	
	 There	are	a	number	of	issues	that	should	be	considered	when	

investigating	the	mixed	percept.	Firstly,	there	is	no	consistency	in	the	

terminology	used	by	different	authors	to	refer	to	what	in	the	current	thesis	is	

called	“the	mixed	percept	experience”.	The	most	common	term	used	in	the	

literature	appears	to	be	“mixed	percept”—and	this	is	the	reason	why	this	

terminology	was	used	throughout	the	thesis.	However,	other	terms	are	also	used,	

for	instance	“piecemeal	percept”	(Cao,	Zhuang,	Kang,	&	Hong,	2016;	P.	Kang	&	

Shevell,	2011)	or	“fused	percept”	(Wolfe,	1983).	It	is	fair	to	say	that	most	of	the	

time	it	is	clear	that	different	authors	are	referring	to	the	same	rivalry	states,	

however,	perhaps	because	of	this	discrepancy	in	the	terminology,	data	about	the	

mixed	percept	is	somewhat	dispersed	throughout	the	rivalry	literature.		

	 Second,	a	more	pressing	issue	is	that	there	is	no	consistency	across	

studies	with	respect	to	the	instructions	provided	to	observers	on	what	to	

consider,	and	consequently	report,	as	instances	of	the	mixed	experience.	This	is	

somewhat	surprising	given	the	inherent	ambiguity	of	the	mixed	experience,	with	

observers	often	left	to	their	own	judgements.	For	example,	observers	might	be	

asked	to	report	a	dominant	percept	when	“predominantly	visible”,	and	any	other	

perceptual	experiences	as	mixed	percept	(Lee	&	Blake,	2004).	It	is	fair	to	say	

that,	as	correctly	observed	by	Lee	and	Blake	(2004),	in	order	for	participants	to	

be	reliable,	they	just	need	to	be	consistent	in	the	criteria	adopted.	However,	the	

“absolute”	quantity	of	mixed	percept	necessary	for	an	observer	to	consider	a	

rivalry	state	as	a	mixed	experience	will	differ	across	observers.	As	a	

consequence,	it	may	be	difficult	to	compare	data	between	participants	and	more	
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importantly	between	studies.	In	an	attempt	to	overcome	this	problem,	in	this	

thesis	we	instructed	observers	to	classify	as	dominant	(i.e.,	the	opposite	of	the	

mixed	experience)	an	image	perceived	with	no	hint	of	the	rivalrous	stimulus.	

These	criteria,	although	more	conservative,	relies	less	on	an	individual’s	

judgement.			

	 Another	more	elusive	issue	concerning	the	mixed	experience	is	that,	in	

most	studies,	although	investigators	recorded	observers’	mixed	experience,	the	

data	is	often	discarded	prior	to	analysis.	Thus,	it	is	rarely	reported	in	the	

literature.	Lastly,	some	studies,	although	providing	the	data	regarding	the	mixed	

percept,	instruct	observers	to	use	the	same	key	response	to	signal	mixed	percept	

and	any	unusual	percept,	mistakes	or	ambiguity	(Miller	et	al.,	2010).	

Consequently,	it	is	very	difficult	to	study	the	mixed	percept	in	a	rigorous	way,	

without	data	being	conflated	by	other	variables.	Keeping	in	mind	these	

limitations,	let’s	now	move	to	the	reasons	why	mixed	percept	is	interesting	in	the	

first	place	and	which	studies	made	a	major	contribution	to	our	current	

understanding	of	it.	

3.8.2 	Major	and	significant	contributions	to	our	understanding	

of	the	mixed	percept.	
	 One	seminal	study	of	mixed	percept	is	the	study	by	Kovacs	et	al.	(1996).	

In	that	paper	the	author	considered	mixed	percept	the	perceptual	experience,	

during	a	binocular	rivalry	task,	where	an	observer	reported	a	combination	of	the	

rivalrous	stimuli,	as	a	unified	percept.	To	investigate	mixed	percept,	the	authors	

cleverly	broke	the	coherence	characterising	conventional	rivalrous	stimuli	(see	

Figure	13)	and	used	two	complementary	patchwork	images.	Consequently,	a	

coherent	image	(i.e.,	monkey	face	or	a	full	sentence)	may	only	be	perceived	by	



	 138	

combining	the	two	rivalrous	images.	To	perceive	the	coherent	image,	the	brain	is	

required	to	engage	with	a	perceptual	solution	combining	features	of	the	two	

rivalrous	stimuli	into	a	new	one,	resulting	in	a	perceptual	experience	that	differs	

from	what	is	presented	to	either	eye.	Consequently,	Kovacs	et	al.	reinforced	the	

idea	that	binocular	rivalry	is	a	visual	phenomenon	involving	more	than	a	simple	

competition	between	the	eyes,	as	the	brain	plays	an	active	role	in	trying	to	“make	

sense”	of	the	ambiguous	stimulus.	To	this	end,	the	brain	uses	organisational	

strategies	based	on	semantic	and	familiar	clues,	but	also	on	chromaticity	(Kovács	

et	al.,	1996).	As	a	result	of	these	processes,	observers	reported	seeing	a	mix	of	

the	two	scrambled	images,	but	also	an	alternation	of	the	two	meaningful	images.		

	 Similar	results	were	found	by	Diaz-Caneja	(1928)	with	another	variant	of	

the	conventional	rivalrous	stimulus	where	the	coherence	was	broken	(see	Figure	

13).	Diaz-Caneja’s	results	were	recently	replicated	by	Ngo	et	al.,	(Ngo,	Miller,	Liu,	

&	Pettigrew,	2000)	using	a	slightly	different,	achromatic	version	of	the	visual	

stimuli	to	ensure	that	an	observer	was	not	solely	relying	on	chromatic	cues	to	

group	the	rivalrous	stimuli.		

	

Figure	13.	Rivalrous	images	used	by	Diaz-Caneja	in	1928.	He	observed	that	viewing	this	image	
would	elicit	a	number	of	separate	perceptual	experiences.	In	rare	occasions	the	observer	would	
report	seeing	exclusively	the	right	or	the	left	image,	however	most	of	the	time	both	images	would	be	
seen	in	a	“piecemeal	mixture”.	(Image	adapted	from	Alais,	O’Shea,	Mesana-Alais,	&	Wilson,	2016).	
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	 The	majority	of	the	processes	that	resolve	the	ambiguous	“dilemma”	

during	a	binocular	rivalry	task	take	place	outside	of	conscious	awareness.	

However,	it	is	reasonable	to	speculate	that	when	facing	similar	pressures	from	

the	environment	(e.g.,	to	resolve	ambiguous	tasks)	similar	mechanisms	may	be	

involved.	If	this	is	true,	then	similar	patterns	of	behaviour	would	emerge	within	

the	same	person,	regardless	of	the	specifics	of	the	problem—either	being	a	

perceptual	or	behavioural	one.		

	 With	respect	to	the	underlying	flexibility	that	allows	recombining	a	

scrambled	image	into	a	unified	percept,	it	is	important	to	mention	a	recent	study	

by	Klink	et	al.	(2010)	as	it	is	one	of	the	few	in	the	literature	focusing	exclusively	

on	the	mixed	percept	(they	used	the	term	“piecemeal	percept”).	The	authors	

hypothesised	that	the	mixed	percept	might	result	from	neuronal	plasticity	

allowing	the	brain	to	adapt	to	a	modified	sensory	experience,	such	as	the	

incompatible	visual	inputs	experienced	during	a	rivalrous	task.	To	test	this,	the	

authors	used	an	extremely	long	rivalry	task	(35	minutes)	and	showed	that	as	a	

result	of	this	brain	plasticity	the	quantity	of	mixed	percept	progressively	

increased	throughout	the	task,	as	if	the	brain	was	adapting	to	a	new	perceptual	

solution.	The	author	concluded	by	wondering	what	would	happen	if	an	observer	

was	exposed	to	a	rivalry	condition	for	days,	suggesting	it	might	be	plausible	that	

an	observer	would	end	up	perceiving	solely	mixed	percept.		

	 The	author	believed	that	the	plastic	changes	occurring	during	the	mixed	

percept	may	be	caused	by	an	“anti-hebbian”	inhibitory	synaptic	plasticity.	This	

anti-hebbian	plasticity	(Barlow	&	Foldiak,	1989)	acts	in	a	similar	way	to	the	

more	famous	hebbian	principle.	In	the	latter,	a	correlation	between	pre-neuron	
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and	post-neuron	activity	increases	the	strength	of	the	response	pattern.	While	in	

the	anti-hebbian	principle	the	lack	of	correlation	—between	the	neuronal	

population	responding	to	the	dominant	image	and	the	neuronal	population	

responding	to	the	suppressed	image—	increases	the	rivalry	dynamics	and	the	

quantity	of	mixed	percept.	

	 	These	results	are	interesting	for	two	reasons.	First,	from	a	theoretical	

point	of	view	it	might	be	tempting	to	speculate	that	differences	in	one’s	plasticity	

to	adapt	to	a	changing	environment	may	have	similar	effects	on	low-level	factors	

(e.g.,	perceptual	experience)	and	higher	ones	(personality).		Second,	from	a	

practical	point	of	view	abnormalities	in	synaptic	plasticity	(i.e.,	changes	in	the	

synaptic	strength	experience-dependent)	have	been	suggested	to	drive	the	

impairment	of	brain	functional	connectivity	characteristics	of	schizophrenia	

(Bleuler,	1950;	Wernicke,	1906).	Patients	affected	by	schizophrenia	typically	

present	an	impairment	in	those	functions	relying	on	short	and	long	term	

synaptic	plasticity	(for	a	review	see	Goto,	Yang,	&	Otani,	2010).	Thus,	if	mixed	

percept	results,	at	least	in	part,	from	short-term	neural	plasticity,	one	would	

suspect	that	schizophrenia	might	be	associated	with	changes	in	the	mixed	

percept.	

3.8.3 The	influence	of	stimulus	characteristics	on	the	mixed	

percept		
	 It	is	well	established	that	rivalry	dynamics	are	influenced	by	stimuli	

characteristics.	That	is,	systematic	manipulation	of	the	rivalrous	stimuli	would	

cause	a	measurable	and	predictable	effect	on	rivalry	alternation	rates.	A	similar	

effect	can	be	observed	for	the	mixed	percept.	In	the	literature,	the	majority	of	

studies	have	focused	on	describing	the	organisational	cues	that	rivalrous	stimuli	
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need	to	share	to	increase	instances	of	mixed	percept.	For	example,	it	has	been	

shown	that	there	is	an	increase	of	mixed	percept	for	stimuli	sharing	certain	

similar	characteristics	or	orientations	(Alais	&	Blake,	1999).	Those	findings	likely	

reflect	some	top-down	organisational	mechanisms	that	operate	for	the	rivalry	

stimuli	to	be	fused	into	one	stimulus.	Studies	that	have	systematically	

manipulated	the	characteristics	of	the	rivalrous	stimuli	demonstrate	that	the	

absolute	quantity	of	mixed	percept	is	affected	by	stimuli	size	(Blake	et	al.,	1992),	

spatial	frequency	(Blake	et	al.,	1992),	contrast	(Brascamp	et	al.,	2006),	and	the	

level	of	complexity	of	the	stimulus	(Alais	&	Melcher,	2007).		

	 In	a	seminal	study	by	Blake	et	al.	(1992)	it	was	suggested	that	“spatial	

zones”	exist	in	the	eyes	where	no	rivalry	occurs.	Consequently,	if	a	stimulus	is	

small	enough	to	exclusively	cover	a	spatial	zone,	an	observer	should	report	

nearly	exclusive	dominance	and	no	mixed.	Those	spatial	zones,	that	resemble	the	

angular	coverage	of	foveal	hypercolumns,	increase	in	size	with	eccentricity.	

Importantly,	with	larger	stimuli,	observers	would	report	at	least	some	incidences	

of	mixed	percept,	because	more	than	one	spatial	zone	is	likely	to	be	recruited.	

These	findings	have	had	a	practical	application	in	studies	utilising	binocular	

rivalry,	as	they	have	helped	other	investigators	to	design	optimal	stimuli,	with	a	

reduced	quantity	of	mixed		

	 Studies	have	also	shown	that	the	complexity	of	the	rivalrous	stimulus	

influences	the	characteristics	of	mixed	percept.	That	is,	with	complex	rivalrous	

stimulus,	such	as	houses	and	faces,	it	appears	that	people	report	more	mixed	

percept—	described	as	scrambled	or	piecemeal	(Klink	et	al.,	2010),	while	with	

simple	stimuli,	such	as	grating	patches,	observers	report	more	mixed—described	

as	fused	or	transparent	(Klink	et	al.,	2010).	Similar	distinctions	and	differences	
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in	the	qualitative	appearance	of	mixed,	scrambled	or	fused	percept,	were	also	

put	forward	by	Brascamp	et	al.	(2006),	showing	that	when	using	high	contrast	

stimuli	observers	reported	mostly	piecemeal	mixed,	while	at	low	contrast	

observers	reported	mostly	superimposition.		

	 Notably,	authors	have	also	suggested	that	mixed	percept	may	reflect	noise	

in	the	brain	(Brascamp	et	al.,	2006;	Huguet,	Rinzel,	&	Hupé,	2014).	This	is	

particularly	important	because	noise	may	play	a	key	role	in	rivalry	dynamics	not	

only	reflecting	the	stochastic	properties	of	rivalry	dynamics,	but	also	preventing	

the	brain	from	becoming	“stuck”	indefinitely	with	one	perceptual	solution,	rather	

than	flexibly	switching	between	solutions.		

3.9 	Summary	of	perceptual	decisions		

	 The	brain	processes	external	information	by	deciding	what	is	the	most	

plausible	interpretation	of	it,	based	on	a	number	of	factors.	Perceptual	decisions	

are	made	outside	awareness,	and	to	date	it	is	an	open	question	whether	any	

volitional	control	is	involved.	However,	strong	commonalities	can	be	found	

between	perceptual	and	behavioural	decisions.	For	example,	the	same	biological	

and	theoretical	models	can	capture	their	main	properties.	

		 Perceptual	decisions	are	made	effortlessly,	however,	for	a	class	of	stimuli	

(multistable	images)	more	than	one	solution	is	valid.	The	brain,	therefore,	

flexibly	fluctuates	between	the	two	solutions,	without	remaining	stuck	on	one	

interpretation.	Binocular	rivalry,	a	well-known	example	of	multistable	images,	is	

the	paradigm	used	in	this	thesis	to	explore	variability	in	perceptual	flexibility.	

During	binocular	rivalry	the	brain	fluctuates	between	identical	(as	equally	valid)	

solutions,	and	times	when	neither	solution	is	fully	suppressed—mixed	percept.		
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During	mixed	percept,	the	brain	explores	both	solutions	and	combines	features	

of	the	two	rivalrous	stimuli	into	one.		

	 Despite	the	wealth	of	research	on	rivalry,	it	is	yet	unclear	why	a	rivalrous	

experience	differs	between	people.	Furthermore,	limited	data	is	available	on	

what	stable	and	transient	factors	may	impact	the	way	the	brain	resolves	this	

perceptual	ambiguity.	For	example,	it	is	well	accepted	that	rivalrous	dynamics	

show	regular	patterns	and	strong	reliability	within	the	same	person.	However,	

individual	differences	also	exist.	To	date,	these	differences	have	been	associated	

with	genetic	factors	and	specific	regions	of	the	brain.		



	 144	

Chapter	4: The	influence	of	transitory	and	stable	
internal	factors	on	rivalrous	dynamics		

	

4.1 	Top-down	influences	on	rivalry	dynamics	

	 Rivalry	dynamics	are	not	only	influenced	by	low-level	characteristics	of	

the	stimuli,	but	also	a	number	of	high-level	variables	have	shown	to	have	a	

similar	strong	impact.	Although	the	type	of	experiments	investigating	high-level	

factors	greatly	differ	from	each	other,	overall	three	overarching	themes	can	be	

identified.		

First,	a	rather	extensive	line	of	studies	looked	at	the	effect	of	transitory	factors	

such	as	attentional	influences	on	rivalry	dynamics.	Secondly,	a	different	line	of	

studies	has	been	interested	on	the	effect	of	emotion	and	mood.	Lastly,	more	

recent	studies	have	looked	into	atypical	deviance	in	rivalry	properties	associated	

with	clinical	conditions.		

	 The	current	chapter	will	review	the	influence	of	the	last	two	factors,	

emotional	states	and	clinical	conditions	on	rivalry	dynamics.	This	will	provide	

the	reader	with	the	necessary	theoretical	background	to	interpret	experimental	

Studies	1-4	presented	in	the	thesis.	While	attentional	influence	is	not	a	focus	of	

this	thesis,	it	is	important	to	look	at	it	briefly,	because	of	its	major	contributions	

to	the	current	understanding	of	binocular	rivalry,	before	discussing	the	other	

factors	in	more	detail.		

	 It	is	well	established	that	attention	is	crucial	to	rivalry	(for	a	review	see	

Dieter,	Brascamp,	Tadin,	&	Blake,	2016)	and	it	is	generally	assumed	that,	for	

rivalry	to	occur	in	the	first	place,	attention	needs	to	be	engaged	to	some	extent.	

The	key	role	of	attention	has	been	recently	confirmed	by	computational	models	
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(Li,	Rankin,	Rinzel,	Carrasco,	&	Heeger,	2017)	and	it	has	been	demonstrated	that	

through	perceptual	training	the	role	of	attention	can	be	expanded	(Dieter,	

Melnick,	&	Tadin,	2016b).	While	some	attempts	have	been	made	to	find	evidence	

of	rivalry	without	attention,	this	has	largely	proved	unsuccessful.	For	example,	it	

has	been	shown	that	rivalry	does	not	occur	when	attention	is	fully	deployed	in	a	

secondary	task	(Brascamp	&	Blake,	2012;	Zhang,	Jamison,	Engel,	He,	&	He,	2011).	

	 The	impact	of	attention	can	be	found	for	exogenous	and	endogenous	

attention.	With	respect	to	exogenous	attention	it	has	been	shown	that,	when	a	

cue	is	presented	in	the	location	of	one	of	the	rivalrous	stimuli,	alternation	is	

more	likely	to	occur	first	and	earlier	at	the	cued	location	rather	than	the	uncued	

location	(Paffen	&	Van	der	Stigchel,	2010).	With	respect	to	endogenous	attention	

it	has	been	shown	that	paying	attention	to	a	feature	of	one	of	the	rivalrous	

stimuli	increases	its	dominance	(Chong,	Tadin,	&	Blake,	2005).		

4.2 	The	influence	of	transient	internal	states	on	rivalry	
dynamics	(Mood	Manipulation	&	Rivalry)	

	 It	is	known	that	a	person’s	rivalry	rate	shows	little	variation	over	time	

when	keeping	experimental	conditions	constant	(Miller	et	al.,	2010).	However,	it	

is	now	a	well-established	fact	that	manipulations	of	transient	states	can	

influence	rivalry	dynamics,	such	as	mental	imagery	(Pearson,	2014),	meditation	

(Carter,	Presti,	et	al.,	2005b)	and	emotion	(E.	Anderson,	Siegel,	&	Barrett,	

2011)—For	a	comprehensive	and	introductory	review	on	the	impact	of	transient	

(and	stable)	factors	on	rivalry	see	Scocchia	et	al.,	(2014).		

	 Compelling	evidence	also	suggested	that	the	way	we	feel	may	have	a	

substantial	impact	on	our	perceptual	experience.	The	idea	that	transitory	

emotional	states,	such	as	mood,	influence	our	perceptual	experience	is	not	that	
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surprising,	as	it	is	well	documented	that	mood	influences	higher	cognitive	

functions	(Rowe,	Hirsh,	&	Anderson,	2007;	Yuen	&	Lee,	2003).	Furthermore,	it	

has	been	demonstrated	that	mood	has	an	effect	on	low-level	aspects	of	vision	

(Vuilleumier,	2005).	For	example,	when	in	a	high-arousal	state	observers	are	

better	able	to	detect	near-threshold	stimuli	(Bocanegra	&	Zeelenberg,	2009).	

Specific	emotional	states,	however,	might	bias	differently	the	type	of	information	

that	an	observer	attends	to.	Negative	mood	has	been	associated	with	an	observer	

preferentially	processing	local	features	of	a	visual	scene,	while	positive	mood	has	

been	associated	with	an	observer	processing	more	of	a	global	or	holistic	element	

of	an	image	(Gasper	&	Clore,	2002).		

	 With	respect	to	the	binocular	rivalry	literature,	two	overarching	themes	

can	be	found	in	the	way	emotional	states	and	rivalry	dynamics	have	been	

investigated.	First,	a	fruitful	line	of	research	looked	at	the	advantage	that	an	

emotionally	charged	stimulus	has	over	a	neutral	one	in	gaining	preferential	

access	to	visual	awareness.	Second,	a	relatively	small	body	of	work	has	examined	

whether	the	observer’s	emotional	state	has	an	impact	on	which	rivalrous	

stimulus	is	seen	more	(or	first)	and	its	influence	on	more	general	rivalry	

properties.		

	 The	first	line	of	research	has	demonstrated	that	emotionally	charged	

stimuli	have	a	clear	advantage	in	that	they	are	seen	first	and	longer	than	neutral	

ones	(Alpers	&	Pauli,	2006).	It	is	important	to	note,	however,	that	emotionally	

charged	stimuli	are	never	fully	suppressed	by	the	observers	(for	a	review	see	

Pessoa,	2005).	During	the	suppressed	state	of	a	rivalrous	task,	thus	even	in	the	

absence	of	visual	awareness,	they	still	provoke	a	response	in	specific	parts	of	the	

brain	(Pasley,	Mayes,	&	Schultz,	2004;	Williams,	2004).	For	example,	in	the	
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amygdala	that	processes	preferentially	emotionally	relevant	stimuli	in	the	

environment	and	may	allow	the	emotional	content/feeling	to	reach	awareness.		

	 The	second	line	of	research	has	suggested	that	an	observer’s	emotional	

state	has	a	clear	impact	on	rivalry	dynamics.	To	date,	the	majority	of	findings	in	

this	area	explored	the	extent	to	which	a	correspondence	exists	between	what	an	

observer	feels	and	the	characteristics	of	the	rivalrous	stimulus	that	

preferentially	bias	visual	awareness.	For	example,	if	a	rivalry	task	follows	a	

positive	mood	manipulation,	resulting	in	participants	feeling	“more	happy”,	a	

smiling	face	would	dominate	awareness	over	a	neutral	face	(E.	Anderson	et	al.,	

2011).	A	similar	relation	between	mood	and	bias	in	visual	awareness	was	found	

following	a	negative	mood,	resulting	in	a	scowling	face	dominating	over	a	neutral	

face	(E.	Anderson	et	al.,	2011).	Analogous	findings	showed	a	similar	clear	bias	

towards	one	of	the	rivalrous	stimuli	associated	with	extreme	and	stable	mood	

disorders	or	specific	phobias.	For	example,	phobic	individuals	preferentially	

reported	seeing	their	phobic	object	over	a	neutral	one	(Gerdes	&	Alpers,	2014).	

Further,	there	is	also	evidence	that	high	scores	on	the	anxiety-trait	correlates	to	

seeing	first	an	emotional	face	(angry	or	fearful)	versus	a	neutral	one	(Gray,	

Adams,	&	Garner,	2009).		

	 In	interpreting	these	findings,	however,	there	is	an	important	point	to	

consider.	Most	of	those	studies	reviewed	above	claimed	that	any	changes	in	

rivalry	dynamics	were	a	direct	consequence	of	the	manipulation	of	the	emotion	

elicited	by	the	rivalrous	stimulus—or	of	the	intensity	of	some	emotional	

properties	of	the	stimulus	(e.g.,	arousal	or	valence).	Unfortunately,	those	

manipulations	affected	also	other	important	properties	of	the	rivalrous	stimulus,	
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for	example	spatial	frequency	or	luminance,	which	are	known	to	have	a	strong	

impact	on	rivalry	dynamics.	

	 Consequently,	one	important	aspect	to	advance	our	current	

understanding	of	the	influence	that	mood	might	have	on	rivalry	dynamics	is	to	

account	for	low-level	properties	of	the	emotionally	charged	rivalrous	stimuli.		

	

4.3 	A	distinct	effect	of	valence	and	arousal	on	perceptual	and	
cognitive	processing	

	 Although	generally	we	refer	to	mood	as	an	indivisible	emotional	state,	it	is	

well	accepted	in	the	literature	that	two	fundamental	dimensions	of	mood	can	be	

individuated:	valence	and	arousal	(Barrett	&	Russell,	1999;	Tellegen,	1985).	

Mood	can	vary	in	valence	(e.g.,	positive	vs.	negative)	or	in	arousal	(e.g.,	high	vs.	

low),	however,	different	combinations	of	the	two	dimensions	can	also	be	found.	

For	example,	a	positive	mood	can	have	a	high	level	of	arousal	(e.g.,	the	

excitement	associated	with	winning	a	big	amount	of	money)	or	a	low	level	of	

arousal	(e.g.	the	calm	feeling	associated	with	walking	in	nature).	Similar	

combinations	of	valence	and	arousal	can	be	found	for	negative	mood.	This	is	an	

important	and	perhaps	underappreciated	factor	in	relation	to	the	effect	of	mood	

on	rivalry	dynamics.		

	 Most	of	the	studies	investigating	mood	and	rivalry,	prior	to	the	testing	

phase,	require	observers	to	rate	emotionally	charged	images	in	valence	and	

arousal,	however,	this	is	used	mainly	as	a	way	to	control	for	possible	bias	in	

participants’	response	and	ensure	that	stimuli	of	equal	valence	and	arousal	are	

pitted	against	each	other.	However,	beyond	the	known	influence	that	arousal	and	

valence	exert	together	on	one's	awareness	during	a	rivalrous	task,	to	date	little	is	
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known	about	whether	they	also	have	clear	and	distinct	impacts.	This	distinction	

is	important	because	a	separate	and	independent	influence	of	arousal	and	

valence	has	been	shown	in	a	number	of	studies	investigating	perceptual	and	

cognitive	performances	(Mather	&	Sutherland,	2011).	For	example,	evidence	

suggests	that	highly	aroused	observers	are	characterised	by	a	low	level	of	

cognitive	flexibility,	as	reflected	in	their	difficulty	to	maintain	multiple	

representations	of	equal	priority	and	to	suppress	distracting	information	

(Kuhbandner	&	Zehetleitner,	2011).	In	a	similar	vein,	Morelli	and	Burton	(2009)	

showed	that	an	observer’s	ability	to	track	multiple	objects	moving	on	the	screen	

following	an	emotionally	arousing	stimulus	was	worse	than	if	a	neutral	stimulus	

was	presented.	A	similar	detrimental	influence	of	arousal	on	one's	abilities	to	

focus	on	the	current	goal	was	also	found	in	general	memory,	both	in	the	

encoding	and	retrieval	stages	(Mather	&	Sutherland,	2011)	and	in	working	

memory,	impairing	the	ability	to	maintain	multiple	information	representations	

(Mather	et	al.,	2006).	Taken	together,	these	findings	suggest	that	when	in	a	high	

emotional	arousal	state	people	have	an	overall	increase	in	the	response	to	the	

external	world.		

4.4 	The	Influence	of	Emotional	Arousal	on	Rivalry	dynamics	

	 Thus,	it	is	clear	that	in	an	arousal	state	we	are	more	alert	and	aware	of	the	

environment	surrounding	us,	but	does	this	mean	you	are	less	able	to	suppress	

external	stimuli?	That	is,	when	you	are	aroused,	does	the	information	that	breaks	

through	consciousness	differ	to	the	ones	experienced	in	a	relaxed	state?		

	 From	an	evolutionary	perspective	it	would	be	expected	that	this	might	

well	be	the	case.	When	we	find	ourselves	in	an	alert	state,	for	example	if	scanning	

the	surroundings	for	potential	threats,	to	survive	it	might	be	beneficial	to	ignore	
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stimuli	present	in	the	environment	for	a	shorter	duration.	In	a	binocular	rivalry	

task	where	the	brain	alternates	back	and	forth	between	perceptual	solutions	

(resulting	in	the	complete	suppression	from	visual	awareness	of	one	of	the	

rivalrous	stimulus),	it	seems	plausible	that	in	a	hyper-aroused	state	the	

fluctuations	would	be	faster.	In	Study	2	we	attempted	to	test	this	hypothesis	by	

investigating	whether	a	mood	manipulation	designed	to	increase	one's	

emotional	arousal	would	result	in	an	increase	rate	of	rivalry	switching.	We	were	

not	the	first	to	suggest	this	potential	influence	of	arousal	on	rivalry	dynamics.	

For	example,	a	study	by	Carter	et	al.	(2007)	found	that	decreases	in	one's	

subjective	arousal	(e.g.,	vigilance)	associated	with	a	pharmacological	

manipulation	was	associated	with	slower	switching	rates.	A	further	indirect	link	

between	arousal	and	rivalry	alternations	can	be	found	in	a	study	by	Nagamine	et	

al.	(2007).	That	study	investigated	the	relation	between	anxiety,	which	is	often	

associated	with	an	increase	of	physiological	arousal	(Clark	&	Watson,	1991;	

Lang,	Davis,	&	Öhman,	2000),	and	rivalry	dynamics.	The	study	reported	that	

anxious	personality	is	associated	with	faster	rivalry	alternations.	But	as	

Nagamine	at	al.	(2007)	noted	in	their	paper,	future	research	should	examine	

directly	the	link	between	arousal	and	rivalry	alternations.	To	the	best	of	the	

author’s	knowledge	only	one	study	by	Sheth	and	Pham	(2008)	had	previously	

looked	directly	at	arousal	and	rivalry.		However,	the	findings	of	this	study	might	

not	be	conclusive,	because	of	potential	issues	with	the	rivalrous	tasks	used.	That	

is,	the	study	by	Sheth	and	Pham	used	rivalrous	stimuli	which	differed	for	level	of	

arousal	but	also	for	low-level	properties	of	the	rivalrous	stimuli.	This	is	a	crucial	

limitation	of	the	study,	as	it	is	impossible	to	ascertain	whether	the	changes	
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observed	in	rivalry	dynamics	should	be	attributed	to	arousal	or	simply	to	low-

level	properties	of	the	stimuli.		

4.5 	Does	Emotional	Arousal	affect	the	perceptual	flexibility	
of	switching	between	solutions?	

	 The	evidence	available	in	the	literature	suggests	that	differences	in	

emotional	arousal	yield	to	a	winner	“takes-it-all”	effect.	That	is,	a	stimulus	

inducing	greater	emotional	arousal	will	dominate	over	a	neutral	one.	However,	

there	is	also	converging	evidence	showing	that	arousal	has	a	more	complex	

influence	on	low-level	aspects	of	vision	and	higher	level	of	perceptual	

processing,	beyond	a	general	facilitation	of	seeing	a	stimulus.	For	example,	it	has	

been	shown	that	attentional	blink	(characterised	by	a	transient	reduction	in	

visual	awareness)	decreases	as	a	function	of	emotional	arousal	(A.	K.	Anderson,	

2005;	Keil	&	Ihssen,	2004).	Such	that,	(potential)	relevant	information	is	

suppressed	for	a	shorter	time.	This	beneficial	impact	of	arousal	has	also	been	

hypothesised	to	impact	later	stages	of	response	selection	and	action	(Keil	&	

Ihssen,	2004).	

	 	This	is	of	particular	relevance	in	relation	to	the	trade-off	between	

exploration	and	exploitation.	Because,	during	a	rivalrous	task	a	faster	alternation	

between	perceptual	solutions	would	prevent	the	observer	from	remaining	

“indefinitely”	stuck	in	one	interpretation	of	the	ambiguous	stimuli	and	to	rapidly	

move	between	different	solutions	(Purves,	1997;	Pettigrew	2001).	This	in	turn	

would	have	obvious	advantages	for	action	planning,	in	line	with	the	idea	

proposed	by	Logothetis	(1999)	that	rivalry	may	reflect	a	strategy	of	the	brain	to	

obtain	a	stable	perceptual	experience,	crucial	to	action.	
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4.6 	Binocular	Rivalry	dynamics	and	the	influence	of	stable	
internal	factors	(Clinical	Population	&	Rivalry)	

	 Currently	just	a	relatively	limited	number	of	studies	in	the	literature	can	

be	found	that	specifically	investigate	rivalrous	dynamics	in	clinical	populations	

(e.g.,	bipolar	disorder,	schizophrenia,	autism).	However,	in	the	last	decade	the	

interest	seems	to	increase	gradually,	but	steadily.	Discussion	of	the	putatively	

diagnostic	value	of	rivalry	is	outside	the	scope	of	the	current	thesis.	However,	

there	are	two	important	aspects	of	this	literature	that	are	of	major	relevance	to	

this	thesis.	First,	the	clinical	literature	has	been	historically	the	first	to	recognise	

the	value	of	individual	differences	in	perceptual	flexibility	(rivalry	

alternations)—	one	of	the	main	interests	of	the	current	thesis.	Secondly,	the	

association	of	atypical	rivalry	dynamics	and	specific	clinical	populations	are	

based	on	the	assumption	that	rivalry	fluctuations	can	be	used	as	a	proxy	to	

detect	higher	cortex-wide	abnormalities,	rather	than	low-level	visual	properties.	

The	following	section	provides	a	summary	of	the	main	findings	emerged	from	

the	clinical	research	using	rivalry.	This	will	provide	the	necessary	theoretical	

background	and	the	rationale	behind	Study	3.		

	 Before	providing	details	of	the	associations	reported	in	the	literature	

between	deviance	in	rivalry	dynamics	and	clinical	populations,	it	is	important	to	

address	a	fundamental	question:	What	are	the	benefits	of	using	rivalry	dynamics	

as	a	potential	diagnostic	tool,	amongst	other	available	options?		

	 The	most	obvious	advantage	is	that	recording	and	analysing	rivalry	

dynamics	can	be	relatively	inexpensive,	fast,	and	non-invasive	compared	to	eye-

tracking	or	other	more	expensive	tools.	Accordingly,	a	few	studies	have	been	

published	to	specifically	address	what	are	the	most	suitable	ways	(e.g.,	direct	
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comparison	of	different	ways	to	induce	rivalry	and	optimal	testing	set-up)	to	test	

rivalry	dynamics	for	large-scale	studies	or	clinical	conditions-For	a	recent	

comprehensive	review	see	Law	et	al.,	(2013);	for	a	general	explanation	on	

different	ways	to	create	and	use	binocular	rivalry	see	Carmel	(2010).	

Furthermore,	as	previously	mentioned	rivalry	rates	are	extremely	reliable	within	

the	same	person	(Miller	et	al.,	2010)	and	are	influenced	by	genetic	factors	(Miller	

et	al.,	2010;	Shannon,	Patrick,	Jiang,	Bernat,	&	He,	2011).	Most	importantly	for	

the	clinical	literature	this	reliability	has	been	observed	also	in	clinical	

populations.	For	instance,	in	a	study	by		Pettigrew	and	Miller	(1998)	it	has	been	

shown	that	for	bipolar	disorder	rivalry	alternation	is	a	robust	phenomenon	

within	the	same	individual,	with	a	test-retest	correlation	of	0.8	.	Accordingly,	

rivalry	alternations	have	been	investigated	mostly	in	clinical	populations	that	are	

strongly	hereditable	and	with	a	well-documented	genetic	basis.	It	has	been	

proposed	that	alteration	in	rivalry	dynamics	could	be	useful	to	detect	those	

clinical	conditions	before	the	onset	of	symptoms	(Ngo,	Mitchell,	Martin,	&	Miller,	

2011)	or	to	predict	the	timing	of	the	acute	event,	such	as	in	migraines	

(McKendrick,	Battista,	Snyder,	&	Carter,	2011).		

	 Some	authors	also	suggested	that	atypical	rivalry	dynamics	might	be	used	

not	only	to	distinguish	between	different	clinical	conditions,	but	also	for	a	more	

fine-grained	distinction	of	subtypes	manifestation	of	the	same	clinical	condition.	

For	instance,	to	distinguish	between	bipolar	I	and	bipolar	II	disorders	

(Nagamine,	Yoshino,	Miyazaki,	Takahashi,	&	Nomura,	2009),	or	ADHD-I	

(Attention	deficit	hyperactivity	disorder,	predominantly	inattentive)	and	ADHD-

C	(Attention	deficit	hyperactivity	disorder	combined;	Amador-Campos,	

Casanova,	Guerra,	Moreno	Sanchez,	&	Pena,	2013).	It	is	important	to	note	that	
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deviances	associated	to	clinical	conditions	in	the	way	the	brain	deals	with	

ambiguous	perceptual	information	are	not	exclusive	to	binocular	rivalry,	but	can	

be	found	across	different	types	of	multistable	phenomena	(Keil,	Elbert,	

Rockstroh,	&	Ray,	1998)	and	sensorial	modalities	(McKendrick	et	al.,	2011).	This	

suggests	the	existence	of	more	generalised	brain	abnormalities	that	impact	a	

range	of	processes	and	sensory	domains.	The	question	asked	in	the	current	

thesis	is	whether	these	changes	in	brain	processing	lead	to	more	general	

differences	in	the	brain’s	ability	to	flexibly	switch	between	(or	explore/exploit)	

equally	valid	perceptual	solutions.			

	 Despite	those	promising	practical	applications,	in	order	to	move	towards	

a	use	of	rivalry	in	the	clinical	world,	a	few	aspects	require	further	investigation.	

For	example,	most	of	the	participants	of	clinical	studies	use	some	kind	of	

medication	(e.g.,	antidepressant,	antipsychotic).	Although	great	attention	is	

devoted	in	those	studies	to	control	for	any	possible	pharmacological	influence	on	

rivalry	dynamics,	it	is	well	established	that	rivalry	fluctuations	are	sensitive	to	

the	increase	of	neurotransmitter	concentrations,	or	lack	thereof;	for	instance,	

changes	in	concentration	of	serotonin	(Carter	et	al.,	2007;	Carter,	Pettigrew,	et	

al.,	2005a;	Nagamine	et	al.,	2007),	GABA	(van	Loon	et	al.,	2013),	or	dopamine	

(Schmack	et	al.,	2013).	Hence,	a	complementary	approach	to	these	lines	of	

investigation	would	be	to	investigate	whether	systematic	deviances	in	rivalry	

alternations	relate	to	other	stable	factors	in	a	non-clinical	population—free	from	

the	confounds	of	medication.	This	issue	will	be	specifically	addressed	in	Study	3	

in	relation	to	rivalry	dynamics	and	personality.	

	 As	previously	illustrated,	rivalry	rates	are	influenced	by	transient	factors,	

such	as	mood.	This	is	relevant	for	the	clinical	literature,	as	one	of	the	strongest	
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associations	found	between	deviance	in	rivalry	rate	and	clinical	populations	is	

the	one	with	slower	rivalry	rates	and	people	with	bipolar	disorder	(Miller	et	al.,	

2003;	Nagamine	et	al.,	2009;	Pettigrew	&	Miller,	1998;	Vierck	et	al.,	2013).	Mood	

fluctuations	clearly	characterise	this	pathology	and	has	been	suggested	to	be	a	

core	feature	of	vulnerability	(Hofmann	&	Meyer,	2010).	In	those	studies,	

investigating	bipolar	and	rivalry	dynamics,	patients	were	typically	tested	in	the	

euthymic	state.	That	is,	times	when	bipolar	patients	are	clear	of	any	symptoms	

and	score	very	low	in	both	mania	and	depression.	Although	evidence	in	the	

literature	point	to	strong	test-retest	reliability	in	bipolar	patients’	rivalry	

dynamics,	to	date	it	is	not	clear	to	what	extent	minor	variations	in	one’s	mood	

may	affect	rivalry	rates.	In	Study	2	we	specifically	addressed	this	question	and	

investigated	whether	rivalry	dynamics	were	affected	by	short-term	mood	

changes.	Another	important	aspect	to	consider	in	respect	to	the	influence	of	

internal	factors	(transitory	and	stable)	on	general	rivalry	dynamics	is	the	

influence	they	have	on	the	mixed	percept.	Notably,	a	few	studies	pointed	to	a	

clear	impact	of	internal	factors	(e.g.,	neurochemicals	and	mood)	on	mixed	

percept.	However,	as	overall	the	numbers	of	rivalrous	studies	investigating	the	

mixed	percept	are	limited,	there	are	unfortunately	only	a	handful	of	studies	we	

can	refer	to.	Those	studies	are	particularly	relevant	for	this	thesis,	because	they	

provide	a	theoretical	background	to	investigate	mixed	together	with	higher	

cognitive	factors,	such	as	personality	or	mood.	 	
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Chapter	5: Study	1	Seeing	it	both	ways:	Openness	to	
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a b s t r a c t

Openness to experience is characterised by flexible and inclusive cognition. Here we investigated
whether this extends to basic visual perception, such that open people combine information more flex-
ibly, even at low-levels of perceptual processing. We used binocular rivalry, where the brain alternates
between perceptual solutions and times where neither solution is fully suppressed, mixed percept.
Study 1 showed that openness is positively associated with duration of mixed percept and ruled out
the possibility of response bias. Study 2 showed that mixed percept increased following a positive mood
induction particularly for open people. Overall, the results showed that openness is linked to differences
in low-level visual perceptual experience. Further studies should investigate whether this may be driven
by common neural processes.
! 2017 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introducion

Trait openness to Experience (hereafter, openness) represents a
scientific frontier in personality psychology —it was the last of
the five major personality domains to gain acceptance, and is still
the least well understood (for a recent review see DeYoung,
2014). A common theme linking the various characteristics
described by Openness is flexible and inclusive cognition: Open
people are more curious, creative (Kaufman et al., 2016; Silvia
et al., 2008) and motivated to explore the world and engage with
possibilities (DeYoung, 2014; McCrae & Costa, 1997). People high
in openness may even experience the world differently to the aver-
age person as a result of their ‘‘breadth, depth, and permeability of
consciousness, and . . .[their]. . . recurrent need to enlarge and
examine experience” (McCrae & Costa, 1997, p. 826). In this paper,
we ask whether this tendency toward inclusive cognition — which
we could think of as increased flexibility in binding of different
representational elements in the brain — extends to basic visual
perception. This objective is in line with recent research showing
that stable difference in personality mirror differences in structural
and functional properties of the brain (Passamonti et al., 2015). Our
interest here is to determine whether similar relations between
personality and visual perceptual processing exist.

Several previous studies indirectly suggest that open people
experience things differently: For instance, openness predicts per-
formance on divergent thinking tasks (Kaufman et al., 2016; Silvia
et al., 2008), which require one to identify multiple diverse uses for
ordinary objects. For open people this seems to happen effortlessly,
suggesting a more flexible way of combining information, perhaps
even at low-levels of perceptual processing. For example, people
high in openness display reductions in latent inhibition (i.e.,
attenuated attentional processing following repeated stimulus
exposure) suggesting individual differences in pre-conscious atten-
tional mechanisms (Peterson & Carson, 1999; Peterson, Smith, &
Carson, 2002). Latent inhibition reflects an adaptive attentional
‘gating’ system for screening out irrelevant information, but for
open people this system appears to be more flexible, resulting in
continued processing of stimuli from which the average individual
has disengaged. However, we are aware of no previous research
examining whether openness relates to how people actually see
visual stimuli.

To address this question, we examined how openness relates to
the well-known perceptual phenomenon called binocular rivalry,
where contrasting stimuli are presented simultaneously to each
eye (for a review see Tong, Meng, & Blake, 2006). When faced with
this incompatible visual information, observers typically report
alternation or ‘flipping’ between these two continuously presented
stimuli every few seconds. Interestingly, another perceptual expe-
rience called ‘mixed percept’ occasionally occurs between these
serial alternations. In these cases the two stimuli appear fused into
one, and complete suppression of either stimulus is inhibited
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(Yang, Rose, & Blake, 1992). The processes underlying mixed per-
cept remain unclear, with some authors suggesting a role of neural
plasticity (Klink, Brascamp, Blake, & van Wezel, 2010) and others
emphasizing an imbalance of excitatory and inhibitory neural
activity (Said, Egan, Minshew, Behrmann, & Heeger, 2013). One
interesting feature of mixed percept, however, is that it shows
between-person variability and within-person stability over time
(Miller et al., 2010), suggesting a possible relation with personality.

In this paper, we hypothesised that the susceptibility to the
mixed percept experience may be related to openness. Because
openness reflects the tendency to actively explore information
and engage with complex possibilities (DeYoung, 2014), people
high in openness may also be more likely to experience creative
solutions to the incompatible rivalry stimuli. Furthermore, the sus-
tained processing of non-instrumental stimuli by open people dur-
ing latent inhibition (Peterson & Carson, 1999; Peterson et al.,
2002), may also occur during rivalry, thereby impeding the com-
plete suppression of either percept. If openness does indeed predict
mixed percept, it would constitute the first empirical evidence that
open people may have different visual experiences to the average
individual.

To investigate this in study 1 we conducted two experiments. In
the first experiment we presented individuals with a simple binoc-
ular rivalry task (red and green orthogonal gratings to alternate
eyes) and administered the Big Five Aspects Scales (BFAS;
DeYoung, Quilty, & Peterson, 2007) which includes a measure of
Openness/Intellect (O/I). This compound label reflects an early
debate about how to best conceptualise the fifth personality
domain (see Saucier, 1992), and the full scale can be divided into
separate openness and intellect sub-scales. While intellect is con-
ceptualised as engagement with semantic or abstract information,
openness is conceptualised as engagement with aesthetic or per-
ceptual information (DeYoung, 2013, 2014). In line with this, intel-
lect (but not openness) predicts working memory performance
(DeYoung, Shamosh, Green, Braver, & Gray, 2009) while openness
(but not intellect) predicts implicit learning of patterned sequences
(Kaufman et al., 2010). Given the inherently perceptual nature of
the mixed percept phenomenon, we therefore hypothesised open-
ness more so than intellect would be associated with mixed
percept.

In the second experiment (study 1b) we sought to rule out the
possibility that open people report more incidence of mixed per-
cept simply because they have a more lenient response threshold
for reporting more mixed. To do so, we manipulated the size of
the visual stimuli. The incidence of mixed percept reported during
a ‘typical’ rivalry task is characterised by individual differences
(Miller et al., 2010). However, the absolute duration of mixed per-
cept is also sensitive to the stimulus characteristics. Specifically,
the overall incidence of mixed percept increases with larger stim-
ulus size, reflecting physiological properties of the visual cortex
(for a more detailed description of the phenomenon see Blake,
O’Shea, & Mueller, 1992). Thus, by using larger stimuli we pre-
dicted that the increased contribution of low-level properties of
the visual cortex would lead to a reduction of the influence of per-
sonality on one’s perceptual experience when viewing the task.

In study 2, we administered the same rivalry task following a
positive mood induction procedure involving perceptually and aes-
thetically pleasing imagery, to which open people appear particu-
larly responsive (Fayn, MacCann, Tiliopoulos, & Silvia, 2015;
McCrae, 2007; Silvia & Nusbaum, 2011). This served the purpose
of exploring whether differences in one’s perceptual experience
may be influenced not only by stable factors (personality) but also
by transient states (mood). With respect to the effects of mood on
perceptual rivalry, a number of studies have shown that mood can
alter the competition for visual awareness by favouring the stimu-
lus congruent to one’s mood (Anderson, Siegel, & Barrett, 2011). In

addition, positive mood tends to specifically decrease observers’
inhibitory control in filtering unattended information, favouring
more inclusive processing (Rowe, Hirsh, & Anderson, 2007). Finally,
contextualised perspectives on personality (e.g., DeYoung, 2015;
Tett & Guterman, 2000) suggest that effects of personality will be
most pronounced in the context of trait-relevant stimuli or situa-
tions. In the case of the current study we were interested in
whether one mood condition in particular would act as a trait-
relevant cue especially for open people. This would be expected
to increase the relative impact of factors associated with openness
on perceptual processing and lead to an increased susceptibility to
experiencing the mixed percept for open people.

2. Study 1

2.1. Method

2.1.1. Participants
We recruited 134 University of Melbourne undergraduate stu-

dents, who participated in the research for course credit. All partic-
ipants had normal or corrected to normal vision. We excluded 11
participants prior to analysis: 5 because they did not report alter-
nating stimuli, indicating that rivalry did not occur, and 6 because
they responded for less than 50% of the total duration of the trial.
There was therefore a final N of 123 participants (30% Male, aged
M = 19.49, SD = 2.92). This sample provides 80% power to detect
the average effect size in personality psychology (i.e., r ! 0.25;
Fraley & Marks, 2007). All studies were approved by the University
of Melbourne Human Research Ethics Committee, in accordance
with the Declaration of Helsinki.

2.1.2. Personality questionnaire
The Big Five Aspects Scales (BFAS) DeYoung et al. (2007) is a

100-item measure of the Five Factor Model (McCrae & Costa,
1987). It provides assessment of each of the five domains
(Extraversion, Neuroticism, Agreeableness, Conscientiousness,
and O/I) along with each of their two lower level aspects
(DeYoung et al., 2007). Respondents indicate the extent to which
they agree or disagree with each of the items on a 5-point rating
scale ranging from 1 (strongly disagree) through 3 (neutral) to 5
(strongly agree). Cronbach’s alpha for each trait domain and its
component was acceptable (see Table 2).

2.1.3. Binocular rivalry
2.1.3.1. Apparatus and stimuli. The rival targets were stationary
green and red gratings (stimulus sizes 1.4", with a spatial fre-
quency of 4 cpd) oriented ±45" from vertical, within a circular
frame. Stimuli were generated in MatlabTM using the Psychophysics
Toolbox extension (Brainard, 1997; Pelli, 1997), displayed on an
Apple computer monitor (23-in. monitor, 60 Hz frame rate,
1280x800pixel resolution), and viewed through a mirror stereo-
scope (viewing distance 33 cm).

2.1.3.2. Instructions. Participants were instructed to continuously
report what they were experiencing via key press. When perceiv-
ing the red or green grating they had to press and hold down the
left or right arrow key, respectively. Participants were instructed
to report any instances of mixed percept (time where the two stim-
uli appeared as a grid or patchwork combination of the two per-
cepts) by holding down both the left and right arrow keys
simultaneously.

2.1.3.3. Response recording. Data were recorded continuously
throughout a single 120 s trial. While some rivalry studies use mul-
tiple short (e.g., 10–20 s) trials, we opted for a single 120 s trial to
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reduce the impact of stimulus onset, which is often associated with
an initial period of fusion (Wolfe, 1983) or strong biases in percep-
tual state that are distinct from sustained viewing conditions
(Carter & Cavanagh, 2007; Stanley, Forte, & Cavanagh, 2011). Prior
to the experimental task, participants underwent a 60 s training
session to ensure they understood the instructions. Mixed percept
was calculated as the total duration that participants pressed both
the left and right arrow keys simultaneously for at least 220 ms
(this threshold was chosen as a consequence of the response sam-
pling rate and the desire to exclude the very brief periods of dual
button response during transitions between left and right arrow
presses). The calculated duration was then expressed as a percent-
age of the trial duration (% Mixed).

2.2. Results

As reports of mixed percept were severely skewed, Spearman’s
rank-order correlation was used to examine the association
between mixed percept (M = 0.11; SD = 0.09) and personality.
Mixed percept was positively correlated with O/I and extraversion,
and negatively correlated with neuroticism (see Table 1; for full
correlation matrix see Supplementary material Table 1). These cor-
relations are unlikely to be independent, and are consistent with
the existence of higher order traits located ‘above’ the Big Five
(DeYoung et al., 2007). Indeed, after accounting for the relation
between O/I and mixed percept within a hierarchical regression,

F(1,122) = 5.15, p = 0.025, the remaining Big Five domains did not
account for significant incremental variance, Fch(4,117) = 2.13,
p = 0.081, nor contribute uniquely to prediction (all ps > 0.05; see
Table 2).

In the current study we focused on mixed percept. Findings pre-
viously published by our group provide a more detailed account of
the impact of personality and mood on switch rate (Antinori,
Smillie, & Carter, 2017). Of most relevance to the current studies
is the finding that people reporting more mixed percept are also
characterised by shorter mean percept durations so it is not the
case that people report longer periods of mixed percept because
they generally switch more slowly between states and end up with
a higher proportion of mixed percept reported overall. There was
no significant relation between openness /intellect and mean per-
cept duration (a significant correlation was seen with industrious-
ness) or mood manipulation (Antinori et al., 2017).

3. Study 1b (Control and Replication)

3.1. Method

3.1.1. Participants
A new sample was recruited consisting of 79 University of Mel-

bourne undergraduates who participated in exchange for course
credit (19% Male, aged M = 19.47, SD = 3.48). All participants had
normal or corrected to normal vision.

3.1.2. Binocular rivalry
3.1.2.1. Apparatus and stimuli. Two different stimulus sizes were
used: small (1.4") —identical to study 1 — and large (2.3"). The
two stimuli sizes were presented twice to all participants in blocks
of 60 s in random order (i.e., 240 s total). Personality measures
were identical to study 1(alpha values provided Table 2). All other
apparatus, instructions and stimuli characteristics were identical
to the first experiment in study 1.

3.2. Results

As expected, when using larger stimuli there was no relation
between mixed percept and any BFAS personality traits, including
near-zero correlations with I/O and its two subscales. Conversely,
when using the smaller stimuli, identical to that used in study
1a, the previously observed correlation with O/I was replicated
(see Table 1, the full correlation matrix for this analysis is available
in Supplementary material Table 2). With respect to the impact of
stimulus size on mixed percept, an increase in mixed percept was
observed only when comparing study 1 (M = 0.11, SD = 0.12) to the
bigger stimuli used in study 1b (bigger stimuli M = 0.28, SD = 0.16).

Table 1
Correlations between mixed percept and personality traits (Study 1 and 1b).

Big aspect
scales (BFAS)

Mixed percept

Study 1
(n = 123)

Study 1b
Replication (n = 79)

Study 1b larger
stimuli (n = 79)

Openness/intellect 0.22** 0.22* 0.02
Openness 0.15* 0.15 0.04
Intellect 0.18* 0.20* 0.08
Conscientiousness 0.05 "0.08 0.001
Orderliness 0.04 "0.20 "0.07
Industriousness 0.08 0.10 0.06
Extraversion 0.22* "0.06 "0.01
Enthusiasm 0.08 "0.07 "0.05
Assertiveness 0.27** "0.02 0.08
Agreeableness 0.01 0.23* 0.16
Politeness "0.08 0.19 0.11
Compassion 0.08 0.19 0.15
Neuroticism "0.23** "0.09 "0.03
Withdrawal "0.09 "0.16 "0.16
Volatility "0.24** "0.02 0.06

Note:
* p < 0.05.
** p < 0.001.

Table 2
Summary of hierarchical regression analysis for variables predicting mixed percept.

Variable Model 1 Model 2

B SE B b B SE B b

Constant "0.85 3.31
Openness/intellect 2.07 0.91 0.20*

Constant 3.66 6.54
Openness/intellect 1.20 0.97 0.12
Neuroticism "1.25 0.81 "0.15
Extraversion 2.03 1.01 0.20
Agreeableness "0.29 1.06 "0.02
Conscientiousness "1.19 0.89 "0.13
R2 0.04 0.11
F for change in R2 5.15* 2.13

Note. N = 123.
* p < 0.05.

A. Antinori et al. / Journal of Research in Personality 68 (2017) 15–22 17



On the other hand, no significant effect of stimulus size on mixed
percept was seen within study 1 (M = 0.27; SD = 0.12).

To probe these results further, we ran a further analysis to
investigate whether open people not only perceive a greater dura-
tion of mixed percept, but also perceive it more frequently. How-
ever, in neither study 1 nor study 1b did openness, or its two
lower-order aspects correlate with the number of mixed percept
responses. With respect to the relation of the number of mixed
percept responses and other personality traits, in study 1 the there
was a (negative) correlation only with neuroticism r(128) = "18,
p = 0.04, while in study 1b no traits were correlated with the num-
ber of mixed percept responses (p > 0.05).

In summary, the relation between O/I and mixed percept was
successfully replicated in a new sample of participants when using
the original stimulus size. However, when a larger stimulus is used
(increasing the relative contribution of neurophysiological proper-
ties of early visual cortex) the relation with personality was no
longer maintained. This finding is important as it gives us confi-
dence that the effect is a true impact of personality on perception
rather than an artefact reflecting a response bias of open individu-
als having a lower criteria threshold for reporting mixed percept.
This is because any influence of response bias should be insensitive
to stimulus size.

4. Study 2

4.1. Method

4.1.1. Participants
A third sample was recruited consisting of 91 University of Mel-

bourne undergraduates who participated in exchange for course
credit (28% Male, aged M = 19.06, SD = 2.50). The number of partic-
ipants was informed by previous research using this paradigm
(e.g., Smillie, Cooper, Wilt, & Revelle, 2012). Each subject was ran-
domly assigned to either one of the three experimental conditions:
Neutral (n = 33), Pleasant (n = 29), and Appetitive (n = 29),
described below.

4.1.2. Apparatus and stimuli
All rivalry stimuli/instructions and personality scales were

described in study 1a (alpha values provided in Table 3).

4.1.3. Guided imagination procedure
Participants were tested individually in a dimly lit testing

booth. The guided imagination task presents short vignettes via a
computerized slideshow and accompanying music via headphones,
and has been used previously for inducing mood states (see Smillie
et al., 2012). Each vignette (3 per condition) described a different
scenario and remained on the screen for 2 min. Scenarios in the
Pleasant condition involved vivid descriptions of aesthetically
pleasing imagery (e.g., ‘‘You are walking peacefully through a quiet
and picturesque forest”). As a control condition, three neutral sce-
narios described daily mundane situations, Neutral condition
(e.g., ‘‘You are putting a few things away in the kitchen on a weekend
afternoon”). As a second control condition, three appetitive scenar-
ios described positive, rewarding events that had no salient aes-
thetic or perceptual features (e.g., You buy a lottery ticket and win
$10,000 instantly). Participants were instructed to imagine how
they would feel and what they would think in each different sce-
nario. The music used for each mood condition was: Venus from
‘‘The Planets” by Holst for the Pleasant condition; Waltz of the
Flowers from the ‘‘Nutcracker Suite” by Tchaikovsky for the Appet-
itive condition; the Largo movement from ‘‘The New World Sym-
phony” by Dvorak for the Neutral condition.

4.1.4. State affect
To test the impact of the guided imagery procedure on mood,

participants were asked to rate on a 4-point Likert scale ranging
from ‘Not at all’ to ‘Very well’ how much their current feelings
(‘‘right now”) matched a list of four items drawn from the 12-
Point Affect Circumplex Questionnaire (12-PAC; Yik, Russell, &
Steiger, 2011). It was expected that the Pleasant condition would
elicit positive pleasant mood (items: relaxed, content) while the
Appetitive condition would elicit activated positive mood (items:
excited, lively).

4.2. Procedure

Participants firstly completed a baseline measure of state affect.
They then underwent the mood induction procedure they were
assigned to. At the end of the mood induction participants filled
the post-mood induction state affect, before then performing the
binocular rivalry task. While performing the binocular rivalry task,
participants continued to listen to the music that had accompanied
the mood induction procedure. Finally, participants completed the
BFAS questionnaire.

4.3. Results

4.3.1. Preliminary statistics
A One-Way Analysis of Variance (ANOVA) for independent

groups confirmed that experimental groups did not differ signifi-
cantly in any of the personality traits or baseline affect measures
(see Table 3).

4.3.2. Mood induction
To confirm that the mood induction procedure had its intended

effect, we conducted a mixed ANOVA 2 (pre/post) # 2 (activated/
pleasant positive) # 3 (mood condition). This resulted in a signifi-
cant three-way interaction, F(2,88) = 39.47, p < 0.001, gp2 = 0.47,
indicating that the pre-post change in affect was influenced both
by mood conditions and affect type. As expected, pleasant positive
affect significantly increased in the Pleasant condition t(28)
= "4.22, p < 0.001, g2 = 0.40 and decreased in the Appetitive condi-
tion t(28) = 3.58, p < 0.001, g2 = 0.32 but did not change in the
Neutral condition t(32) = "1.79, p = 0.08. Moreover, activated pos-
itive affect significantly increased in the Appetitive condition, t
(28) = "4.40, p < 0.001, g2 = 0.42, and decreased in the Pleasant
condition t(28) = 3.92, p < 0.001, g2 = 0.36, but did not change in
the Neutral condition t(32) = 1.49, p = 0.15.

4.3.3. Pleasant, aesthetic imagery and mixed percept
We then examined whether the vivid aesthetic imagery in the

Pleasant condition resulted in increased mixed percept, compared
to the two control conditions. As the homogeneity of variance
assumption was violated (p = 0.001), Brown-Forsythe F tests was
performed, revealing a significant effect of mood condition on per-
centage of mixed percept, F(2,66.101) = 3.78, p = 0.03, g2 = 0.80.
Moreover, planned contrasts confirmed that those in the Pleasant
condition reported a marginally greater duration of mixed percept
(M = 0.17, SD = 0.12) compared to those in the other two conditions
(Neutral M = 0.14, SD = 0.09; Appetitive M = 0.10, SD = 0.06), t
(38.162) = 2.01, p = 0.05 Cohen’s d = 0.65 (see Fig. 1). Unexpectedly,
however, this difference was significant relative only to the appet-
itive (p = 0.02) but not the neutral condition (p = 0.40).

We then used moderated regression to examine whether the
effect of our pleasant mood induction on mixed percept was more
pronounced for open individuals. This showed that the relation
between openness and mixed percept differed between the neutral
and pleasant conditions, b = 0.11, 95% CI [0.014, 0.204], t = 2.31,
p = 0.02, and between the pleasant and appetitive conditions,
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b = 0.10, 95% CI [0.028, 0.171], t = 2.79, p = 0.01. This interaction is
depicted in Fig. 2. In contrast to these findings, the relation
between intellect (i.e., the other aspect of O/I) and mixed percept
did not differ between the neutral and pleasant condition
b = 0.05, 95% CI ["0.045, 0.147], t = 1.06, p = 0.29, nor between
the pleasant and appetitive conditions b = 0.05, 95% CI ["0.039,
0.142], t = 1.14, p = 0.26. The full correlation matrix of BFAS and
Mixed percept for each mood condition is available in Supplemen-
tary material (See Supplement material Tables 3–5).

5. Discussion

Openness to experience has long been associated with flexible
and inclusive cognition, as shown by its links with liberal values
(Xu, Mar, & Peterson, 2013) and creativity (Kaufman et al., 2016;
Silvia et al., 2008). Studies also demonstrated that open people
flexibly engage with the environment by processing stimuli that
others tend to ignore (Peterson et al., 2002). Building on this liter-
ature, our three studies show this flexibility extends to basic, low-

Table 3
Descriptive statistics for all experimental groups for all experiments.

Study personality Study mood

Variable Study 1 Study 1b Pleasant Neutral Appetitive

Openness/intellect 3.59a 3.58a 3.58a 3.63a 3.65a

0.52 0.47 0.39 0.52 0.72
(.86) (.85) (.72) (.79) (.90)

Openness 3.68a 3.71a 3.74a 3.85a 3.66a

0.64 0.61 0.61 0.64 0.77
(.79) (.80) (.72) (.78) (.82)

Intellect 3.49a 3.45a 3.42a 3.41a 3.64a

0.62 0.59 0.55 0.72 0.89
(.79) (.85) (76) (.82) (.92)

Conscientiousness 3.15a 3.17a 2.99a 2.98a 3.30a
0.58 0.52 0.54 0.51 0.62
(.82) (.80) (.81) (.88) (.86)

Orderliness 3.25a 3.27a 3.07a 3.11a 3.44a

0.68 0.69 0.65 0.68 0.76
(.81) (.77) (.72) (.86) (.81)

Industriousness 3.06a 3.07a 2.90a 2.84a 3.17a

0.68 0.56 0.64 0.53 0.63
(.87) (.82) (.79) (.79) (.77)

Extraversion 3.46a 3.48a 3.50a 3.53a 3.35a

0.54 0.49 0.55 0.59 0.61
(.91) (.90) (.89) (.91) (.89)

Enthusiasm 3.67a 3.71a 3.79a 3.80a 3.53a

0.61 0.66 0.67 0.60 0.74
(.86) (.87) (.87) (.85) (.90)

Assertiveness 3.24a 3.24a 3.22a 3.26a 3.16a

0.66 0.57 0.56 0.72 0.66
(.89) (.87) (.81) (.89) (.86)

Agreeableness 3.96a 3.95a 3.97a 3.96a 3.85a

0.44 0.44 0.45 0.42 0.67
(.84) (.80) (.85) (.70) (.74)

Politeness 3.84a 3.83a 3.83a 3.81a 3.72a

0.50 0.50 0.55 0.52 0.75
(.72) (.78) (.82) (.84) (.82)

Compassion 4.06a 4.06a 4.10a 3.82a 3.98a

0.61 0.57 0.55 0.52 0.69
(.87) (.82) (.81) (.89) (.85)

Neuroticism 2.84a 2.96a 2.75a 2.95a 2.92a

0.65 0.62 0.54 0.59 0.60
(.90) (.87) (.86) (.89) (.79)

Withdrawal 3.09a 3.09a 2.94a 3.00a 3.06a

1.53 0.61 0.58 0.59 0.67
(.81) (.80) (.76) (.77) (.77)

Volatility 2.73a 2.85a 2.55a 2.90a 2.77a

0.76 0.75 0.66 0.81 0.68
(.88) (.82) (.81) (.90) (.82)

Pre-pleasant positive 6.03a 6.17a 6.00a
1.23 0.80 1.28
(.72) (.79) (.77)

Post-pleasant positive 7.07a 6.39a 5.17b

0.96 1.30 1.95
(.70) (.78) (.75)

Pre-active positive 4.96a 4.39a 5.03a

0.98 1.17 1.15
(.71) (.77) (.78)

Post-active positive
4.27a 4.15a 6.10b
1.25 1.17 1.14
(.77) (.72) (.74)

Note. Mean = upper row, standard deviations = middle row, cronbach’s alpha = lower row. Between each study/experiment mean in the same row with different subscripts
differ significantly, p < 0.05.
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level visual perceptual experience: Just as open people are often
described as being able to ‘see’ more opportunities when presented
with familiar objects (Silvia et al., 2008), we provide the first evi-
dence that they may literally also ‘see’ more possibilities, in that
they identify more flexible ways of combining information within
basic visual stimuli.

Our findings used the classic binocular rivalry paradigm, during
which perceptual experience typically alternates between two
stimuli presented to each eye, but occasionally comprises a percep-
tual solution encompassing aspects of each stimulus (i.e., mixed
percept). Our first study confirmed our hypothesis that open peo-
ple are more susceptible to this inclusive perceptual experience
than their less open counterparts—a result replicated in the control
experiment of study 1b. In line with current theory and research
linking openness with perceptual processing and intellect with
semantic processing (DeYoung, 2013, 2014), we predicted mixed
percept would be related only to the openness aspect of O/I. How-
ever, this pattern of divergence did not emerge, with the intellect
aspect of the scale (vs. openness) contributing more strongly to
the relation with mixed percept in both samples. This suggests that
the roles of openness and intellect in perceptual processing may be
less distinct than first thought. A similar interpretation might be
reached from the observation by Fayn et al. (2015) that both open-
ness and intellect predicted reactivity to novelty in visual art stim-
uli. Also unexpected were the correlations between mixed percept

and other traits of the Big Five (e.g., with extraversion in study 1,
and agreeableness in study 1b). However these associations disap-
peared after controlling for O/I, and were not replicated across our
studies. In contrast, the relation between O/I and mixed percept
was robust across our three samples. Our follow-up study 1b was
jointly motivated to assess the reproducibility of the results
obtained in study 1 while also ruling out response bias toward
reporting mixed percept. Our data showed that under identical
stimulus conditions, the relation between openness and mixed
percept was replicated in an independent sample. Critically, how-
ever, this association disappeared with larger rivalry stimuli. If the
increased reports of mixed percept resulted from an increased ten-
dency for open individuals to simply report their percept as mixed,
then this pattern should have been seen with both sets of stimuli.
However, as the contribution of low-level cortical properties on
mixed percept is thought to be greater when using larger stimuli
(Blake, O’Shea, & Mueller, 1992), we predicted and found that the
impact of personality was reduced. Thus, providing strong evi-
dence of genuine differences in the visual experience of open
people.

The lack of relationship found in the current paper between
mixed percept and any personality traits, when using bigger stim-
uli, is interesting in its own right. To date, relatively few studies
have specifically investigated mixed percept. Although it is well
accepted that the competition between rivalrous images occur at
multiple stages in the visual hierarchy, where mixed percept
occurs remains unclear. However, when using larger stimuli our
data together with Blake et al.’s study (1992), suggests that mixed
percept may be influenced more by low-level visual processes,
rather than higher factors.

In study 2 we explored the effect of guided imagination of per-
ceptual and aesthetic stimuli on mixed percept. In line with the
activation theory (Tett & Guterman, 2000, see also DeYoung,
2015), which states that trait-relevant cues and stimuli activate
trait-relevant processes, we predicted that the aesthetic stimuli
in our guided imagination procedure would increase the suscepti-
bility of open people to experiencing the mixed percept. Results
provided support for this hypothesis with open people reporting
more mixed percept following imagination of pleasant aesthetic
imagery. This finding is consistent with the idea that particularly
the openness subfactor is characterised by the engagement with
the perceptual/aesthetic information. This also shows that a ‘tran-
sient’ manipulation of an internal state can have a clear effect on
one’s visual experience and that rivalry is sensitive not only to
‘stable’ variables, such as personality, but also to ‘transitory’ ones,
such as mood.

Results from our guided imagination procedure were only
partly in line with our predictions, with mixed percept increasing
in the Pleasant condition only compared to one control condition
(Appetitive), but not the other one (Neutral). This may suggest
Neutral vignettes were more perceptually salient than we antici-
pated. For instance, one vignette describes driving along a long
straight road, which may have triggered imagination of expansive
(if affectively muted) landscapes. Despite this, our primary predic-
tion was supported, as the impact of the Pleasant condition on
mixed percept was indeed strongest for people high in openness.

With respect to the potential underlying mechanisms that may
connect mixed percept and O/I, we speculate a common or over-
lapping neurochemical basis. For instance, Openness/Intellect has
been linked with both dopamine (DeYoung, 2013) and serotonin
(Kalbitzer et al., 2009). Similarly, rivalry alternations have been
linked with a number of neurotransmitters, including serotonin
(Carter et al., 2005, 2007), noradrenaline (Einhäuser, Stout, Koch,
& Carter, 2008), and GABA (van Loon et al., 2013).

Little research has specifically investigated the mixed percept
state, however, one recent study (Cao, Zhuang, Kang, & Hong,

Fig. 1. Mix% for different mood manipulation. *p < 0.05. Error bars represent SEM.

Fig. 2. Relation between openness and mix percept following different mood
manipulations (Pleasant, Neutral, Appetitive). To note the increase of mix in the
pleasant condition characterised by perceptual-aesthetic elements for participants
high in openness (1 SD above the mean trait).
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2016) found that acute alcohol administration lead to an increase
of mixed percept. Interestingly psylocibin— an hallucinogenic
compound structurally similar to serotonin—has also been shown
to increase instances of mixed percept (Carter et al., 2007) and is
known to have has selective, long-lasting effects on trait openness
(MacLean, Johnson, & Griffiths, 2011). Out of curiosity we com-
pared effect sizes reported here with the previously reported
effects of psilocybin on mixed percept (215 mg dose; Carter
et al., 2007). The effect of psilocybin was equivalent to a Cohen’s
d of 0.93 and approximately twice as large as the effects reported
in the current study (i.e., a correlation of r = 0.21 equates to a
Cohens’ d of 0.45). Assuming these effect sizes are reliably esti-
mated, they potentially suggest that the impact of being two stan-
dard deviations above the mean on openness — a normally
distributed personality trait — may be comparable to that of a
direct pharmacological manipulation, with respect to the experi-
ence of mixed percept.

Future research investigating such mechanisms may clarify the
processes underlying both binocular rivalry and openness to expe-
rience. Furthermore, another way future studies may build upon
the current findings is to investigate the relation between open-
ness and mixed percept across multiple rivalry sessions within
each participant. Although rivalry is reported to show high test-
retest stability (Miller et al., 2010), using multiple extended
response trials may help to reduce any impact of noise in the data
and allow for within-subject replication of the present findings,
adding further support to our conclusions. While the primary find-
ings were replicated in a different sample we suspect that the rela-
tions emerged between openness and mixed percept would be
even stronger with rivalry tested in multiple sessions. Future stud-
ies would also benefit from testing more participants, however it is
important to note that the effect sizes reported in the current
paper were close to the average effect size within personality
research for variables not sharing method variance (Richard,
Bond, & Stokes-Zoota, 2003) and within the middle third of effect
sizes in the whole of psychology (Hemphill, 2003).

In conclusion, we provided the first evidence that individuals
reporting greater openness to experience may also have character-
istically different low-level visual perceptual experiences. Given
the apparent similarity between the higher cognitive features of
openness (e.g., divergent thinking) and the lower-level features
revealed in the present research (i.e., mixed percept), it is possible
that common neural processes may be involved.
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Chapter	6: Study	2	Investigating	the	Influence	of	
Induced	Emotional	Arousal	on	the	Dynamics	of	

Binocular	Rivalry	

	

	 As	reviewed	in	Chapter	4,	parallel	to	the	traditional	line	of	research	

investigating	the	influence	of	low-level	characteristics	of	visual	stimuli	on	rivalry	

dynamics,	a	second	line	of	studies	focused	on	the	impact	of	internal	high-level	

factors	(e.g.,	familiarity,	mental	imaginary,	and	mood)	on	biasing	the	competition	

for	visual	awareness	during	a	rivalrous	task.	The	current	study	focuses	on	the	

influence	of	emotional	arousal	on	rivalry	dynamics.	To	do	so,	I	analysed	changes	

in	temporal	rivalry	dynamics	of	one	of	the	data	sets	presented	in	Study	1.	where	

observers	underwent	a	mood	manipulation.		

In	Study	1	(Study	2	in	the	paper)	it	was	shown	that	following	a	positive	

mood	manipulation	characterised	by	perceptual-aesthetic	elements	observers	

reported	an	increase	of	mixed	percept.	It	is	important	to	remember,	however,	

that	traditionally	binocular	rivalry	literature	has	focused	on	other	properties	of	

rivalry,	such	as	its	temporal	dynamics,	rather	than	the	less	investigated	mixed	

percept.	Furthermore,	as	highlighted	in	Chapter	4	(Section	4.4),	currently	our	

understanding	of	the	influence	of	internal	states,	such	as	mood,	on	rivalry	

dynamics	is	incomplete	and	confounded	by	a	number	of	methodological	

limitations,	for	example	the	impact	of	low-level	properties	of	the	stimuli.	An	

important	question	is	therefore:	Can	an	effect	of	mood	be	also	found	on	rivalry	

temporal	dynamics	(i.e.,	switching	rates)?		
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	 To	this	end,	we	reanalysed	the	data	presented	in	Study	1	and	investigated	

whether	a	change	in	rivalry	switching	rates	was	associated	with	the	mood	

manipulations	administered,	specifically	with	emotional	arousal.		

	 Gaining	a	better	understanding	of	the	effect	of	transitory	emotional	states	

on	rivalrous	dynamics	is	important	in	the	context	of	rivalry	literature,	but	it	is	

also	relevant	for	the	overarching	theme	of	the	thesis.	Namely,	whether	from	a	

perceptual	perspective	individual	differences	in	the	trade-off	between	

exploration	and	exploitation	of	identical	valid	perceptual	solutions	can	be	

modulated	by	internal	factors,	such	as	mood.	We	were	specifically	interested	in	

the	effect	of	the	Appetitive	mood	manipulation	on	rivalry	dynamics,	associated	

with	an	increase	in	participants’	emotional	arousal,	because	converging	evidence	

from	attention	(Vogt,	De	Houwer,	Koster,	Van	Damme,	&	Crombez,	2008)	and	

cognitive	research	(Kuhbandner	&	Zehetleitner,	2011)	strongly	suggest	that	

arousal,	but	not	other	emotional	properties	(e.g.,	valence),	interacts	with	the	

breadth	or	flexibility	to	suppress	conflicting	information.	That	is,	people	in	a	high	

arousal	appear	to	be	more	responsive	to	external	information	and	“act”	quickly	

on	it.		

	 In	line	with	this,	we	predicted	that	people	in	the	appetitive	condition	

would	have	faster	fluctuations	between	the	rivalrous	stimuli.	Such	that	

information	(potentially	useful)	will	be	suppressed	from	visual	awareness	for	

shorter	times	and	observers	will	not	be	“stuck”	between	perceptual	solutions.		

	 Our	study	will	also	contribute	to	furthering	the	current	understanding	of	

the	broad	impact	that	emotional	states	might	have	on	rivalry	dynamics.	Some	

investigators	believe	that	any	observable	deviations	in	rivalry	dynamics	

following	a	mood	manipulation	should	be	attributable	to	the	impact	of	arousal,	
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therather	than	a	general	change	in	one’s	emotional	state	(Sheth	&	Pham,	2008).	

However,	to	confirm	this,	it	is	important	to	clearly	disentangle	arousal	from	

other	core	aspects	of	one’s	emotional	state,	such	as	valence.	To	this	end,	in	this	

area	of	research	much	effort	has	been	devoted	to	creating	visual	stimuli	(e.g.,	

emotionally	charged	images	or	faces)	that	should	differentiate	different	aspects	

of	emotions	(Lang,	Bradley,	&	Cuthbert,	1997).	However,	as	others	before	us	

highlighted	(Alpers	&	Gerdes,	2007),	to	achieve	this	in	a	rivalrous	task	is	quite	

challenging.	Hence,	it	is	unclear	whether	any	of	those	biases	in	rivalry	dynamics	

reported	in	the	literature	may	simply	be	the	result	of	minor	differences	in	low-

level	properties	of	the	visual	stimuli,	rather	than	of	more	important	properties	of	

the	emotions	that	the	images	convey—For	a	recent	meta-analysis,	discussing	

specifically	the	problem	of	matching	low-level	properties	of	rivalrous	stimuli	see	

Hedger	et	al.,	(2016).	

	 An	impact	of	emotional	arousal	was	found	for	rivalrous	parameters,	such	

as	onset	and	bias	in	exclusive	dominance	(Sheth	&	Pham,	2008)	that	are	known	

to	be	biased	by	differences	in	low-level	properties	of	the	stimuli.	On	the	other	

hand,	no	influence	of	emotional	arousal	was	found	for	alteration	in	general	

temporal	rivalrous	dynamics	(switching	rates).	This	is	somewhat	surprising,	as	

highlighted	in	Chapter	4,	data	available	in	the	literature	(Carter	et	al.,	2007;	

Nagamine	et	al.,	2007)	suggest	that	an	effect	should	be	found	also	for	switching	

rates.	Because	this	study	uses	very	basic	rivalrous	stimuli	(orthogonal	gratings	

with	different	orientation	and	colour)	in	combination	with	mood	manipulations,	

if	any	changes	in	rivalry	dynamics	are	found,	they	are	likely	to	relate	to	changes	

in	an	observer’s	emotional	state;	rather	than	differences	in	low-level	properties	

of	the	stimuli.		
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	 Lastly,	it	is	important	to	reiterate	that	gaining	a	better	understanding	of	

the	impact	of	transient	emotional	states	will	better	inform	models	of	rivalry	that	

do	not	currently	take	into	account	changes	associated	with	transient	variables.	In	

addition,	this	data	will	provide	necessary	background	for	clinical	research	

investigating	rivalry	as	a	potential	diagnostic	tool,	to	know	whether	one’s	

current	mood	needs	to	be	accounted	for.		

6.1 	Methods	

Participants	

	 Subjects	were	identical	to	Study	1	(91	participants;	28%Male,	aged	

M=19.06,	SD=2.50;	each	subject	was	randomly	associated	to	either	one	of	the	

three	experimental	conditions:	Neutral	(n=33),	Pleasant	(n=29),	and	Appetitive	

(n=29).		

Binocular	Rivalry	

	 Apparatus	and	Stimuli		

Apparatus	and	stimuli	were	identical	to	those	reported	in	Study	1.	

	 Instructions		

Instructions	were	identical	to	Study	1.		

	 Response	recording		

Response	recording	was	identical	to	Study	1	(60s	training	session,	followed	by	a	

single	testing	trial	of	120s).	Mean	percept	duration	was	the	average	duration	of	

time	(seconds)	that	participants	reported	uninterrupted	dominance	of	either	one	

of	the	rivalrous	stimuli.	Consistently	with	all	studies	presented	in	the	thesis	to	be	

considered	an	instance	of	mixed	percept,	the	two	dedicated	keys	(“Left	arrow”	

and	“Right	arrow”)	had	to	be	pressed	simultaneously	for	at	least	220ms.	This	
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procedure	allowed	reducing	the	impact	of	minor	finger	adjustments,	

independent	of	any	true	perceptual	changes.	

	 To	compare	our	findings	with	the	majority	of	rivalrous	research	we	

excluded	mixed	percept	from	the	main	analysis	and	named	this	variable	“Mean	

percept	duration”.	However,	a	secondary	analysis	was	also	performed	where	

mixed	percept	-	analysed	in	Study	1-	was	included.	This	variable	was	named	

“Mean	percept	duration	with	mixed”	and	allowed	comparing	the	current	findings	

with	the	results	of	Study	1.		

Mood	Induction.		

	 The	broad	characteristics	of	the	mood	manipulations	used	in	the	study	

have	been	described	in	Study	1.	Here	we	provide	a	more	detailed	description	of	

the	Appetitive	mood	manipulation,	the	mood	manipulation	of	interest	for	the	

current	study.	The	three	mood	manipulations	(Neutral,	Pleasant	and	Appetitive)	

used	a	combination	of	guided	imaginary	(vignettes	presented	on	the	screen)	and	

music.	A	combination	of	modalities	has	been	shown	to	be	extremely	effective	in	

inducing	changes	in	one’s	mood	(Westermann,	Spies,	Stahl,	&	Hesse,	1996).	The	

current	mood	manipulation	was	previously	used	in	a	study	by	Smillie	et	al.,	

(2012)	and	proved	to	be	very	effective	in	inducing	the	desired	mood.	While	

participants	read	the	vignette,	they	were	asked	to	imagine	how	they	would	have	

felt	and	what	they	would	have	thought	if	they	experienced	that	situation	in	real	

life.	Below	the	exact	instructions	given	to	all	participants	are	provided:	

	

“Read	the	following	three	scenarios	and	imagine	yourself	experiencing	the	events	

as	vivid	as	you	can.	Picture	the	event	happening	to	you.	Try	to	imagine	all	the	

details	of	the	situation.	Close	your	eyes	and	picture	in	your	“mind’s	eye”	the	
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surroundings	as	clear	as	possible.	See	the	people	or	objects;	hear	the	sounds;	

experience	the	event	happening	to	you.	Think	the	thoughts	and	feel	the	same	

feelings	that	you	would	actually	think	in	this	situation.	Let	yourself	react	as	if	you	

were	actually	there”	

	

	 The	Appetitive	condition	was	designed	to	induce	a	positive	appetitive-

arousal	state	in	participants.	The	three	vignettes	utilized	for	this	condition	were	

presented	sequentially	and	were	characterized	by	pleasant	rewarding	content.		

Below	the	three	vignettes	are	provided:	

	

First	vignette:	

“You	buy	a	lottery	ticket	and	you	win	$	10,000	instantly”	

Second	vignette:	

“You	just	got	a	new	job,	and	it’s	even	better	than	you	expected”	

Third	vignette:	

“You	are	with	a	friend	watching	your	favourite	sporting	team	live.	As	your	team	

wins,	the	crowd	erupts	in	celebration”	

		

During	the	vignettes,	participants	listened	with	headphones	to	the	music	

associated	to	the	Appetitive	condition:	the	“Nutcracker	Suite”	by	Tchaikovsky	

(details	of	the	music	associated	to	the	other	mood	manipulations	are	provided	in	

Study	1).	

State	Affect.		

	 As	reported	in	Study	1,	to	assess	the	efficacy	of	the	mood	manipulation	a	

mood	questionnaire	was	administered	before	(pre	mood	manipulation)	and	after	
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the	mood	manipulation	(post-mood	manipulation).	To	assess	the	Appetitive	

condition,	participants	were	asked	to	rate	on	a	Likert	scale	(from	1	to	4)	how	

well	each	of	the	terms	described	their	current	feelings	(e.g.,	“excited”	and	

“lively”).	This	state	affect	was	named	“Activated	Positive	Affect”.	With	respect	to	

the	Appetitive	condition,	we	predicted	an	increase	in	the	baseline	activated	

positive	state	after	the	Appetitive	mood	manipulation.	

	

	

Figure	14.	Manipulation	check	
(A)	Mean	score	(±SEM)	of	positive	activated	affective	states	(e.g.,	‘excited’)	pre/post	mood	
manipulation	(*	p	<0.05)	
(B)	Mean	score	(±SEM)	of	positive	deactivate	affective	states	(e.g.,	‘relaxed’)	pre/post	mood	
manipulation	(*	p	<0.05)	
	

Procedure		

Participants	firstly	completed	a	baseline	measure	of	state	affect.	They	

then	underwent	the	mood	induction.	At	the	end	of	the	mood	induction	

participants	filled	the	post-mood	induction	state	affect,	before	then	performing	

the	binocular	rivalry	task.	While	performing	the	binocular	rivalry	task,	

participants	continued	to	listen	to	the	music	that	had	accompanied	the	mood	

induction	procedure.		
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6.2 	Results	

Manipulation	check	

	 To	confirm	that	the	mood	induction	procedure	had	its	intended	effect,	for	

each	affective	state	we	conducted	a	mixed	ANOVA	2	(pre/post)	x	3	(mood	

condition).	Results	are	presented	in	Study	1.	The	mood	manipulation	had	the	

predicted	effects,	as	evident	in	the	difference	of	scores	in	the	pre/post	state	

affect	questionnaires	in	line	with	the	hypothesised	effect	of	each	mood	

manipulations	(Figure	14).	With	respect	to	the	Appetitive	condition	the	

activated-positive	affect	significantly	increased	after	the	Appetitive	manipulation	

t(28)=4.40,	p<0.001,	η2	=0.42,	while	decreased	in	the	pleasant	condition	t(28)=-

3.92,	p<0.001,	η2	=0.36,	and	did	not	change	in	the	control	condition	t(32)=1.49,	

p=0.15.	In	other	words,	participants	felt	more	excited	and	lively	after	the	

Appetitive	mood	manipulation.	

To	investigate	the	effect	of	arousal	on	mean	percept	duration	we	used	a	one-way	

between	subjects	ANOVA,	comparing	percept	duration	in	the	Neutral	(M=	1.76,	

SD=0.33),	Pleasant	(M=1.83,	SD=	0.54)	and	Appetitive	condition	(M=1.73,	SD=	

0.28).	The	results	from	Levene’s	test	of	homogeneity	of	variance	indicated	the	

assumption	of	equal	variance	was	violated	(p	<.001),	so	the	Welch	F-ratio	is	

reported.	No	significant	difference	emerged	between	the	mean	percept	durations	

of	the	Arousal	mood	manipulation	and	the	other	control	conditions,	Pleasant	and	

Neutral	(p=0.6)	(Figure	15).		
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Figure	15.	Mean	percept	duration	for	different	mood	manipulations.	Error	bars	represent	SEM.	
	

		 We	then	compared	different	ways	of	calculating	mean	percept	durations	

as	reported	in	the	literature	and	investigated	whether	a	different	result	would	

have	been	obtained	if	mixed	percept	was	included	in	mean	percept	duration.	

Following	the	procedure	used	in	the	previous	analysis,	we	used	a	one-way	

between	subjects	ANOVA,	comparing	percept	duration	with	mixed	percept	

included	in	the	appetitive	(M=1.82,	SD=0.34)	pleasant	(M=2.16,	SD=0.56)	and	

neutral	conditions	(M=2.04,	SD=0.36).	The	result	from	the	Levene’s	test	for	

homogeneity	of	variance	indicated	that	assumption	of	equal	variance	was	

violated	F(2,76)=6.47,	p=0.003,	so	the	Welch	F-ratio	is	reported.	In	this	case	

there	was	a	significant	effect	of	mood	conditions	on	binocular	rivalry	percept	

duration,	F(2,	48.12)=4.57,	p=0.02,	ω2=0.08.	Games-Howell	post-hoc	tests,	with	

95%	bias	corrected	confidence	intervals	on	the	mean	differences,	revealed	that	

in	the	Appetitive	mood	condition	participants	reported	significantly	shorter	

percept	durations	compared	to	both	the	pleasant	mood	condition,	95%	BCa	CI	[-

0.60,	-0.09]	and	the	neutral	condition,	BCa	CI	[-0.41,	-0.36].	Percept	durations	
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following	the	neutral	condition	and	the	pleasant	condition	did	not	significantly	

differ	from	one	another,	BCa	CI	[-0.37,	0.12]	(Figure	16).		

	

Figure	16.	Mean	percept	duration	when	Mixed	is	included	*	p<	0.05.	Error	bars	represent	SEM	
	

Next,	we	analysed	if	observers	in	the	Appetitive	condition	preferentially	

reported	one	of	the	rivalrous	stimuli	as	the	initial	percept	(onset)	or	for	the	

majority	of	the	task	(Tot.	Predominance)	(Table	1).	The	differences	for	both	

categories	were	negligible	in	the	Appetitive	condition	and	in	the	other	groups	

(Neutral,	Pleasant).	This	suggests	that	neither	of	the	rivalrous	stimuli	had	

preferential	access	to	visual	awareness	and	generally	people	had	a	balanced	

alternation	between	the	two	rivalrous	stimuli.		
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Table	1.	Onset	percentages	for	different	mood	manipulations	
	

Condition	

	

	

	

	

Onset	(left	S)	

Mean		

							±	1	SEM	

	

	

	

	

Tot.	Predominance	(left	S)	

										Mean		

							±	1	SEM	

	 	

	

	

Appetitive	

	

							48%	

							±	0.04	

	

	

							53%	

							±	0.02	

	

Neutral	

	

								52%	

							±	0.03	

							46%	

							±	0.02	

	

Pleasant	

	

							55%	

							±0.02	

							56%	

							±	0.04	

	

Note:	Onset	(left	S)	%	=	Number	of	times	that	the	left	rivalrous	stimulus	was	reported	

first	(frequencies	are	computed	as	percentage	of	total	initial	percept);	Tot.	

Predominance	(left	S)	=	Total	time	during	which	the	left	rivalrous	stimulus	was	reported	

(computed	as	the	percentage	of	the	total	duration	that	the	left	stimulus	was	reported).			

	

	 Taken	together,	these	results	suggest	that	time	of	exclusive	

visibility	(mean	percept	duration)	is	not	susceptible	to	mood	manipulations.	

However,	as	we	previously	showed	in	Study	1,	mixed	percept	decreases	

specifically	in	an	emotional	arousal	state	(Appetitive	condition).	Consequently,	

when	mean	percept	duration	is	calculated	differently	(i.e.,	including	mixed	

percept)	a	researcher	may	erroneously	conclude	that	rivalry	dynamics	are	

susceptible	to	a	specific	mood	induction.	This	less	conservative	approach	would	

calculate	only	instances	where	complete	alternations	between	stimuli	occurred,	
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thus	including	mixed	percept.	That	is,	from	the	onset	of	one	dominance	until	the	

onset	of	the	next	dominance.	

Furthermore,	it	was	found	that	the	temporal	characteristics	(duration)	of	

dominance	and	mixed	percept	were	significantly	different.	The	difference	

between	durations	of	dominance	and	mixed	,	-5.49,		BCa	95%	CI	[	-6.79,	-4.21],	

was	significant	t(78)=	-8.43,	p=.	001	and	represented	a	large	sized	effect	d=		1.32.	

	 	

6.3 	Discussion	

	 This	study	investigated	whether	emotional	arousal	had	a	clear	impact	on	

rivalry	dynamics.	Contrary	to	our	expectations,	we	did	not	find	a	significant	

effect	of	arousal	compared	to	the	other	mood	manipulations	used.	Notably,	

however,	when	comparing	rivalry	alternations	of	people	who	did	not	receive	

mood	manipulations	to	people	who	did	(irrespective	to	the	type	of	moods	

induced),	a	significant	difference	emerged.		

	 Because	an	influence	of	a	specific	mood	manipulation	(Pleasant	mood)	on	

mixed	percept	was	found	in	Study	1,	the	current	findings	offer	an	important	

cautionary	tale	to	establish	consistent	criteria	across	studies	in	the	way	rivalry	

alternations	are	calculated	(with	or	without	mixed	percept).		Accordingly,	if	in	

the	current	study	we	took	a	less	conservative	approach	and	calculated	only	

instances	where	complete	alternations	between	rivalrous	stimuli	occurred	(thus	

including	mixed	percept	in	mean	percept	duration)	we	would	have	erroneously	

believed	that	an	effect	of	emotional	arousal	was	present	in	the	data.		

	 Our	study	was	built	on	new	evidence	from	different	lines	of	research	that	

pointed	to	the	necessity	of	separately	investigating	aspects	of	mood	(i.e.,	valence	

and	arousal)	to	better	identify	the	different	impact	that	mood	has	on	a	number	of	
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perceptual	and	cognitive	experiences	(Demanet,	2018).	Specifically,	it	is	believed	

that	arousal	might	have	an	influential	role	on	visual	awareness.	For	example,	

images	with	high	arousal	gain	prioritised	access	to	visual	awareness	(Alpers	&	

Gerdes,	2007;	Gayet,	Paffen,	Belopolsky,	Theeuwes,	&	Van	der	Stigchel,	2016).	

Studies	also	showed	that	during	high	levels	of	arousal,	observers	have	difficulty	

maintaining	representations	of	equal	probabilities,	while	suppressing	distracting	

information	(Kuhbandner	&	Zehetleitner,	2011).	In	line	with	these	findings,	

studies	investigating	specifically	the	influence	of	arousal	on	binocular	rivalry	

point	to	a	critical	role	of	arousal	on	some	properties	of	rivalry	dynamics	(Sheth	&	

Pham,	2008).		

	 Specifically,	an	emotional	arousal	stimulus	versus	a	neutral	one	tends	to	

be	perceived	for	a	longer	duration	and	prioritised	such	that	it	is	more	likely	to	be	

the	first	stimulus	experienced	at	rivalry	onset	(Sheth	&	Pham,	2008).	

Furthermore,	studies	looking	at	subjective	levels	of	arousal	and	temporal	

dynamics	suggested	that	higher	levels	of	subjective	arousal	would	be	associated	

with	faster	rivalrous	alternations	(Carter	et	al.,	2007;	Nagamine	et	al.,	2007).	The	

absence	of	any	substantial	effect	of	arousal	in	our	data	was	somewhat	surprising.	

On	the	one	hand	this	null	result	might	confirm	previous	findings	using	emotional	

arousal	stimuli	reporting	that	an	effect	of	arousal	was	evident	for	some	aspects	

of	rivalry	dynamics,	but	not	for	changes	in	the	overall	switching	rates	(Hodges	&	

Fox,	2016;	Sheth	&	Pham,	2008).	However,	it	should	be	noted	that	there	was	also	

no	bias	seen	in	overall	proportion	of	exclusive	dominance	or	the	duration	of	first	

percept	(onset	rivalry),	contrary	to	previous	studies	in	the	literature.		

	 The	most	straightforward	explanation	for	this	is	that	emotional	arousal	

has	an	influence	on	the	competition	for	visual	awareness	only	for	stimuli	that	
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convey	ecologically	valid	emotion	(e.g.,	stimulus	from	IAPS	or	schematic	faces).	

Hence,	the	intrinsic	relevance	of	the	stimulus	may	be	important	in	producing	any	

bias	in	the	competition	for	visual	awareness.	We	should	note	that	if	on	one	hand	

the	absence	of	an	effect	of	arousal	in	the	current	study	is	in	line	with	the	studies	

mentioned	above,	our	findings	are	in	contrast	with	studies	showing	a	clear	effect	

of	arousal	on	other	low-level	aspects	of	vision,	including	those	studies	using	

emotion-free	stimulus.	For	example,	it	has	been	shown	that	arousal	has	a	

facilitating	effect	on	low-level	aspects	of	vision	for	basic	emotion-free	stimuli	

(e.g.,	gabor	patches)	by	amplifying	perceptual	contrast,	such	that	a	near	visible	

stimulus	becomes	more	salient	(Laretzaki,	Plainis,	Argyropoulos,	Pallikaris,	&	

Bitsios,	2010;	Phelps,	Ling,	&	Carrasco,	2006).		

	 Our	results,	however,	suggest	that	for	binocular	rivalry,	arousal	influences	

the	type	of	visual	information	that	breaks	through	consciousness	and	does	not	

simply	“turn	up	the	volume”	of	all	properties	of	vision.		

	 Our	experimental	manipulation	can	be	considered	successful	in	

increasing	people’s	emotional	arousal,	as	evident	from	the	pre/post	state	affect	

questionnaire.		However,	one	might	argue	that	the	change	in	people’s	mood	was	

not	strong	enough	to	induce	a	change	in	rivalry	dynamics.	Although	this	

possibility	should	be	considered	in	future	studies,	it	is	also	important	to	

remember	that	changes	in	the	autonomic	arousal	system	(e.g.,	skin	conductance,	

heart	rate)	are	quick	and	relatively	easy	to	induce.	For	example,	changes	in	pupil	

diameter	and	skin	conductance	occur	after	just	a	few	seconds	of	presentation	of	

an	emotional	image	(Bradley,	Miccoli,	Escrig,	&	Lang,	2008).	Furthermore,	our	

experimental	manipulation	used	a	combination	of	music	and	guided	imaginary,	
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which	have	been	demonstrated	to	be	particularly	effective	and	successful	

(Westermann	et	al.,	1996).	

	 An	alternative	criticism	to	this	study	might	be	that	negative	emotions	are	

generally	associated	to	stronger	autonomic	activity	(Ekman,	Levenson,	&	

Friesen,	1983).	Thus,	it	could	be	argued	that	the	present	study	may	be	limited	by	

the	fact	that	we	used	only	a	positive	emotional	arousal	manipulation.	However,	

in	the	design	of	the	study	we	did	not	see	the	use	of	an	exclusively	positive	

emotional	arousal	manipulation	as	a	potential	limitation,	given	that	both	positive	

(E.	Fox	et	al.,	2000;	Leppänen	&	Hietanen,	2004;	Leppänen,	Tenhunen,	&	

Hietanen,	2003)	and	negative	images	have	strong	influence	on	biasing	attention	

(Sterzer,	Hilgenfeldt,	Freudenberg,	Bermpohl,	&	Adli,	2011;	Tsuchiya,	Moradi,	

Felsen,	Yamazaki,	&	Adolphs,	2009).	Furthermore,	both	positive	and	negative	

emotions	induce	strong	activation	of	the	amygdala	(Cunningham,	Raye,	&	

Johnson,	2004;	Mather	et	al.,	2004).		

	 To	make	a	significant	contribution	to	our	current	understanding	of	the	

influence	of	mood	on	rivalry	dynamics,	future	studies	should	also	include	

emotional-free	stimuli	in	their	design,	at	a	minimum,	as	a	form	of	control	for	the	

influence	of	low-level	stimulus	characteristics.	To	date,	the	general	tendency	of	

studies	investigating	mood	and	rivalry	is	to	focus	on	the	stimuli	characteristics	

able	to	bias	the	competition	for	visual	awareness.	Prior	the	rivalrous	task,	even	

when	neutral	stimuli	are	used,	they	are	typically	associated	with	some	form	of	

positive	or	negative	conditioning,	for	example	electric	shock,	punishment	or	

reward	(Alpers,	Ruhleder,	Walz,	Mühlberger,	&	Pauli,	2005;	Balcetis,	Dunning,	&	

Granot,	2012;	Marx	&	Einhauser,	2015;	Wilbertz,	van	Slooten,	&	Sterzer,	2014).	

Hence,	the	relevance	of	the	stimulus	for	the	observer	is	strongly	biased.		
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	 In	conclusion,	our	study	aimed	to	investigate	the	influence	that	internal	

factors,	such	as	mood,	exert	on	our	subjective	perceptual	experience.	We	did	not	

find	the	predicted	increase	in	rivalry	alternations	associated	with	emotional	

arousal.	Future	studies	should	investigate	whether	other	types	of	specific	mood,	

for	example	negative	mood,	or	stronger	mood	manipulation	might	have	an	

impact	on	rivalry	dynamics.			
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Personality Measures Link Slower
Binocular Rivalry Switch Rates to
Higher Levels of Self-Discipline
Anna Antinori, Luke D. Smillie and Olivia L. Carter *

Melbourne School of Psychological Science, University of Melbourne, Parkville, VIC, Australia

In this paper we investigated the relation between personality and the rate of perceptual

alternations during binocular rivalry. Studies have demonstrated that slower rivalry

alternations are associated with a range of clinical conditions. It is less clear whether

rivalry dynamics similarly co-vary with individual differences in psychological traits seen

across non-clinical population. We assessed rivalry rates in a non-clinical population

(n = 149) and found slower rivalry alternations were positively related r(149) = 0.20,

p = 0.01 to industriousness, a trait characterized by a high level of self-discipline

using the Big Five Aspect Scales (BFAS). Switch rates were also negatively related

r(149) = !0.20, p = 0.01 to cognitive disorganization, a schizotypy trait capturing

schizophrenia-like symptoms of disorganization using the Oxford-Liverpool Inventory of

feelings and Experiences (O-LIFE). Furthermore, we showed that that these relations with

personality were unaffected by the inclusion or exclusion of mixed percept in the response

analysis. Together these results are relevant to theoretical models of rivalry investigating

individual differences in rivalry temporal dynamics and they may reduce concerns about

the impact of task compliance in clinical research using rivalry as a potential diagnostic

tool.

Keywords: visual awareness, binocular rivalry, personality, individual differences

INTRODUCTION

Under normal viewing conditions each of our eyes accesses a slightly di!erent image of the
world. These di!erent images, however, are typically fused into one seamless percept by our
brain. A completely di!erent perceptual experience can be induced when two incompatible images
are presented to each eye simultaneously. Under these conditions observers typically experience
a phenomenon known as binocular rivalry (Wheatstone, 1838). During binocular rivalry one’s
perceptual experience will alternate over time, despite the physical stimulus remaining constant,
as the two visual representations rival one another for exclusive dominance (for review see
Blake and Logothetis, 2002). These perceptual alternations have been described as a stochastic
phenomenon, with individuals alternating on average every 1–2 s (Levelt, 1967). In other words,
although alternations are not predictable, the switch occurs in a semi-regular fashion. This pattern
of alternations between exclusive dominance (average switch duration) follows temporal dynamics
that are highly stable within the same person, but vary between people (Aafjes et al., 1966; Miller
et al., 2010). Rivalry is therefore a phenomenon with pronounced individual di!erences.

To date, the majority of rivalry research has focused on unraveling the general principles of
rivalry by looking at the e!ect of visual stimulus features on rivalry temporal dynamics. For
example, by investigating spatial frequency (O’Shea et al., 1997), stimulus size (Kang, 2009), motion
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velocity (Knapen et al., 2007), and luminance (Wolfe, 1983).
While such research is paramount to the advancement of the
discipline, factors underling the striking degree of individual
di!erences in rivalry alternation rate are equally important as
they similarly impact the perceptual experience of the observer.
The few studies that have explored individual di!erences in the
dynamics of binocular rivalry identify a number of interesting
associated factors (for a review see Kleinschmidt et al., 2012).
For example, di!erences in rivalry rate have been linked to
variations in density and thickness of the parietal cortex (Kanai
et al., 2010), activity in early visual area (Yamashiro et al., 2014),
gaze movements using static binocular rivalry gratings (Hancock
et al., 2012; however, when using drifting binocular gratings
the results was not replicated by Law et al. (2015) and GABA
concentration in visual cortex (van Loon et al., 2013). Studies
have also suggested a genetic basis for this variability, supported
by identical twins showing greater similarity in rivalry dynamics
than non-identical twins (Miller et al., 2010).

Research from clinical populations has demonstrated such
clear di!erences in alternation rate when compared to healthy
populations, that it has been suggested that binocular rivalry
might have value as a diagnostic tool (Ngo et al., 2011). For
example, converging evidence suggests that bipolar patients
have significantly slower alternation rates than healthy control
participants (Pettigrew and Miller, 1998; Nagamine et al., 2009;
Ngo et al., 2011; Vierck et al., 2013). Deviance from normal
rivalry rate has also been associated with schizophrenia (Frecska
et al., 2003; but also see Wright et al., 2002; Miller et al., 2003),
ADHD (Amador-Campos et al., 2013; Aznar Casanova et al.,
2013), autism spectrum disorder (Robertson et al., 2013; but
also see Said et al., 2013), and a trend toward slower rivalry
between migraine events (Wilkinson et al., 2008). Despite results
not always being replicated between laboratories, together these
studies show a general pattern of slower perceptual alternations
associated with a number of the clinical conditions. To date the
only study to show clinically relevant increases in rivalry rate,
identified a positive correlation with rivalry rate and anxiety
measures (within a healthy population) with those scoring high
in anxiety having the fastest switching rate (Nagamine et al.,
2007).

While there is considerable consistency in the literature, a
few studies have reported conflicting results. For example, Miller
et al. (2003) observed no significant di!erences in rivalry rates
between people with schizophrenia and healthy control, while
Wright et al. (2002) reported slower rivalry alternations in people
with schizophrenia and first-degree relatives of people with
schizophrenia. In a similar vein Frecska et al. (2003) reported
that people with schizophrenia maintain slower perceptual
alternations also during a variation of the classic rivalry
paradigm involving dichoptic stimulus alternation (DSA). This
lack of replicability may reflect unavoidable practical limitations
inherent in clinical research, such as misdiagnosis, comorbity
with other disorders, confounding drug e!ects, and reduced
patients’ task compliance. In addition, this variability in findings
and the lack of exclusivity in the relationship between rivalry
temporal dynamics and specific clinical conditions suggests that
clinical research may not be the best avenue to pursue for a better
understanding of rivalry variability. Therefore, the current study

aimed to explore the contribution of personality traits to rivalry
temporal dynamics, outside the clinical domain.

The objective of this paper was to examine whether perceptual
alternations correlate with non-clinical personality traits within
a healthy sample. Mounting evidence suggests that clinical
populations di!er from the general population largely by degree
rather than by kind (Haslam et al., 2012), and that many
aspects of psychopathology can be organized together with
individual di!erences in normal personality within a single
structural framework (O’Connor and Dyce, 2001; Markon et al.,
2005). Gaining a better understanding of correlations between
personality and rivalry rate would therefore complement and
extend the emerging line of research investigating rivalry as a
diagnostic tool. In addition, demonstration of coherent patterns
of variation in binocular rivalry has important implications for
current biological models of binocular rivalry. This is because
most common models of rivalry such as the classical reciprocal
inhibition model (Blake, 1989) or hybrid model (Dayan, 1998;
Freeman, 2005; Tong et al., 2006) are currently unable to account
for associations between rivalry dynamics and complex human
characteristics, such as personality.

To provide a broad exploration of the relation between
personality traits and the average rate of switching in binocular
rivalry, we have identified two relevant frameworks. First, an
extensive body of literature has repeatedly demonstrated that
most variations in personality can be organized in terms of
five trait domains, often known as the “Big Five”: extraversion,
openness, conscientiousness, agreeableness and neuroticism (or
emotional stability; Digman, 1990; Costa and McCrae, 1992;
Goldberg, 1993; John and Srivastava, 1999). These domains
represent the major lines of covariation among all personality
traits, and can be recovered through factor analyses of personality
questionnaires that were not designed to measure the Big
Five (Markon et al., 2005). Assessment of these broad trait
domains, as well as narrower traits that lie at a lower-level
of the structural trait hierarchy (DeYoung et al., 2007), allows
us to cast a wide net in our exploration of the relationship
between perceptual alternations and personality traits. Secondly,
we aimed to unravel di!erences and similarities in perceptual
alternations in healthy individuals and clinical populations. To
this end, we focused on schizotypal traits due to its relevance
to perceptual phenomenon. For example, positive schizotypy is
often associated with apophenia—the detection of meaningful
patterns in random visual stimuli (DeYoung et al., 2012).
There is a longstanding and ongoing debate regarding the
extent to which schizotypy scores reflects a continuum between
normal variations in personality and diagnosable schizophrenia
(Chapman et al., 1995; Claridge et al., 1996), and two opposing
models can be identified in the literature. That is, the quasi-
dimensional model, advocating that the presence of schizotypy
leads to a higher risk of developing psychopathology (Rado,
1953; Meehl, 1962); and the fully dimensional model, advocating
that schizotypy is a personality dimension, separated from
pathology (Claridge, 1997). Regardless, one thing is clear:
individuals high in schizotypy traits do share a number
of perceptual and cognitive characteristics of schizophrenia
patients, although manifested in a milder way (Cuesta et al.,
2001).
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With respect to binocular rivalry and schizophrenia, some
studies showed that rivalry alternations deviate from the norm
in this patient population (Sappenfield and Ripke, 1961; Fox,
1965; Wright et al., 2002; Frecska et al., 2003). Accordingly,
we expected individuals scoring high in schizotypy traits to
show an analogous, though less extreme pattern. A further
independent question that we asked in this sample was the extent
to which the mixed percept (i.e., when the two rivalry stimuli
are perceived as fused into one scrambled or superimposed
image) a!ects one’s dominance durations. This question is of
particular relevance given that several clinical studies reported
an increase in mixed percept together with slower perceptual
alternations (Wilkinson et al., 2008; Aznar Casanova et al., 2013;
Robertson et al., 2013). For example, Robertson et al. (2013)
found that in individuals with autistic spectrum condition rivalry
is characterized by slower perceptual switching combined with
an increased duration of mixed reported. Surprisingly, before
this study no research has investigated whether a similar trend—
increased mixed periods co-occurring with slower switching—
exists in the general population. Furthermore, it is not clear to
what extent mixed impact the relations that rivalry temporal
dynamics have with other stable factors within the same person.
This is important for two reasons. First, although mixed can
be reduced by manipulating stimuli size (Blake et al., 1992) it
is impossible to completely eliminate it. Thus, it is important
to better understand whether it has a strong impact on the
calculation of one’s switching rate. To tease apart the influence
of mixed in our findings, here we investigated whether the same
relations hold when mix is excluded frommean percept duration
and when mixed is included in mean percept duration.

METHODS

Participants
We recruited 160 University of Melbourne undergraduate
students, who participated in the research for course credit.
All participants had normal or corrected to normal vision. We
excluded 11 participants prior to analysis: 6 because they saw
either a sustained mixture of the two stimuli or one of the
stimuli dominated for more that 70% of the time; 5 because they
responded for less than 50% of the total duration of the trial.
There was therefore a final N of 149 participants (30%Male); age
(M = 19.49, SD= 2.92).

Personality Trait Measures
Big Five Personality Traits
The Big Five Aspect Scales (BFAS) DeYoung et al. (2007) is a 100-
itemmeasure of the Five FactorModel (McCrae andCosta, 1987).
Each of the trait domains is divided into two lower level aspects
(DeYoung et al., 2007). Respondents indicate the extent to which
they agree or disagree with each of the items on a 5-point rating
scale ranging from 1 (strongly disagree) through 3 (neutral) to 5
(strongly agree). Cronbach’s alpha for each trait domain and its
component was acceptable (Table 2).

Schizotypal Personality
The Oxford-Liverpool Inventory of feelings and Experiences
(O-LIFE) is a 104-item developed by Mason et al. (1995)

measuring 4 components of schizotypy: Unusual Experiences,
Cognitive Disorganization, Introvertive Anhedonia, and
Impulsive Nonconformity. Participants respond to each item
with a two-choice format (YES/NO). Cronbach’s alpha was
acceptable for each O-LIFE scales (Table 2).

Binocular Rivalry
Apparatus and Stimuli
The rival targets were stationary green and red gratings (each
grating subtend a visual angle of 2", with a spatial frequency of
4cpd) oriented±45" from vertical, with a circular frame. Stimuli
were generated in Matlab, using the Psychophysics Toolbox
extension (Brainard, 1997; Pelli, 1997) and displayed on an Apple
mac computer monitor (23-inch monitor, 60Hz frame rate, 1280
# 800 pixel resolution), stimuli were viewed through a mirror
stereoscope (viewing distance 33 cm).

Instructions
Participants were instructed to continuously report what they
were experiencing via key press: while perceiving the red or
green grating they had to press and hold down the “Left Arrow”
key or the “Right Arrow” key respectively. Participants were
instructed to report any instances of mixed percept (time where
the two stimuli appeared as a grid or patchwork combination
of the two percepts) by pressing the left and right arrow keys
simultaneously.

Response Recording
Data were recorded in a single 120 s trial with observer responses
(state of the keyboard) sampled every 220 ms. Prior to the
experimental task, participants underwent a 60 s training session
to ensure they understood the instructions. Mean percept
duration was calculated as the average duration of time (seconds)
that participants reported uninterrupted dominance of either
one of the rival targets. Mixed percept was recorded, but
removed from analysis of the mean percept duration. However,
to investigate the influence of mixed on mean duration, we
also calculated mean percept duration with mixed percept.
In this case, mean percept duration was calculated as the
average duration of time between the participant’s report of full
dominance of one grating and their next report of full dominance
of the alternative grating stimuli. To be considered as an instance
of mixed response “Left arrow” key and “Right arrow” key had
to be pressed simultaneously. To reduce the impact of minor
finger adjustments or sluggish transitions between the left and
right button press (resulting in a brief overlap of both buttons
being pressed) we only included mixed responses that spanned
more than 220ms (2 consecutive keyboard response samples) in
our mixed percept analysis.

RESULTS

Binocular Rivalry Rate and Personality
As the data for percept duration was significantly non-
normal (Shapiro-Wilk test p < 0.001) a Spearman’s rank-
order correlation was used to examine the association between
binocular rivalry mean percept duration (M = 2.13; SD = 0.72)
and personality trait measures. Because multiple comparisons
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were used to test the relationship between personality traits and
mean percept duration, it was necessary to control for type I
errors. We used the procedure introduced by Benjamini and
Hochberg (1995) that is similar to Bonferroni-type corrections,
but is more appropriate for data of this type as it also reduces
the possibility of type II errors by controlling for the false
discovery rate (Nakagawa, 2004). Only two-tailed tests were
used. With respect to Big Five personality traits, a signification
positive correlation was found between Industriousness and
percept duration rs(149) = 0.20, p = 0.01. With respect to
schizotypal traits a significant negative correlation was found
between Cognitive Disorganization and percept duration rs(149)
= !0.20, p = 0.01. Other traits of either the Big Five or
schizotypal did not correlate to percept duration (Table 1).
It is worth noting that these seemingly-small associations are
close to the average e!ect size within personality research for
variables that do not share method variance (i.e., r = 0.21;
Richard et al., 2003), which falls within the middle third of e!ect
sizes in the whole of psychology (Hemphill, 2003). Because a
conceptual similarity exists between cognitive disorganization
and industriousness—they are traits capturing opposite qualities
r(149) = !0.56, p < 0.001—we suspected that the relationships
found between percept duration and these traits were driven
by a similar underlying factor. Further analysis confirmed
this. When controlling for industriousness on the relationship
between cognitive disorganization and percept duration, the
partial correlation was not significant rs(149) = !0.07, p = 0.45.
Similarly when controlling for cognitive disorganization on the
relationship between industriousness and percept duration, the
partial correlation was not significant rs(149)= 0.09, p= 0.31.

Binocular Rivalry Rate and Mixed Percept
To investigate the impact of including or excluding mixed
percept a!ected mean percept duration in our analysis of
individual di!erences of mean percept duration we first
plotted mean durations from individual’s calculated with and
without mixed percept (Figure 1). To test whether there was
any significant e!ect of these di!erent analysis methods a
Spearman’s rank!order correlation was performed between
percept durations when time reporting mixed was excluded (M
= 2.13; SD = 0.72 as stated above), or included (M = 2.36, SD
= 0.77) with results showing rs(149) = 0.89, p < 0.001. This
indicates that overall in our subject group, individuals found to
have a relatively faster (or slower) switch rate ended up being
ranked in a similar order regardless of whethermixed percept was
included.

We did find a significant correlation between percept duration
(with mixed excluded form calculation) and total amount of
mixed percept reported rs(149) = !0.34, p < 0.001 (Figure 2).
That is, people reporting more mixed were characterized also
by shorter exclusive percept duration. However, in terms of
the main focus of this current study looking at personality
and mean percept duration it is important that the original
relationships were similarly seen between percept duration and
both industriousness rs(149) = 0.18, p = 0.03 and cognitive
disorganization rs(149)=!0.20, p= 0.02.

TABLE 1 | Spearman Correlation Coefficient of mean percept duration and

Personality Traits measured using the BFAS and O-LIFE scales.

Scales Mean percept duration

r p

BFAS Openness/intellect !0.08 0.34

Openness !12 0.14

Intellect !0.04 0.67

Conscientiousness 0.16 0.05

Orderliness 0.08 0.31

Industriousness 0.20* 0.01

Extraversion !0.05 0.57

Enthusiasm 0.03 0.67

Assertiveness !0.10 0.22

Agreeableness 0.06 0.49

Politeness 0.08 0.36

Compassion 0.02 0.77

Neuroticism !0.06 0.49

Withdrawal !0.12 0.15

Volatility 0.01 0.92

O-LIFE Unusual Experience !0.11 0.20

Cognitive Disorganization !0.20* 0.01

Introvertive Anhedonia !0.02 0.81

Impulsive Non Conformity !0.15 0.08

*Indicate correlations remaining significant after Benjamini & Hochberg’s procedure; false

discovery rate [FDR] = 0.2; p < 0.05 (Two-tailed).

FIGURE 1 | Scatter plot showing the relationship between Mean

Percept Duration when Mixed is included and Mean Percept when

Mixed is excluded. Each point corresponds to a different participant (N =

149).

DISCUSSION

Using the Big Five model and schizotypy measures our findings
indicate that slower rivalry switch rates are positively correlated
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FIGURE 2 | Scatter plot showing the relationship between Mean

Percept Duration and Mixed. Each point corresponds to a different

participant (N = 149).

with industriousness and negatively correlated with cognitive
disorganization. The finding that rivalry rate was slower in
individuals scoring high in conscientiousness was unexpected.
Conscientiousness is one of the broad domains of the Big
Five and is divided into two aspects: industriousness and
orderliness, with the latter aspect driving the correlation with
slower alternations. Examples of industriousness items are “I get
things done quickly,” and items with reversed score, such as “ I
am easily distracted.” The conscientiousness trait aims to capture
aspects related to one’s determination and ability to control
immediate impulses to achieve long-term rewards (DeYoung
et al., 2007). Because many of the clinical populations previously
found to have slow rivalry alternations are often considered to
have di"culty maintaining task focus, it was surprising that
slower rivalry rates were associated with greater industriousness
in our healthy population. One important implication of this
result, therefore, is that it argues against the concern that the
slower rates of rivalry in these clinical populations is a spurious
finding resulting from missed reports of perceptual transitions
due to a lack of task compliance or sustain attention (i.e.,
lower industriousness) in these populations. Our results suggest
that the opposite relationship exists, with individuals with the
lowest scores on industriousness showing the fastest rates of
rivalry.

Faster alternations in this study were also associated with
higher scores in cognitive disorganization. This represents
one of the main dimensions of schizotypy, characterized
by schizophrenia-like symptoms of disorganization such as
loose conceptual boundaries (Mason et al., 1995). Upon
examining the associations among mean percept, cognitive
disorganization and industriousness, it was clear that those
associations really reflected a single e!ect. This is important
as it means we have e!ectively replicated our main findings
using two di!erent measurement tools. Across inversely related

traits faster switching was associated with increased cognitive
disorganization and decreased industriousness. The link between
cognitive disorganization and conscientiousness has been
previously found in research investigating the relationship of
schizotypy traits with broader trait dimensions. Indeed this
is in line with the fully dimensional approach advocating
schizotypy as a personality trait observable in a non-clinical
population (Asai et al., 2011). In our data industriousness
(a lower-level trait of conscientiousness) was significantly
correlated with cognitive disorganization andwhenwe controlled
for either traits, the relation with mean percept no longer
existed.

With respect to schizotypy our data provides the first evidence
that a relationship exists between schizotypal traits and rivalry
alternations within a normal population. This is in contrast
to research exploring an association between schizophrenia
(as opposed to schizotypy) and rivalry alternations, which has
previously been reported as either showing slower (Wright
et al., 2002; Frecska et al., 2003) or no change in rivalry
rate (Miller et al., 2003) compared to healthy controls. Our
findings add another level of complexity to this issue and suggest
that in a non-clinical population, rivalry alternations may be
influenced by di!erent factors. In those studies investigating
schizophrenia and rivalry alternations, however, the authors
compare people with schizophrenia and control (non-clinical
population). Because the cognitive disorganization scale was the
only schizotypy trait correlating with rivalry temporal dynamics,
future studies investigating rivalry in people with schizophrenia
should investigate whether a similar trend (reduction of
mean percept duration) is observable with an increase in
people with schizophrenia of equivalent symptomatology. Our
findings, however, should be viewed only as a first step
toward controlling other variables, for example compliance,
that may hinder the success of using rivalry rate as a reliable
endophenotype for specific clinical populations. To have a
practical impact our findings need to be replicated in clinical
populations.

Overall, our data extended previous research showing
that perceptual alternations relate to personality (Nagamine
et al., 2007). The authors of that research, however, only
focused on trait anxiety. Here, we used a broader approach,
employing two personality taxonomies to demonstrate additional
correlations between perceptual alternations and personality.
Further research is required to determine the biological basis
of the relationship found between personality and binocular
rivalry.

A number of clinical studies have reported that a variety
of psychiatric or neurological conditions (i.e., bipolar,
schizophrenia, ADHD, autism, migraine) are associated
with slower perceptual alternations. However, before now, it
was unknown whether perceptual alternation rate correlates
with other personality traits across individuals, in the general
population.

Taking advantage of the individual di!erences approach
utilized in this study, we were also able to determine that the
proportion of mixed percept reported in the general population
does not influence the relations found with personality. This
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finding is important because there are a lot of methodological
di!erences in how di!erent researchers treat (or entirely ignore)
the mixed percept when they calculate rate.

In conclusion, we have shown that di!erences in rivalry
dynamics correlate with other stable individual di!erences in
personality. This result is important because it unveils new
associated factors related to the striking degree of individual
di!erences in rivalry alternation rate. Based on current models
of binocular rivalry it is unclear what factors may underlie
these links between individual di!erences in switch rate and
personality traits. It will be interesting for future research to
explore this further. From a practical point of view, if this
data is replicated in a clinical population it would provide
encouraging evidence that slower rivalry rates often seen
in those groups are not a simple consequence of reduced
conscientiousness/compliance and can be reliably used as a
diagnostics tool.
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Chapter	8: 	Study	4	Mixed	Percept	and	Schizotypy		

	

	 Study	4	was	published	in	the	paper	“Altered	short-term	neural	plasticity	

related	to	schizotypal	traits:	Evidence	from	visual	adaptation”	in	collaboration	

with	Katherine	Thakkar,	Olivia	Carter	and	Jan	Brascamp	(the	paper	is	provided	

below).	The	aforementioned	paper	is	divided	into	two	experiments.	Experiment	

1	was	conducted	by	Thakkar	and	Brascamp,	while	Experiment	2	describes	the	

data	collection,	analysis	and	writing	for	which	I	was	fully	responsible.	This	

analysis	represents	a	new	analysis	of	the	same	data	reported	above	in	Chapter	7	

(Study	3).	Here	the	data	was	re-analysed	to	look	at	the	mixed	percept	in	relation	

to	schizotypy	traits.	As	highlighted	in	Study	3,	clinical	literature	has	typically	

been	interested	in	deviance	in	rivalry	temporal	dynamics	in	relation	to	specific	

clinical	populations.	However,	a	number	of	studies	have	suggested	that	

properties	of	the	mixed	percept	might	be	equally	informative	and	potentially	

useful	in	the	future	as	a	diagnostic	tool.	In	line	with	Study	3	showing	that	

changes	in	temporal	rivalry	dynamics	were	associated	to	specific	schizotypal	

traits,	we	hypothesised	that	a	similar	phenomenon	could	also	be	observed	for	

the	mixed	percept.	As	our	data	was	combined	with	the	data	of	Thakkar	and	

Brascamp,	we	were	able	to	compare	changes	in	the	mixed	percept	with	other	

more	conventional	measures	of	perceptual	adaptations	(i.e.,	adaptation	to	

luminance	and	adaptation	to	orientation).	Another	important	point	is	that	

schizotypy	traits	in	the	paper	were	assessed	through	two	different	personality	

measures	(O-LIFE	and	SPQ)	in	two	different	samples.	Because	different	

personality	measures	of	schizotypy	tap	into	slightly	different	aspects	of	

schizotypy	(for	a	description	of	this	issue	see	Section	2.13;	for	a	detailed	
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description	of	the	O-LIFE	scale	see	Section	2.14)	this	might	yield	to	different	

pattern	of	results	when	different	scales	are	used	(as	explained	in	the	discussion	

section	of	Thakkar,	Antinori,	Carter,	&	Brascamp,	2018).	
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Abnormalities in synaptic plasticity are argued to underlie the neural dysconnectivity observed in schizo-
phrenia. One way to measure synaptic plasticity is through sensory adaptation, whereby sensory neurons
exhibit reduced sensitivity after sustained stimulus exposure. Evidence for decreased adaptation in individ-
uals with schizophrenia is currently inconclusive, possibly due to heterogeneity in clinical and medication
status across samples. Here we circumvent these confounds by examining whether altered adaptation is
represented sub-clinically in the general population. To test this we used three paradigms from visual per-
ception research that provide a precise and non-invasive index of adaptation in the visual system. Two par-
adigms involve a class of illusory percepts termed visual aftereffects. The third relies on a visual
phenomenon termed binocular rivalry, where incompatible stimuli are presented to the two eyes and ob-
servers alternate between perceiving exclusively one stimulus or a combination of the two (i.e. mixed per-
ception). We analyzed the strength and dynamics of visual adaptation in these paradigms, in relation to
schizotypy. Our results showed that increased schizotypal traits were related to reduced orientation, but
not luminance, aftereffect strength (Exp. 1). Further, increased schizotypy was related to a greater propor-
tion of mixed perception during binocular rivalry (Exp. 1 and 2). Given that visual adaption is well under-
stood at cellular and computational levels, our data suggest that short-term plasticity in the visual system
can provide important information about the disease mechanisms of schizophrenia.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Schizophrenia has long been conceptualized as a disorder of brain
connectivity (Wernicke, 1906; Bleuler, 1911). Early theories have re-
ceived empirical support in more recent years from a wealth of func-
tional neuroimaging and electrophysiology data (Narr and Leaver,
2015; Uhlhaas, 2013), which indicate dysfunctional communication
across brain regions in individuals with schizophrenia. Direct and
indirect evidence from genetics, cellular microstructure, pharmacology,
and electrophysiology suggest that one cause of this functional
dysconnectivity in schizophrenia is an impairment in synaptic
plasticity, i.e. in experience-dependent changes in synaptic strength
(reviewed in Stephan et al., 2006). More speci!cally, given the impor-
tant role of NMDA receptors for plasticity at glutamatergic receptors
and robust evidence for NMDA receptor dysfunction in schizophrenia,

a particular role of neuromodulatory effects on NMDA-dependent
synaptic plasticity has been posited (reviewed in Stephan et al., 2006;
Stephan et al., 2009).

Synaptic plasticity can occur on multiple timescales, with synaptic
strength changing at a rate ranging from tens of milliseconds to several
minutes (short-term synaptic plasticity; Zucker and Regehr, 2002)
or on the order of hours, days, or years (long-term plasticity;
Malenka and Nicoll, 1999). While long-term plasticity involves
structural and enduring synaptic changes (reviewed in Feldman,
2009), short-term plasticity involves rapid changes in post-
synaptic responses without requiring any structural synaptic
changes (reviewed in Zucker and Regehr, 2002). In support of the
notion that synaptic plasticity is affected in schizophrenia, functions
that rely on both long-term and short-term synaptic plasticity are
impaired in the disease (reviewed in Goto et al., 2010; Stephan
et al., 2006). In particular, abnormalities in perceptual learning,
subserved by short-term plasticity, have been linked to hallucina-
tions in schizophrenia, such that an abnormality in integrating sen-
sory information with prior expectations gives rise to these illusory
sensory experiences (Powers et al., 2017).
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One functional manifestation of short-term neural plasticity is sen-
sory adaptation, which refers to the transient reduction in sensitivity
of neurons tuned to particular qualities of a stimulus for which an ob-
server is exposed for a sustained period (Wark et al., 2007). Naturally,
sensory adaptation at theneuronal levelmanifests in changes in percep-
tion, which is thus sculpted by a combination of current input and prior
exposure. Although sensory adaptation is ubiquitous across modalities,
the most rigorous investigation of sensory adaptation has come from
the visual domain (reviewed in Clifford et al., 2007; Kohn, 2007).
There are well- established methods of quantifying the magnitude of
sensory adaptation at the perceptual level (Hiris and Blake, 1992;
Kelly and Martinez-Uriegas, 1993) and clear indications as to how
these perceptual phenomena may map onto neural sensitivity changes
(Anstis et al., 1998; Blakemore and Campbell, 1969). In sum, perceptual
manifestations of visual adaptation, which can be measured easily and
non-invasively, provide a uniquely precise window into the dynamics
of short-term neuronal plasticity. In addition, !rst-person accounts
from individuals on the schizophrenia spectrum have revealed subjec-
tive alterations in visual perception (e.g. Freedman and Chapman,
1973). Thus, altered visual adaptation, along with providing insights
into disease mechanisms, may also shed light on clinical
phenomenology.

Visual adaption is typically measured non-invasively using what are
known as visual aftereffects. These are illusory perceptions that follow a
constant visual stimulus. For example, in the motion aftereffect, after
!xating a moving adapter stimulus for a period of time, a stationary
stimulus will appear to move in the direction opposite to that of the
adapter (Anstis et al., 1998). Analogous aftereffects are found for lumi-
nance, orientation, and color, among other features (reviewed in
Thompson and Burr, 2009; see Fig. 1A and B for a schematic of the per-
ceptual phenomena). Importantly, primate neurophysiology work has
provided insights into where neurons are adapting for various types of
aftereffect to occur. For example, neurons that adapt to luminance are
primarily in the retina and subcortical regions, such as the lateral genic-
ulate nucleus of the thalamus (Craik, 1940; Li et al., 2017; Zaidi, 2012).
On the other hand, orientation andmotion adaptation are driven by ad-
aptation of neurons in cortical regions of the visual processing hierarchy
(Clifford et al., 2000; Wenderoth and Johnstone, 1987)—primary visual
cortex and areaMT, respectively. See Fig. 1C for a schematic of visual ad-
aptation (orientation adaptation, in this example) at the level of a single
neuron. A handful of early studiesmeasuring the duration or strength of
these aftereffects in patients with schizophrenia (reviewed in Harris,
1994), have yielded con"icting !ndings. These include slower afteref-
fect build-up (Abraham and McCallum, 1973; Claridge, 1960;
Herrington and Claridge, 1965), no difference in aftereffect duration
(Tress and Kugler, 1979), and reduced aftereffect strength (Kelm,
1962, 1968; Wertheimer, 1954; Wertheimer and Jackson, 1957). Dis-
crepant !ndings across studies have been attributed to a combination
of medication use, as antipsychotics reduce visual aftereffect duration
in healthy individuals (Harris et al., 1986; Harris et al., 1983), clinical
status, andmodeofmeasuring aftereffects (Harris, 1994). Amore recent
study con!rmed slower aftereffect onset in patients with schizophrenia
and healthy !rst-degree relatives, an effect that scaled with positive
symptoms in the patient group and the positive dimension of a scale
of schizophrenia-like personality traits in the healthy relatives
(Surguladze et al., 2012).

Another perceptual phenomenon thought to rely on sensory adapta-
tion is binocular rivalry. During binocular rivalry, different visual stimuli
are presented simultaneously to each eye, and subjective perception al-
ternates between what is presented to the left eye and right eye and,
less commonly, a mix of these two stimuli (see Fig. 1D for a schematic
of the perceptual phenomenon). According to a prominent theory of
the mechanisms behind this perceptual cycle, two groups of neurons,
each encoding the stimulus properties from one eye, engage in a mutu-
ally inhibitory relationship (Alais et al., 2010; Brascamp et al., 2017;
Wilson, 2007). More importantly in the present context, the theory

holds that neurons encoding the currently perceived stimulus, or dom-
inant stimulus, adapt. Adaptation thus renders those neuronsmore sus-
ceptible to inhibition by the currently suppressed stimulus and causes a
switch in perception and a continuation of the cycle. Individual differ-
ences in the dynamics of these perceptual alternations should thus
speak meaningfully to individual differences in sensory adaptation. Al-
though the one published study on binocular rivalry in individuals
with schizophrenia reports no difference in these dynamics (Miller
et al., 2003), the relatively small sample size should be taken into
consideration.

In the current study, we related the strength and dynamics of visual
adaptation to the degree of schizotypy in a non-clinical sample.
Schizotypy refers to those traits that are related to the spectrum of
schizophrenia-like personality traits and may re"ect latent illness vul-
nerability (Lenzenweger, 2006).While there is debate about the precise
relationship between schizotypy and clinical syndromes (Claridge and
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Fig. 1. Schematic depictions of negative afterimages (A) and the tilt aftereffect (B),
perceptual manifestations of luminance adaptation and orientation adaptation,
respectively, how single neurons implement these perceptual phenomena (C), and
binocular rivalry (D). A. If an observer views a blank screen following prolonged viewing
of a static pattern (top row), the observer may perceive a ‘photo negative’ of the static
pattern in place of the blank screen (bottom row). This illusory percept is called a
negative afterimage. B. If an observer views pattern of perfectly vertical gratings
following prolonged viewing of a tilted pattern (top row), the observer may perceive
the vertical pattern as tilted in the direction opposite to the initial pattern (bottom row).
This perception of illusory tilt is called a tilt aftereffect. C. The response of a neuron that
responds preferentially to leftward orientations is depicted in red, and the response to a
neuron that responds preferentially to rightward orientations is depicted in blue.
Stimulus presentation is depicted on the x-axis. Upon presentation of a leftward
orientation grating, the neuron with a preferred leftward direction begins to respond
vigorously, but soon begins to adapt with repeated presentation of this stimulus (i.e.
neural !ring is attenuated). Upon the offset of this leftward grating and onset of a blank
screen, the neuron returns to a below-baseline level of !ring. The neuron with a
rightward orientation preference remains at baseline, thus resulting in an increase in
!ring rate of the neuron with a rightward orientation preference relative to the neuron
with a leftward orientation preference and giving rise to the perceptual phenomenon of
a rightward bias in the perception of stimulus orientation (i.e. aftereffect). Adaptation is
illustrated using orientation as an example here, but it transpires in an analogous
fashion with other stimulus properties. D. If two incompatible images are shown at the
same location of visual space, but each to a different eye, in this case using a
con!guration of mirrors, observers alternately perceive either of the two images and
occasionally also a mixture of the two. The observer's perception in this schematic is
illustrated in the thought bubble. Perceptual switches between the two views are often
theorized to come about, at least in part, as a result of adaptation of neurons that
represent the currently perceived image. (For interpretation of the references to color in
this !gure legend, the reader is referred to the web version of this article.)
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Beech, 1995), there is considerable support for the notion that investi-
gating how the integrity of cognitive and perceptual processes scales
with the extent of schizotypal traits provides a complementary ap-
proach to studying the illness directly. This approach allows for the
study of fundamental features of illness liability that is free of confounds
related to studying individuals diagnosed with schizophrenia spectrum
disorders, which include general cognitive deterioration that may pre-
clude an understanding of task demands,medication, and the psychoso-
cial effects of having a severe mental illness.

To investigate visual adaptation, we measured the strength of visual
aftereffects and the dynamics of binocular rivalry. We included mea-
sures of visual aftereffects as these are arguably the clearest demonstra-
tion of sensory adaptation in the visual system. More speci!cally, we
measured both adaptation to luminance and adaptation to orientation,
as neural adaptation giving rise to these two phenomena is occurring
at two different levels of the visual processing stream. Luminance adap-
tation is caused by neural adaptation at the level of the retina and sub-
cortical regions, whereas orientation adaptation is primarily a cortical
phenomenon. Thus, different relationships between schizotypal traits
and the strength of these two types of aftereffects may provide insight
into where putatively disturbed neural adaptation is occurring in the
brain as it relates to psychopathology. Although it is less clear at what
level of the visual processing hierarchy neurons are adapting to give
rise to perceptual alterations during binocular rivalry than it is for visual
aftereffects, there is an advantage in includingmeasures of binocular ri-
valry from a psychometric perspective. Namely, there is fairly extensive
research on individual differences in binocular rivalry dynamics (e.g.
Antinori et al., 2016; Bosten et al., 2015; Miller et al., 2010), providing
precedence for adopting such an approach in the current study. It was
not clear at the outset of the study that the variability in aftereffect
strength would also be amenable to an individual differences approach.

We hypothesized that schizotypal traits would be related to reduced
adaptation as indexed by reduced strength of visual aftereffects and al-
terations in the dynamics of binocular rivalry, which were measured in
Experiment 1. Indeed, a previous study revealed a relationship between
the cognitive disorganization scale of a schizotypymeasure and reduced
frequency of perceptual switches during binocular rivalry (Antinori
et al., 2016). We additionally present data partially replicating the !nd-
ings from the !rst experiment in Experiment 2, in a new analysis of pre-
viously published data (Antinori et al., 2016). Together the !ndings
reported here have the potential to shed light on how putative short-
term plasticity impairments in the visual system scale with the extent
of schizophrenia-like traits.

2. Experiment 1

2.1. Methods

2.1.1. Participants
131 participants (100 females) were recruited from the Psychology

Subject Pool at Michigan State University. Age was measured categori-
cally. 103 individuals were between 18 and 20 years old, 22 individuals
were 21–25, 3 individuals were 26–30, 2 individuals were 31–35, and 1
individual was older than 35. The study protocol was approved by the
Michigan State University Institutional Review Board, and written in-
formed consent was obtained from all subjects prior to testing. Subjects
ful!lled course requirements through their participation.

2.1.2. Schizotypal personality questionnaire
The Schizotypal Personality Questionnaire (SPQ; Raine, 1991) is a

74-item dichotomous response (yes/no) self-report measure with
nine subscales that re"ect the nine syndromes of schizotypal personal-
ity disorder listed in DSM-III-R (Williams and American Psychiatric
Association, 1987). The SPQ can be sub-divided into three syndromes
or factors: Cognitive-Perceptual (consisting of ideas of reference, magical
thinking, unusual perceptual experiences, and paranoid ideation items),

Interpersonal (consisting of social anxiety, no close friends, blunted af-
fect, and paranoid ideation items), and Disorganization (consisting of
odd behavior and odd speech items). Positive symptoms of schizophre-
nia map onto the Cognitive-Perceptual factor, negative symptoms map
onto the Interpersonal factor, and disorganized symptoms map onto
the Disorganization factor.

2.1.3. Experimental paradigms
Participants completed four behavioral tasks to obtain indices of

plasticity in the visual system. We had three tests of visual adaptation:
luminance adaptation, tilt adaptation, and motion adaptation. Because
the motion adaptation paradigm yielded data with low reliability, pre-
cluding anymeaningful interpretation of a relationship between perfor-
mance and personality measures, this paradigm is described in
Supplemental methods only. As a further measure of visual plasticity,
we used binocular rivalry.

2.1.3.1. Luminance adaptation.After viewing a stationary pattern for some
time, replacing that pattern with a blank !eld can result in the illusory
perception of the pattern's ‘photo negative’ in the retinal location previ-
ously exposed to the pattern. Such illusory percepts—referred to as nega-
tive afterimages (Fig. 1A)—result from adaptation of retinal receptors as
well as neurons further along the visual processing hierarchy during ex-
posure to the initial pattern (Anstis et al., 1978; Brindley, 1962; Craik,
1940; Sakitt, 1976; Shimojo et al., 2001; Virsu and Laurinen, 1977).

The luminance adaptation task is presented in Fig. 2A, and full para-
digm details regarding the are presented in the Supplemental methods.
Brie"y, on each trial the subject was presented with a blurry disk
consisting of bright half and a dark half for 1.5 s—the adapter stimulus.
Were this adapter stimulus followed by a blank screen, the subject
would perceive a similarly blurry patch that appears bright where the
adapter was dark and vice versa. To measure the strength of this nega-
tive afterimage, we used a so-called nulling method. Here a “nuller”
stimulus pattern that is a ‘photo negative’ of the afterimage (or, in
other words, a low-contrast version of the original adapting pattern it-
self) is presented for 0.5 s immediately following the adapter stimulus.
The idea is to vary the strength (luminance contrast) of this nuller
across repetitions, while asking the participant what they perceive, to
!nd that strength at which the afterimage is perfectly canceled out by
the nuller. In our case, subjects were asked to indicate which side of
the second (i.e. nuller) stimulus appeared brighter. The interpretation
of their response is as follows. If the nuller is so strong that it over-
powers the afterimage, then the observer typically responds seeing a
pattern of light and dark that matches the nuller image itself. Alterna-
tively, if the nuller is too weak to counteract the afterimage then the ob-
server will see a pattern of opposite contrast polarity, matching the
afterimage. The goal of the nulling procedure is to vary nuller strength
across repetitions, to !nd the strength at which the subject provides ei-
ther response equally often (because there is a close balance between
nuller and afterimage). This nuller strength would then be taken as an
index of the strength of the afterimage (Brascamp et al., 2010;
Georgeson and Turner, 1985; Kelly and Martinez-Uriegas, 1993;
Leguire and Blake, 1982). In practice, this is achieved by !nding the
50% point on the psychometric curve !t to response data plotted against
nuller strength. A third image, a checker patternmeant tomask any lin-
gering afterimage, followed the nuller image in our paradigm and
remained on screen until response. The next adapter stimulus then ap-
peared following a 3-second inter-trial interval. Participants were
instructed to !xate their gaze at the center of the display throughout
each trial.

In our pilot testing, we found that some subjects were erroneously
reporting on the adapter stimulus (which is easier to distinguish),
rather than the nuller stimulus. In order to circumvent the possibility
for such an error, we slightly modi!ed the conventional nullingmethod
described above. This modi!ed method remains identical in rationale
and interpretation, and the Supplemental methods provides its details.
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There were 6 possible nuller strengths, each of whichwas presented
12 times, resulting in 72 total trials that were equally distributed across
3 sessions. After each sequence of 20 such trials observers were allowed
a self-timed break.

2.1.3.2. Orientation adaptation. After viewing a slightly tilted grating pat-
tern for some time, a second grating patternwith a perfectly vertical ori-
entation typically appears to be tilted in the direction away from that of
the !rst pattern (Fig. 1B). This so-called tilt aftereffect (Clifford et al.,
2000; Gibson and Radner, 1937; Schwartz et al., 2007; Wenderoth and
Johnstone, 1987) is thought to arise from adaptation of orientation-
selective processes within early visual cortex.

The tilt adaptation task is presented in Fig. 2B, and full paradigm de-
tails are presented in Supplemental methods. Brie"y, on each trial the
subject was presented with a "ashing grating tilted at 20° from vertical,
presented for 4 s—the adapter stimulus. Analogous to the method de-
scribed above, the strength of a participant's tilt aftereffect was quanti-
!ed using a nulling procedure. In this case, the nuller was a second
grating tilted to differing degrees from trial to trial. Participants were
asked to indicate whether this second (i.e. nuller) grating appeared
tilted leftward or rightward. The strength of the aftereffect was then
quanti!ed as the amount of physical tilt away from vertical that is re-
quired to reach a subjective sense of vertical, again corresponding to
the 50% point of the psychometric curve of response data against nuller
strength (tilt, in this case). Our nuller stimulus lasted 0.2 s andwas sep-
arated from the adapter stimulus by a 0.3 s blank After the participant
responded, the next adapter stimulus appeared 4 s later, thus allowing
some time for previously accumulated adaptation to decay.

In an attempt to distinguish perceptual aftereffects from potential
cognitive response biases associated with having seen a tilted adapting
stimulus, the trials described above were interleaved with trials we
refer to as baseline trials. These trials were essentially the same as nor-
mal trials, but the adapter stimulus was tilted at a much steeper angle
(65° from vertical). Adaptation at such a steep angle typically has little
in"uence on the perception of near-vertical orientations (Clifford,
2002; Schwartz et al., 2007) so any systematic tendency to report verti-
cal nuller stimuli as tilted during these baseline trials could suggest a
cognitive response bias. Accordingly, one of our dependent variables is
the difference in aftereffect between the normal trials and the baseline
trials; a measure we term relative adaptation strength.

There were 6 possible nuller orientations for both normal trials and
baseline trials, each of which was presented 9 times, resulting in 108
total trials that were distributed across 3 separate sessions, and with a
self-paced break every 9 trials.

2.1.3.3. Binocular rivalry. Binocular rivalry occurs when two incompati-
ble images are shown at the same location of visual space, but each to
a different eye (Blake and Logothetis, 2002). The interocular con"ict en-
gendered by this con!guration results in an unstable perceptual experi-
ence, where the participant alternately perceives either of the two
images, and occasionally also a mixture of the two, even though both
are continuously present. Perceptual switches between the two views
are often theorized to come about, at least in part, as a result of adapta-
tion of neurons that represent the currently perceived image (Alais
et al., 2010; Wilson, 2007).

Full details regarding the binocular rivalry paradigm are presented
in Supplemental methods. Participants were seated in front of a mirror
setup (Brascamp and Naber, 2017) that allowed each eye to view a sep-
arate computer monitor. A tilted grating was shown on each of these
monitors. Grating orientation (!45°. or 45°. from vertical) and color
(red or green) differed between eyes, thus resulting in interocular con-
"ict. Participantswere instructed to!xate their gaze at a central location
and to indicate with a different key press the onset of each red percept,
green percept, ormixed percept inwhich both colors were seen. Stimuli
were presented for a total of 12 trials of 45 s each, divided into two
sessions.

2.1.4. Testing procedure
For the experimental tasks, a chinrest was used to stabilize head po-

sition. Task order was counterbalanced across subjects. The visual plas-
ticity paradigms described above were couched in a larger battery of
cognitive and perceptual tasks. Testing took place over the course of 3
one-hour sessions. Each of the three adaptation paradigms was com-
pleted on a different day. Participants were instructed to !xate their
gaze at the center of the display throughout each trial of each
experiment.

2.1.5. Data analysis

2.1.5.1. Experimental tasks. For both luminance adaptation and tilt adap-
tation, we calculated for each participant and for each nuller strength
the proportion of trials on which the observer reported perception
that was consistent with the nuller (i.e. the proportion of trials where
the nuller outweighed the aftereffect). For each participant the relation
between this proportion and nuller strength was !tted with a cumula-
tiveGaussian functionwith three free parameters:mean, standard devi-
ation and ‘lapse rate’. This latter parameter indicates the proportion of
trials where the observer makes a response error regardless of the clar-
ity of their perception, so only if this lapse rate is 0 does the function
cover the full range between proportions of 0 and 1; otherwise its
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Fig. 2. Task !gures of the luminance (A) and orientation (B) adaptation paradigms. A. Following a 3000 ms inter-trial interval, subjects were presented with the adapter stimulus for
1500 ms, followed immediately by a 500 ms presentation of the nuller stimulus. A third image, a checker pattern meant to mask any lingering afterimage, followed the nuller image
and remained on screen until the subject responded with which area of the screen the light part of the nuller stimulus was located using a keypress. Note that this depiction of the
nuller is a simpli!ed but conceptually identical version of the current paradigm, which is described in detail in the Supplemental methods. Participants were instructed to !xate their
gaze at the center of the display throughout the experiment. B. Following a 4000 ms inter-trial interval, subjects were presented with the adapter stimulus for 4000 ms. After a 300 ms
break, the nuller stimulus was presented for 200 ms. The nuller stimulus was additionally distinguished from the adapter stimulus by a change in color of the stimulus outline (white
to green). This stimulus outline remained on the screen until subjects responded on the orientation of the nuller stimulus (leftward or rightward) using a keypress. (For interpretation
of the references to color in this !gure legend, the reader is referred to the web version of this article.)
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vertical range is scaled down. The !tted mean parameter served as our
estimate of aftereffect strength, as it corresponds to the nuller strength
that yields a 50/50 balance between both response options. For tilt ad-
aptation, we subtracted these mean values between the normal trials
and the baseline trials (see Experimental paradigms) to obtain themea-
sure we term relative adaptation strength.

To ensure data quality across this population of untrained observers,
we applied several data exclusion criteria. In particular, data were
discarded if a !tted curve's standard deviation was very large (above
0.35 for afterimages; above 3.5° for tilt aftereffects), indicating a weak
response to the independent variable; if !t quality was poor (a sum of
squared errors above 0.2), indicating a large degree of randomness in
the data; and if the !tted 50/50 point fell far outside of the range of
nuller strengths we applied, precluding an accurate estimate. The total
number of participant data sets discarded for these reasonswas 5 for lu-
minance adaptation and 15 for orientation adaptation. In addition, sev-
eral participants in our battery did not provide a complete data set for
either luminance adaptation (13) or orientation adaptation (13). This
could be because they could not perform the task or because they did
not show up for the corresponding session.

Our dependent variables for binocular rivalry were the average du-
ration of an exclusive percept (corresponding to either eye's image
rather than a mixture of both), which is an index of perceptual switch
frequency, as well as the proportion of the time during which amixture
of the two imageswas perceived.We analyzed all key presses indicating
the start of an exclusive percept and those indicating the start of amixed
percept, but removed all repeated presses of the same key, using only
the !rst key press in such a sequence. We computed average percept
duration as the average time interval between a key press indicating
an exclusive percept and a key press indicating the start of the next per-
cept (including mixed percepts). Because the across-observer distribu-
tion of resulting average durations was right-skewed, we took the
natural logarithm before performing further analyses. We computed
the proportionmixed perception by adding up all the intervals between
the start and end of a mixed percept and dividing by the total time dur-
ing which any percept was reported.

There were again several data exclusion criteria. Data from 4 partic-
ipants were excluded because of a strong bias for one eye or one color
(perceiving one of the percepts N3 times as long, across the total exper-
iment, as the alternative percept). For thepercept durationmeasure, but
not the mixed perception measure, data from another 3 participants
were excluded due to a strong tendency to see mixtures (N40% of the
viewing time). A further 2 participants were excluded because they
pressed no keys, or only incidentally pressed a key, indicating either
non-compliance or no perception of the cycle that normally character-
izes binocular rivalry. A !nal 14 participants did not provide a complete
data set for binocular rivalry, typically because they could not perform
the task or because they did not show up for the corresponding session.

2.1.5.2. Statistical analyses. As many of our variables were non-
normally distributed (Shapiro-Wilk tests p b 0.05), Spearman's
rank-order correlation coef!cients were used to examine the associ-
ation between schizotypy scores andmeasures of visual plasticity. To
compare correlations between schizotypy scores and measures of vi-
sual plasticity, correlation coef!cients were converted to z-scores
using Fisher's r-to-z transformation, and the asymptotic covariance
of the estimates were used in an asymptotic z-tests (Steiger, 1980).
Since all correlations were planned, we report uncorrected p-
values as well as p-values that are corrected for multiple compari-
sons using the procedure outlined in Benjamini and Hochberg
(Benjamini and Hochberg, 1995). Finally, despite non-parametric
correlation coef!cients being fairly robust to the effect of outliers,
we also calculated Spearman's rank-order correlation coef!cients
between schizotypy scores and visual plasticity measures after ex-
cluding values outside of a 99% density ellipse.

2.2. Results

Descriptive statistics for the SPQ are presented in Table 1, and distri-
butions of SPQ scores are presented in Supplemental Fig. 2. Visual plas-
ticity taskmeasures are presented in Table 2. Correlation coef!cients for
the relationships between schizotypy and visual plasticity measures
and their associated signi!cance values are presented in Table 3. Corre-
lations marked with an asterisk were signi!cant at the p b 0.05 level
after correcting for multiple comparisons. Correlation coef!cients and
their associated signi!cance values after excluding outliers are pre-
sented in Supplemental Table 1.

2.2.1. Visual adaptation

2.2.1.1. Luminance adaptation. After data cleaning, 113 subjects were in-
cluded in the analysis. Adaptation strength was greater than zero in all
subjects. The strength of the negative afterimage was not signi!cantly
correlated with the total SPQ score (Fig. 3A) or any of the three factor
scores. Excluding bivariate outliers did not change these results.

2.2.1.2. Orientation adaptation. After data cleaning, 103 subjects were in-
cluded in the analysis. Relative adaptation strength was signi!cantly
greater than zero in all subjects and was signi!cantly negatively corre-
lated with the total SPQ score (Fig. 3B), as well as the Cognitive-
Perceptual and Disorganized factor scores. Higher schizotypal traits
were associated with reduced relative adaptation strength. Since these
correlations with the relative adaptation strength could be related to
the strength of adaptation in the baseline condition, normal condition,
or a combination thereof, we additionally calculated the correlation be-
tween SPQ scores and adaptation strength in each of the two conditions
separately. Adaptation strength in the normal condition was correlated
negatively with total SPQ score and score on the Disorganized factor.
Adaptation strength in the baseline condition was associated positively
with the Cognitive-Perceptual factor. That is, the correlation between
positive schizotypy and relative adaptation strength is due largely to
an association with stronger adaptation in the baseline condition, but
also weaker, albeit non-signi!cantly so, adaptation in the normal condi-
tion. Excluding bivariate outliers did not change these results.

Table 1
Means and standard deviations (S.D.) for SPQ and OLIFE subscale and total scores.

Mean S.D.

Experiment 1
SPQ cognitive-perceptual 8.82 5.84
SPQ interpersonal 9.71 6.73
SPQ disorganized 4.50 3.62
SPQ total 20.79 12.02

Experiment 2
OLIFE unusual experiences 10.66 5.73
OLIFE introvertive anhedonia 5.80 4.12
OLIFE cognitive disorganization 12.58 6.99
OLIFE impulsive nonconformity 10.01 4.05

Table 2
Means and standard deviations (S.D.) for performance measures on the visual aftereffect
and binocular rivalry tasks in Experiment 1.

Mean S.D.

Orientation adaptation strength
Absolute (deg) 1.97 0.81
Baseline (deg) !0.24 0.54
Relative 2.21 0.96

Luminance adaptation strength (Michelson contrast) 0.33 0.09
Binocular rivalry

Mean percept duration (sec) 3.60 1.02
Mixture proportion 0.16 0.10
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2.2.1.3. Orientation versus luminance adaptation. After data cleaning, 88
subjects had usable data for both visual adaptation paradigms. The cor-
relation between the SPQ total score and the strength of orientation ad-
aptation was signi!cantly greater than the correlation with luminance
adaptation (z = 1.98, p = 0.048), which, in turn, did not differ from
zero.

2.2.2. Binocular rivalry
After data cleaning, 111 subjects were included in the analysis of

mixed percepts and 108 were included in the analysis of percept dura-
tion. In contrast to previous !ndings (Antinori et al., 2016), percept du-
rationwas not signi!cantly correlated with the SPQ total score (Fig. 3C)
or any of the factor scores. However, the proportion of mixed percepts
was positively correlated with the total SPQ score (Fig. 3D) as well as
the Interpersonal factor score. Higher schizotypy was associated with
a greater likelihood of perceiving amixture of the two images presented
to both eyes. This correlation between total SPQ score and proportion of
mixture percepts fell to just below statistical signi!cance after excluding
three bivariate outliers.

3. Experiment 2

3.1. Rationale

In an attempt to replicate the correlation between schizotypy and
the proportion of mixed percepts, whichwas less robust than the corre-
lation seen with the strength of visual aftereffects, we analyzed mixed
percept data from a previously published study. This study found that
the disorganization dimension of schizotypy, as measured using a dif-
ferent scale than that employed in Experiment 1, was associatedwith re-
duced frequency of perceptual switches during binocular rivalry
(Antinori et al., 2016). In the current analysis, we assessed the relation
between schizotypy and proportion of mixed percepts in that existing
data set.

3.2. Methods

3.2.1. Participants
160 participants were recruited from the Psychology Subject Pool at

the University of Melbourne. All participants had normal or corrected to

Table 3
Correlations between schizotypy and visual plasticity measures. Correlations marked with an asterisk are signi!cant after correcting for multiple comparisons.

SPQ total SPQ cognitive-perceptual SPQ interpersonal SPQ disorganized

! p ! p ! p ! p

Orientation adaptation strength
Relative !0.28* 0.005 !0.29* 0.005 !0.16 0.12 !0.24 0.02
Absolute !0.22 0.04 !0.16 0.12 !0.14 0.17 !0.22 0.04
Baseline 0.15 0.15 0.29* 0.004 0.07 0.53 !0.005 0.96

Luminance adaptation strength 0.04 0.68 0.16 0.09 !0.02 0.85 !0.07 0.44
Binocular rivalry

Mean percept duration 0.15 0.15 0.19 0.06 0.08 0.40 0.05 0.65
Mixture proportion 0.20 0.04 0.17 0.08 0.21 0.03 0.11 0.29
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Fig. 3. Scatterplots representing the relationship between SPQ Total scores and measures of visual adaptation in Experiment 1. BR, binocular rivalry.
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normal vision. 39 participants were excluded prior to analysis: 28 be-
cause no instances of mixed percept were reported, 5 because they
did not report alternating stimuli, indicating a failure to experience ri-
valry, 6 because they did not respond N50% of total duration of the
trial (the design of this experiment, contrary to that of Experiment 1, re-
quired participants to keep a key pressed throughout a perceptual epi-
sode, thus allowing for this exclusion criterion; see below). The !nal
sample included 121 participants (86 females; age: M = 19.2, SD =
2.5). Written informed consent was obtained from all subjects prior to
testing. Subjects ful!lled course requirements through participation.
The study protocol was approved by the University of Melbourne
Human Research Ethics Committee, in accordance with the Declaration
of Helsinki.

3.2.2. The Oxford-Liverpool inventory of feelings and experiences
Experiment 2 used the Oxford-Liverpool Inventory of Feelings and

Experiences (O-LIFE; Mason et al., 1995). This questionnaire measures
the multidimensional nature of schizotypy and was derived through
factor analysis of a large data set of schizotypal measures (Claridge
et al., 1996). The scale comprises 104 true/false items sub-divided into
4 factors: Unusual Experience capturing schizophrenia-like positive
symptoms (e.g. perceptual aberrations, hallucinations, and magical
thinking); Cognitive Disorganization capturing the disorganized
thoughts and loose conceptual boundaries of schizophrenia; Introvertive
Anhedonia capturing schizophrenia-like negative symptoms (e.g. a lack
of enjoyment from social and physical stimulation), and Impulsive Non-
Conformity re"ecting impulsive and eccentric behaviors.

3.2.3. Binocular rivalry paradigm
The rival targets were stationary green and red gratings (each grat-

ing subtended a visual angle of 2°, with a spatial frequency of 4 cpd) ori-
ented±45°. from vertical, with a circular frame. Stimuli were generated
in Matlab, using the Psychophysics Toolbox extension (Brainard, 1997),
displayed on an Apple mac computer monitor (23-in. monitor, 60 Hz
frame rate, 1280 ! 800 pixel resolution), and were viewed through a
mirror stereoscope (viewing distance 33 cm).

Participants were instructed to continuously report what they were
experiencing by holding down computer keys. Exclusive dominance
(time when only one rivalrous stimulus was perceived) was reported
by pressing a single key, while any instances of mixed percept (time
where the two stimuli appeared as a grid or patchwork combination
of the two percepts) where reported by pressing two keys simulta-
neously. Prior to the experimental task, participants underwent a 60 s
training session to ensure they understood the instructions. Data were
recorded in a single 120 s trial.

3.2.4. Data analysis

3.2.4.1. Binocular rivalry task. The duration of mixed perception was cal-
culated as the total duration that participants pressed both the left and
right arrow keys simultaneously for at least 220ms (this threshold was
chosen as a consequence of the response sampling rate and the desire to
exclude the very brief periods of dual button response during transi-
tions between left and right arrow presses). The calculated duration
was expressed as a percentage of the trial duration.

3.2.4.2. Statistical analysis. As the proportion of mixed percept was non-
normally distributed (Shapiro-Wilk tests p b 0.001), Spearman's rank-
order correlation coef!cients were used to examine the association be-
tween O-LIFE factors andmixed percept. Despite non-parametric corre-
lation coef!cients being fairly robust to the effect of outliers, we also
calculated Spearman's rank-order correlation coef!cients between
schizotypy scores and visual plasticity measures after excluding values
outside of a 99% density ellipse.

3.3. Results

Descriptive statistics for the O-LIFE are presented in Table 1, and
distributions of O-LIFE scores are presented in Supplemental Fig. 3.
Across subjects, the percentage of time spent experiencing mixed per-
cepts was 10.85% (s.d. = 5.73%), and the average percept duration was
2.30 s (s.d. = 0.73 s). A greater proportion of mixed percept was associ-
ated with higher scores on the Unusual Experience subscale (outliers in-
cluded: ! = 0.19, p = 0.04; 2 outliers excluded: ! = 0.20, p = 0.03;
Fig. 4A), while the opposite was observed with the Introvertive Anhedo-
nia scale; a greater proportion of mixed percept was associated with a
lower score on this scale (outliers included: !=!0.19, p = 0.03; 3 out-
liers excluded: != !0.21, p = 0.02; Fig. 4B). There were no signi!cant
correlations observed between the proportion of mixed percepts and ei-
ther the Cognitive Disorganization (outliers included: ! = !0.06, p =
0.50; 1 outlier excluded: ! = !0.09, p = 0.33) or Impulsive
Non-conformity (outliers included: ! = 0.09, p = 0.28; 1 outlier
excluded: != 0.07, p = 0.41).

4. Discussion

In the current study, we found evidence for reduced strength of vi-
sual adaptation scaling with schizotypal traits in a non-clinical sample,
as indexed by the strength of visual aftereffects and the dynamics of bin-
ocular rivalry. These!ndings provide behavioral evidence for a relation-
ship between attenuated schizophrenia-like traits in the normative
population and reduced short-term synaptic plasticity in the visual
system.
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Fig. 4. Scatterplots representing the relationship between O-LIFE factor scores and the duration of mixture percepts in Experiment 2. BR, binocular rivalry.
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First, we observed a relationship of increased total schizotypy, posi-
tive schizotypy, as well as disorganized schizotypy with reduced orien-
tation adaptation. The robust correlationwith the positive dimension of
schizotypy is particularly intriguing as it is in line with theoretical
(Friston, 2005) and empirical (Powers et al., 2017) work suggesting
that abnormalities in perceptual learning, putatively subserved by dys-
regulated short-term plasticity, are linked to hallucinations in schizo-
phrenia. In interpreting these !ndings, however, it is important to
recall how aftereffect strength was measured in this task. In an attempt
to distinguish perceptual aftereffects from potential cognitive response
biases associated with having seen a tilted adapting stimulus, normal
orientation adaptation trials were interleaved with trials we refer to as
baseline trials. These trials were essentially the same as normal trials,
but the adapter stimulus was tilted at a much steeper angle. Adaptation
at such a steep angle typically has little in"uence on the perception of
near-vertical orientations (Clifford, 2002; Schwartz et al., 2007) so any
systematic tendency to report vertical nuller stimuli as tilted during
these baseline trials could suggest a cognitive response bias. Accord-
ingly, the measure of tilt aftereffect strength, which is displayed in
Fig. 3, was calculated as the difference in aftereffect between the normal
trials and the baseline trials. In the case of total schizotypy, the correla-
tionwith reduced relative tilt aftereffect was driven by a signi!cant cor-
relation with reduced absolute aftereffect strength. Schizotypy was
associated with increased aftereffect strength in the baseline condition;
however, this relationshipwas non-signi!cant. In contrast, in the case of
positive schizotypy, there was a signi!cant and robust positive correla-
tionwith aftereffect strength in the baseline condition. One possible ex-
planation for this !nding is that increased positive schizotypy is
associatedwith a response bias, such that viewing a tilted grating biases
subjects to report a tilt in the opposite direction. Another explanation is
that individuals with increased positive schizotypy are more likely to
experience orientation adaptation using a set of adapter parameters
that would not typically in"uence the perception of the nuller stimulus,
because the orientation of the adapter and nuller stimuli are too dispa-
rate. In theory, this could be caused by broader orientation tuning
curves. Such curves describe the average !ring rate of a neuron as a
function of stimulus orientation. Thus, broader tuning curves would in-
dicate that the !ring rates of neurons that modulate with a particular
stimulus characteristic (e.g. contrast, orientation, motion, etc.) are less
sensitive to differences in those particular characteristics. At the percep-
tual level, these broader tuning curves would manifest in reduced dis-
crimination performance and, thus, noisier sensory input. Noisier
sensory inputwould result in a broader range of possible interpretations
and increased likelihood for disconnection between an internal experi-
ence and the objective external input. As a consequence, this could lead
to altered sensory experiences (i.e. hallucinations; Powers et al., 2017)
and, accordingly, inaccurate cognitive interpretations of these sensory
experiences (i.e. delusions; Maher, 1974). Interestingly, increased
broader orientation tuning—measured psychophysically—has been re-
ported in patientswith schizophrenia (Rokemet al., 2011) and is argued
to be mediated by reduced levels of gamma-aminobutyric acid (GABA)
levels in visual cortex (Rokem et al., 2011; Thakkar et al., 2017; Yoon
et al., 2010). The current !ndings indicate that broader tuning curves
might be a more general vulnerability factor.

Interestingly, although schizotypal traits correlated with reduced
strength of orientation adaptation, there was no relationship with
luminance adaptation. Indeed, the magnitudes of these two correla-
tions were signi!cantly different. The difference in the relationship
between schizotypy and the strength of these two different types
of aftereffects may be explained by the different populations of neu-
rons that are adapting during these two adaptation paradigms. More
speci!cally, luminance adaptation occurs in considerable part at the
level of retinal and subcortical neurons (Craik, 1940; Li et al., 2017;
Zaidi, 2012); orientation adaptation, on the other hand, is thought
to occur at a cortical level (Georgeson, 2004; Mollon, 1977). Accord-
ingly, these data are suggestive of a relationship between increased

schizotypal traits and a speci!c decrease in cortical short-term
plasticity.

Visual aftereffects have been referred to as the “psychophysicist's
microelectrode” (Frisby, 1979) because these aftereffects can be traced
back to adaptation of speci!c neural populations. The advantage of
employing such behavioral paradigms is that they can be interpreted
in terms of underlying changes at the neural level. In the case of the cur-
rent data, the !ndings provide evidence of a subcortical-cortical dissoci-
ation in visual adaptation de!cits as they relate to schizotypy. However,
our apparent dissociation between cortical and subcortical de!cits is not
entirely consistent, at least in an obvious way, with what is known
about the origin of visual impairments in schizophrenia. That is, al-
though there is certainly support for visual processing abnormalities
that can be accounted for by top-downdysfunction, otherwork has pro-
vided evidence for retinal pathology (Silverstein et al., 2017b) and dys-
function in subcortical visual pathways that lead to abnormal cortical
visual activity (Butler et al., 2007). More speci!cally, the magnocellular
visual pathway, which projects from retina through the lateral genicu-
late nucleus, to the dorsal (i.e. “where”) cortical visual pathway has
been found to be more impaired that the parvocellular visual pathway,
projecting from retinal to the ventral (i.e. “what”) cortical visual path-
way (Butler et al., 2001; Javitt and Freedman, 2015).Magnocellular neu-
rons respond preferentially to low-contrast and low spatial frequency
stimuli, whereas parvocellular neurons respond to high-contrast and
high spatial frequency stimuli. The spatial frequencies and contrasts of
our stimuli are such that the luminance adapter would map more
onto the magnocellular pathway and the orientation adapter would
map more onto the parvocellular pathway. However, we hesitate in
interpreting our data within that framework as our experiments were
not designed to test dissociations in magnocellular versus parvocellular
visual processing; the larger difference between our two paradigmswas
the nature of the perceptual judgement (orientation versus detection).
These results, however, do provide a basis for future work investigating
the putative degree to which visual adaptation is altered in the
magnocellular and parvocellular systems by parametrically manipulat-
ing the degree to which adapter stimuli are biased towards processing
by each of these systems within the same aftereffect paradigm.

Individual differences in the dynamics of binocular rivalry also sup-
port a relationship between reduced adaptation in the visual system
and schizotypal traits, although the results are less clear and less robust
than for visual aftereffects. To reiterate the link between adaptation and
binocular rivalry dynamics: a leading theory of the mechanisms of per-
ceptual alterations during dichoptic presentation is that neurons
encoding the currently perceived stimulus, or dominant stimulus,
adapt, thus rendering them more susceptible to inhibition by the cur-
rently suppressed stimulus and causing a switch in perception and a
continuation of the cycle. Accordingly, wewould expect thatweaker ad-
aptation would result in slower alternation rates and also a greater
chance that perception will linger in a mixture state between the two
exclusive percepts. These predictions were partially borne out in the
current data. Across two studies, we observed a correlation between in-
creased schizotypal traits and the amount of time that individuals re-
ported mixed percepts, again suggestive of a relationship between
vulnerability towards schizophrenia and reduced short-term visual
plasticity. These !ndings are in line with Antinori et al. (2017), who
found that openness to experience, a personality trait that correlates
positively with positive schizotypy (Miller and Tal, 2007), also related
to increased mixed percepts. We should note, however, that compared
to visual aftereffects, binocular rivalry provides a more tentative mea-
sure of adaptation. Models of rivalry that involve adaptation typically
also involvemutual inhibition between neural representations that cor-
respond to the two eyes' images (Wilson, 2007), and changes in mixed
percepts have also been attributed to changes in the strength of this in-
hibition (Antinori et al., 2017; Klink et al., 2010). Having said that, the
present binocular rivalry !ndings provide a corroboration of the more
direct evidence provided by the data on orientation adaptation.
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There was some discrepancy across our two experiments regarding
the dimension of schizotypy with which mixed percept related. In Ex-
periment 1, increased mixed percept duration was positively associated
with negative schizotypy. In Experiment 2, increased mixed percept du-
ration correlated positivelywith positive symptoms, consistentwith the
trend-level association observed in Experiment 1; however, in contrast
to the !ndings of Experiment 1, increased mixed percept duration was
related negatively to negative schizotypy. Although these !ndings re-
garding the negative dimension of schizotypy appear to be contradic-
tory across the two experiments, we think this apparent discrepancy
can be accounted for by differences in the two schizotypymeasures uti-
lized in the two studies—more speci!cally, in the relationship between
positive and negative schizotypy across the two measures. Different
measures of schizotypy, assessing the same broad construct but based
on slightly different theoretical notions, are available. In Experiment 1,
schizotypy was measured using the SPQ, which is based on a quasi-
dimensional model of schizotypy (Claridge, 1997). In this measure,
the Cognitive-Perceptual factor taps positive schizotypy where the In-
terpersonal factor taps negative schizotypy. These two factors share
items related to paranoid ideation. Unsurprisingly then, the positive
and negative schizotypy factors of the SPQ are generally correlated,
which we also observed in our study (Supplemental Table 2). This is
not the case for the O-LIFE, which was the measure of schizotypy used
in Experiment 2 and based on a fully-dimensional model of schizotypy
(Claridge, 1997). The positive factor of this scale generally does not cor-
relate with the negative factor, which again was the case in our study
(Supplemental Table 3). Further, previous studies have observed that
the positive factor of the SPQ correlates positively with the positive di-
mension of the O-LIFE but, importantly, also with the negative dimen-
sion (Asai et al., 2011). In sum, the psychometric properties of the SPQ
and O-LIFE make it less surprising that (1) we observe the same direc-
tion of the relationship between mixed percept duration and both pos-
itive and negative schizotypy using the SPQ; while (2) observing a
different relationship between mixed percept duration and negative
schizotypy using the two different schizotypy measures.

Contrary to predictions and !ndings from a previous study (Antinori
et al., 2016), we did not observe a signi!cant relationship between per-
cept duration and schizotypal traits. We did observe a trend-level rela-
tionship between longer percept duration and the positive dimension of
the SPQ. Differences across studies may again be due to differences in
schizotypy measures, sample characteristics, and/or paradigms. Alter-
natively, the correlation between percept duration and schizotypy
may simply not be very robust or reliable.

More generally, the results of the current study are consistent with a
previous study investigating EEGmeasures of plasticity in the visual sys-
tem of individuals with schizophrenia (Cavus et al., 2012). In this study,
visual evoked potentials were elicited before and after high-frequency
visual stimulation. Sustained potentiation—even after 20 min—was ob-
served in healthy controls, but not schizophrenia patients, consistent
with reduced plasticity in the visual system of these individuals. A
later study using the same visual high-frequency stimulation paradigm
related these EEGmeasures of visual plasticity to poorer neurocognitive
functioning in patients (Jahshan et al., 2017). The results of the current
study support and extend these !ndings by providing behavioral evi-
dence that reduced short-term plasticity extends sub-clinically into a
normative sample of college undergraduates.

Alongwith providing insights into diseasemechanisms, these!ndings
may also shed light on clinical phenomenology. Although the precise
function of visual adaptation is still up for debate, several possibilities
have been posited. One proposed function is that adaptation improves
discriminability of novel visual stimuli (Kohn, 2007); this explanation
has particular relevance for schizophrenia as aberrant salience inappro-
priately attributed to irrelevant stimuli is one in"uential explanation for
psychotic symptoms (Kapur, 2003). Indeed, Silverstein et al. (2017a)
speculated that reduced adaptationmay underpin altered salience attrib-
uted to objects. At the very least, adaptation permits the visual system to

capitalize on systematic regularities in input to optimize visual process-
ing. Thus, reduced visual adaptation may contribute to the robust visual
perception abnormalities observed in schizophrenia spectrum (reviewed
in Butler et al., 2008; Silverstein, 2016).

Here we used schizotypy in order to investigate fundamental fea-
tures of illness liability in a manner free from confounds related to
studying individuals diagnosed with schizophrenia spectrum disorders,
which include general cognitive deterioration that may preclude an un-
derstanding of task demands, medication, and the psychosocial effects
of having a severe mental illness. The results of the current study pro-
vide meaningful insights into to disease mechanisms in schizophrenia
and provide a non-invasive and relatively simple way to measure
short-term plasticity. However, the present approach does not allow
for the study of more proximal illness mechanisms that can be exam-
ined by studying patient populations. A further limitation is the rela-
tively constricted range of schizotypy scores in this high-functioning
group of college undergraduates. Both these limitations should thus
motivate future work aimed at generalizing our experimental approach
to patient populations, in order to further evaluate the suggestion that
short-term plasticity in the visual system may provide important in-
sights into disease mechanisms of schizophrenia.
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8.1 	General	discussion	of	the	binocular	rivalry	findings	
presented	

	 The	four	studies	reported	across	chapters	5-8	were	designed	to	

investigate	whether	one’s	perceptual	flexibility	is	influenced	by	stable	factors	

(personality)	and	transient	states	(mood).	To	this	end	we	used	two	core	aspects	

of	binocular	rivalry	dynamics:	the	mixed	percept	(Study	1	and	Study	4)	and	

rivalry	alternations	(Study	2	and	Study	3).	Overall,	the	findings	indicated	that	

those	factors	indeed	have	a	significant	impact	on	one’s	perceptual	flexibility,	

when	facing	identical	(equally	valid)	solutions.	

Traditionally,	in	the	rivalry	literature	little	attention	is	devoted	to	

investigating	the	impact	of	individual	differences	on	one’s	perceptual	experience.		

However,	the	findings	presented	in	Study	1-4	clearly	speak	to	the	importance	of	

taking	into	account	stable	and	transient	factors	when	investigating	rivalry	

dynamics.	Furthermore,	our	findings	provided	another	layer	of	complexity	when	

taking	into	account	personality	and	mood	in	rivalry	dynamics:	different	

personality	traits	may	impact	rivalry	dynamics	differently	when	combined	with	

different	mood	manipulations.	For	example,	Open	people	showed	to	perceive	

more	mixed	percept	following	a	mood	manipulation	with	strong	perceptual-

aesthetic	elements.	That	is,	the	mood	manipulation	acted	as	a	trait-relevant	cue	

for	open	people	and	increased	their	susceptibility	to	experience	mixed.		

	Another	important	aspect	to	consider	when	interpreting	the	findings	of	

the	rivalry	studies	presented	in	the	thesis	is	how	they	fit	in	the	broad	perceptual	

decision	literature.	As	pointed	out	earlier,	binocular	rivalry	was	considered	in	

the	current	thesis	as	the	most	appropriate	paradigm	to	investigate	the	way	

people	deal	with	the	exploration-exploitation	dilemma,	from	a	perceptual	point	
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of	view.	To	date,	just	a	handful	of	studies	investigate	rivalry	dynamics	within	a	

decision-making	framework	(e.g.,	Anderson, Siegel, & Barrett, 2011; Hohwy, 

Roepstorff, & Friston, 2008). Those	studies	attempted	to	address	one	of	the	main	

questions	around	the	rivalrous	experience.	That	is,	the	selection	problem:	what	

bias	the	perceptual	decision	has	in	favour	of	one	stimulus,	over	the	other	one,	

during	a	rivalrous	experience?	Furthermore,	why	at	times	not	only	one	stimulus	

breakthrough	visual	awareness	but	a	combination	of	both	stimuli	is	visible	

simultaneously.	Resulting	in	an	inclusive	perceptual	experience	encompassing	

aspects	of	both	stimuli.	The	findings	of	Study	1-4	extend	our	current	

understanding	by	showing	that	not	only	low-level	characteristics	of	the	rivalrous	

stimuli	play	a	role	in	influencing	for	example	which	stimulus	will	dominate	visual	

awareness,	but	also	that	during	binocular	rivalry,	similar	to	behavioural	

decisions,	agents	can	be	characterised	by	different	levels	of	flexibility	or	

stereotypical	tendencies.				

Before	moving	to	the	relevance	of	the	findings,	it	is	worth	to	briefly	

consider	possible	concerns	in	relation	to	response	bias.		Because	of	the	

subjective	nature	of	binocular	rivalry,	the	possible	role	of	response	bias	cannot	

be	completely	ruled	out.	It	is	important,	however,	to	point	out	that	the	same	

pattern	of	results	(a	reduction	or	elimination	of	any	relation	between	personality	

and	mixed	percept	with	the	larger	stimuli)	was	found	when	the	same	stimulus	

parameters	were	used	across	samples	(Study	1	and	Study	1b,	Chapter	5).	A	

replication	of	the	findings,	although	not	a	definite	proof,	suggest	that	response	

bias	might	have	a	limited	impact	on	the	data.	

Furthermore,	Study	3	showed	that	mean	percept	duration	and	mixed	

were	not	significantly	correlated.	This	suggests	that,	at	least	in	our	participants,	
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mixed	percept	and	dominance	percept	can	be	considered	as	two	separate	and	

uncorrelated	perceptual	experiences.	Hence,	it	is	unlikely	that	they	shared	

similar	response	criteria.	

		 Interesting	and	somewhat	surprising	patterns	of	covariations	emerged	in	

the	data,	which	is	worth	examining	in	detail.			

	 Study	1,	as	predicted,	revealed	a	significant	positive	relation	between	the	

Openness	to	experience	trait	and	mixed	percept.	Notably,	this	result	was	

replicated	across	three	different	samples,	strengthening	the	validity	of	our	

findings.	Furthermore,	it	appeared	that	the	increase	of	mixed	percept	for	Open	

people	was	not	due	to	a	simple	response	bias-As	shown	by	lack	of	relation	

between	Openness	and	mixed	when	using	rivalrous	stimuli	of	larger	size.	That	is,	

if	the	relation	between	mixed	and	Openness	was	driven	by	a	more	lenient	

threshold	to	report	mixed,	then	Open	people	should	have	reported	even	more	

mixed	when	using	larger	stimuli.		

Furthermore,	it	is	important	to	take	into	consideration	possible	problems	

in	the	data	in	relation	to	a	possible	ceiling	effect.	That	is,	if	that	if	all	participants	

experienced	the	mixed	percept	for	the	majority	of	the	trial	than	it	might	no	

longer	be	possible	to	see	any	real	effect	of	personality	in	our	data.	However,	the	

mean	and	standard	deviation	for	the	bigger	stimuli	used	in	Study	1b	(M=0.28,	

SD=0.16)	showed	that	most	people	were	experiencing	mixed	percept	less	than	

half	of	the	time.	Indeed,	only	one	participant—included	in	the	analysis—

reported	mixed	percept	for	the	entire	rivalry	task.	Thus,	it	can	be	assumed	with	

reasonable	confidence	that	the	lack	of	correlation	with	personality	traits	in	the	

larger	stimuli	condition	was	real,	rather	than	simply	reflecting	a	lack	of	variance	

in	the	data.		As	previously	reported	by	Blake	et	al.,	(1992),	when	using	larger	
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rivalrous	stimuli	the	absolute	quantity	of	mixed	increases	across	participants,	

strongly	suggesting	an	impact	of	low-level	properties	of	the	visual	system,	rather	

than	personality.		

However,	while	the	results	of	the	study	are	in	line	with	the	predictions,	it	

is	important	to	acknowledge	that	standing	alone	they	are	not	sufficient	to	rule	

out	possible	impact	of	response	bias	during	the	rivalry	task,	specifically	for	Open	

people.	This	study	should	be	considered	as	an	initial	step	in	understanding	the	

impact	of	internal	variables,	such	as	personality,	on	binocular	rivalry.	Future	

studies	should	focus	on	the	impact	of	response	bias	in	Open	people.		For	

example,	by	presenting	a	controlled	gradual	physical	alternation	of	two	stimuli	

and	investigating	the	relation	between	Openness	and	the	exact	point	when	

people	classify	the	stimulus	as	‘mixed	percept’.	

It	is	worth	noting	that	the	findings	of	Study	1	are	particularly	important	

as	we	demonstrated	that	Open	people	engage	in	a	more	“flexible”	way	with	

information,	not	only	from	a	theoretical	perspective	but	also	from	a	perceptual	

one.		During	mixed	percept,	neither	perceptual	solution	is	fully	suppressed,	but	

elements	of	both	stimuli	are	bound	into	a	“novel”	representation.	In	Study	1	we	

were	also	able	to	“enhance”	the	relation	between	mixed	and	Openness	through	a	

mood	manipulation	with	strong	perceptual	and	aesthetic	elements,	to	which	

Open	people	are	highly	responsive	(see	Section	2.10.3).	Hence	both	stable	

factors,	such	as	personality	and	transient	ones,	such	as	mood,	can	impact	the	way	

people	“explore”	identical	(as	equally	valid)	perceptual	solution	of	ambiguous	

information.	These	findings	help	address	one	of	the	main	research	questions	of	

the	thesis.	Namely	whether	behavioural	and	cognitive	bias	towards	
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exploration/exploitation	(i.e.,	Openness)	are	linked	to	individual	differences	in	

perceptual	flexibility/stability	(i.e.,	mixed	percept).		

	 Lastly,	other	significant	correlations	emerged	between	mixed	percept	and	

personality	traits	(Agreeableness	and	Extraversion)	that	are	worth	commenting	

on.		First,	the	fact	that	neither	correlations	was	significant	after	controlling	for	

the	Openness	to	experience	trait	suggested	that	these	correlations	likely	

captured	noise	in	the	data	(or	intrinsic	differences	among	groups),	rather	than	

stable	relationships	between	mixed	percept	and	personality	traits.	Secondly,	it	is	

interesting	to	consider	these	correlations	with	regards	to	potential	response	bias	

in	reporting	mixed	percept.	One	of	the	major	concerns	regarding	the	relation	

between	mixed	percept	and	personality	traits	is	that	observers	might	report	

more	mixed	simply	because	of	socially	desirable	response	bias.	That	is,	some	

have	suggested	that	participants	might	have	guessed	the	purpose	of	the	

experiment	and	tried	to	perform	“well”.	This	assumption	might	be	in	line	with	

the	relation	found	between	mixed	percept	and	agreeableness—people	high	in	

agreeableness	tend	to	socially	conform.		However,	it	does	not	fit	well	with	the	

relationship	emerged	between	mixed	percept	and	assertiveness—people	high	in	

assertiveness	tend	to	be	independent	in	decision-making.		

	 The	influence	of	mood	on	rivalry	dynamics	was	also	investigated	in	Study	

2.	Here	we	were	interested	in	changes	in	rivalry	alternations	associated	with	an	

increase	of	emotional	arousal,	which	has	been	shown	to	impact	the	flexibility	to	

which	one	ignores	or	attends	to	stimuli	(Kuhbandner	&	Zehetleitner,	2011).	

Specifically,	in	Study	2	we	predicted	that	a	change	in	arousal	would	have	been	

associated	with	an	increase	in	rivalry	alternations,	as	previously	hypothesised	in	

the	literature	(Carter	et	al.,	2007;	Nagamine	et	al.,	2007).			
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An	increase	in	rivalry	was	expected	as	people	in	a	high	arousal	appear	to	

be	more	responsive	to	external	information	and	“act”	quickly	on	it	(Vogt,	De	

Houwer,	Koster,	Van	Damme,	&	Crombez,	2008).	Thus,	information	(potentially	

useful)	should	be	suppressed	from	visual	awareness	for	shorter	times	and	

observers	will	not	be	“stuck”	between	perceptual	solutions.		

Contrary	to	our	expectations,	however,	an	increase	in	arousal	did	not	

impact	rivalry	alternations	dynamics.		That	is,	the	mood	manipulation	associated	

with	an	increase	in	arousal	(i.e.,	the	Appetitive	mood	condition)	did	not	

significantly	differ	from	the	other	mood	conditions.	It	is	worth	pointing	out,	

however,	that	when	examining	the	overall	impact	of	mood	(irrespective	of	the	

specific	mood	manipulations	used)	on	rivalry	alternations,	a	clear	and	significant	

difference	emerged,	with	people	who	underwent	a	mood	manipulation	having	

faster	alternations.	This	result	is	of	particular	interest	for	the	clinical	literature	

as	one	of	the	clinical	disorders	more	widely	investigated	in	relation	to	the	use	of	

rivalry,	as	a	potential	diagnostic	tool,	is	bipolar	disorder	characterised	by	severe	

mood	swings.	Thus,	our	data	suggest	that	one’s	current	mood	should	be	

accounted	for	when	investigating	rivalry	mood,	both	in	clinical	work	and	in	

research.		

	 In	Study	3	we	examined	deviance	in	rivalry	temporal	dynamics	in	relation	

to	stable	factors,	personality	traits.	To	do	so,	we	used	two	broad	theoretical	

frameworks:	the	Big	Five	model	(which	captures	major	co-variation	of	all	

personality	traits)	and	the	Schizotypy	constructs	(which	captures	schizophrenia-

like	symptoms	in	a	non-clinical	population).	The	results	of	Study	3	revealed	a	

relation	between	slower	rivalry	rates	and	high	scores	on	the	Conscientiousness	

trait,	one	of	the	broad	domains	of	the	Big	Five	Model.	The	opposite	trend	
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emerged	when	using	schizotypy	measure	and	faster	rivalry	rates	correlated	with	

high	personality	scores	on	the	Cognitive	disorganization	trait.	These	correlations	

of	opposite	signs	indicated	that	the	relations	emerged	between	rivalry	temporal	

dynamics	and	personality	traits	were	tapping	into	the	same	factor,	as	the	two	

personality	traits	are	known	to	be	correlated	(Asai,	Sugimori,	Bando,	&	Tanno,	

2011).	It	is	important	to	point	out	that	the	relations	between	percept	durations,	

cognitive	disorganization	and	industriousness	reflected	a	single	effect.	Hence,	

the	main	contribution	of	the	study	is	in	that	it	replicated	the	same	finding	using	

two	different	measurement	tools.	

Notably,	our	study	found	when	controlling	for	either	trait	the	relation	with	

rivalry	dynamics	was	no	longer	maintained.	The	relation	that	emerged	between	

personality	and	rivalry	temporal	dynamics	are	of	interest	especially	for	the	

clinical	literature.	Typically,	clinical	populations	characterised	by	deviance	in	

rivalry	temporal	dynamics	show	slower	alternations.	However,	it	has	been	

suggested	that	this	might	be	because	of	a	lack	of	compliance	and	patients	simply	

“missing”	to	report	a	few	alternations,	rather	than	a	specific	characteristic	of	

those	clinical	populations	(e.g.,	Bipolar,	ADHD,	schizophrenia).	However,	our	

results	provide	evidence	against	this	suggestion.	Our	findings,	indeed,	showed	

that	slower	alternations	were	associated	with	Conscientiousness,	a	trait	

characterised	by	high	self-control	and	dutifulness	(Costa,	McCrae,	&	Dye,	1991).	

In	Study	3	we	also	carried	out	a	secondary	analysis	to	ascertain	whether	

different	ways	of	calculating	rivalry	alternations	(with	mixed	percept	included	or	

excluded)	had	an	impact	on	our	findings.	This	analysis	was	important	because	

some	of	the	clinical	populations	associated	with	slower	rivalry	alternations	also	

presented	an	increase	of	mixed	(Aznar	Casanova,	Amador	Campos,	Moreno	
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Sánchez,	&	Supér,	2013;	Robertson,	Kravitz,	Freyberg,	Baron-Cohen,	&	Baker,	

2013;	Wilkinson,	Karanovic,	&	Wilson,	2008).	Consequently,	highlighting	the	

importance	of	clearly	differentiating	in	a	non-clinical	population	mixed	and	

rivalry	alternations.	Our	findings	revealed	that,	although	rivalry	alterations	and	

mixed	were	highly	correlated	(i.e.,	people	who	reported	more	mixed	also	had	

slower	alternations)	the	relations	with	personality	remained	significant,	

irrespective	to	the	type	of	calculations	carried	out.		

	 Lastly,	in	Study	4	we	investigated	mixed	percept	as	an	index	of	sensory	

adaptation	relying	on	short-term	synaptic	plasticity	of	the	visual	system.	To	

reiterate,	one	of	the	most	widely	accepted	theories	is	that	during	binocular	

rivalry	the	population	of	neurons	encoding	the	properties	of	the	dominant	

rivalrous	stimulus	would	adapt	over	time	and	become	more	susceptible	to	

suppression	by	the	population	encoding	the	alternative	rivalry	stimulus.	Hence,	

increasing	the	likelihood	that	a	switch	in	perceptual	dominance	would	occur.	

Adaptation	is	interesting	from	a	clinical	perspective	because	it	has	been	argued	

that	it	relies	on	short-term	neural	plasticity	(i.e.,	modification	without	structural	

synaptic	changes)	which	are	known	to	be	impaired	in	people	with	schizophrenia	

(for	a	review	see	Goto,	Yang,	&	Otani,	2010).	Consequently,	it	was	predicted	that,	

although	in	a	milder	way,	a	similar	pattern	of	alterations	should	also	have	been	

observed	in	people	scoring	high	in	schizotypy	traits.	Our	predictions	were	

supported	with	an	increase	of	the	mixed	percept	being	associated	to	those	

schizoty	traits	capturing	positive	schizophrenia-like	symptoms.	It	is	worth	

noting	two	important	aspects	of	Study	4.	First,	the	pattern	of	correlations	

emerged	between	schizotypy	traits	and	mixed	percept	(i.e.,	a	positive	correlation	

with	Unusual	Experience,	capturing	positive	schizophrenia-like	symptoms	and	a	
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negative	correlation	with	Introvertive	Anhedonia,	capturing	negative	

schizophrenia-like	symptoms)	nicely	dovetails	with	the	correlation	emerged	in	

Study	1	between	mixed	percept	and	Openness	to	Experience.	It	is	well	known	

that	Openness	to	Experience	(assessed	through	the	Big	Five)	and	Unusual	

Experience	(assessed	through	the	Schizotypy	measure)	are	strongly	related	and	

provide	insight	into	similar	mechanisms,	both	from	a	perceptual	and	cognitive	

point	of	view	(Miller	&	Tal,	2007).	Thus,	the	same	result	was	replicated	in	

different	samples,	strengthening	the	validity	of	our	findings.	Secondly,	Study	4	is	

part	of	a	larger	study	where	a	parallel	series	of	experiments	were	carried	out	

using	different	schizotypy	measures	(i.e.,	the	O-LIFE	was	used	in	Study	4,	the	SPQ	

was	used	in	the	other	experiments).	With	respect	to	the	correlation	between	

mixed	percept	and	schizotypy	traits	some	discrepancies	emerged	when	using	

different	schizotypy	measures.	Namely,	an	increase	of	mixed	when	using	the	SPQ	

was	associated	to	those	personality	traits	capturing	schizophrenia-like	negative	

symptoms,	while	when	using	the	O-LIFE,	mixed	correlated	with	schizophrenia-

like	positive	symptoms.	We	suspected,	however,	that	these	discrepancies	might	

reflect	differences	in	the	properties	of	the	schizotypy	measures	used,	rather	than	

the	actual	relations	under	investigation.	

	 It	has	to	be	acknowledged	that	Study	4	is	limited	by	the	fact	that	the	two	

schizotypal	scales	(SPQ	and	O-LIFE)	were	used	on	different	people	and	yield	

different	results,	at	least	for	negative	schizotypy.	Hence,	to	address	this	issue	in	

the	future	it	would	be	necessary	to	use	on	the	same	people	a	rivalry	task	and	

both	schizotypy	scales	(SPQ	and	O-LIFE).	Because	with	regard	to	what	extent	

different	measures	of	schizotypy	can	be	comparable,	investigators	hold	different	

opinions.	With	some	investigators	holding	the	belief	that	different	schizotypal	
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measures	(i.e.,	O-LIFE	and	SPQ)	capture	almost	identical	concepts	(Asai,	

Sugimori,	Bando,	&	Tanno,	2011),	while	other	investigators	believe	that	results	

obtained	through	different	scales	may	capture	substantially	different	aspects	

(Claridge	&	Broks,	1984).	This	is	an	important	aspect	that	future	studies	should	

account	for,	because	different	scales	designed	to	assess	an	identical	construct	

(schizotypy)	in	reality	capture	different	theoretical	models	of	the	construct	and	

might	strongly	affect	the	replicability	of	results	across	studies.		

Taken	together	the	results	from	the	rivalry	studies	point	to	an	interesting	

aspect	of	the	relationship	between	personality	and	rivalry	dynamics.	That	is,	

Openness	predicted	duration	of	mixed	percept	but	not	percept	duration,	while	

Industriousness	predicted	percept	duration,	but	not	mixed	percept.	Firstly,	this	

speaks	to	the	fact	that	mixed	percept	and	percept	duration,	although	related	(as	

shown	in	Study	3)	can	be	considered	as	distinct	aspects	of	binocular	rivalry.	

Second,	this	finding	is	in	line	with	the	ability	of	Open	people	to	embrace	opposite	

information,	also	from	a	perceptual	point	of	view.	Put	simply,	if	Openness	

correlated	to	both	mixed	percept	and	rivalry	alternations	this	would	have	been	

less	compelling	and	simply	suggested	that	open	people	engaged	differently	(than	

the	less	open	counterpart)	with	ambiguous	visual	stimuli.	Rather,	it	appears	that	

Open	people	embrace	the	opposite	perceptual	solutions	of	the	rivalrous	

stimulus,	as	they	do	for	different	aspects	of	their	lives,	for	example	experiencing	

simultaneous	mixed	emotions.	Similarly,	the	link	between	Industriousness	and	

percept	duration	reflected	how	a	personality	trait	capturing	the	tendency	to	

perseverate	in	goal-direct	behaviours	also	influences	the	way	people	engage	

with	perceptual	solutions	(industriousness	correlated	with	longer	percept	

duration),	when	facing	ambiguous	information.	For	example,	to	suppress	one	of	
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the	rivalrous	perceptual	solutions	for	longer	would	allow	a	more	focused	action-

planning	and	goal-directed	behaviour.	On	the	other	hand,	if	industriousness	also	

correlated	with	mixed	percept,	it	would	have	suggested	that	they	engaged	

indiscriminately	with	all	aspects	of	the	ambiguous	information	(also	non-

instrumental	information).			

	 The	following	chapters	will	turn	to	the	investigation	of	how	people	deal	

with	the	trade-off	when	choosing	between	two	identical	options,	from	a	

behavioral-cognitive	perspective.	To	investigate	this,	instead	of	utilising	a	task	

that	is	well	known	and	extensively	used,	such	as	binocular	rivalry,	we	designed	

and	developed	a	new	one	(the	virtual	environment	task)	to	investigate	the	extent	

to	which	processes	involved	in	balancing	the	exploration/exploitation	trade-off	

in	perception	are	also	seen	in	behavioral	decisions.	
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Chapter	9: Study	5	Developing	the	Virtual	
Environment	Task		

	 	

The	previous	experimental	studies	focused	on	the	flexibility	that	

observers	showed	in	alternating	between	identical	perceptual	solutions.	

However,	the	brain	also	has	to	make	similar	decisions	that	guide	behaviour,	to	

avoid	being	frozen	in	an	endless	state	of	indecision.	For	example,	when	deciding	

between	identical	items	in	a	supermarket	or	choosing	to	walk	around	to	the	left	

or	to	the	right	of	an	unexpected	obstacle.	The	results	of	those	decisions	are	

inconsequential,	but	nevertheless	decisions	like	this	need	to	be	made	many	times	

throughout	the	day.	The	present	study	addresses	specifically	these	types	of	

scenarios.	

	 There	are	a	number	of	factors	that	have	shown	to	impact	how	people	

make	decisions	(for	a	review	see	Section	1.3).	However,	somewhat	surprisingly,	

when	those	factors	(e.g.,	rewards/punishments	or	risk/ambiguity)	are	taken	out	

of	the	equation	our	general	understanding	of	the	core	properties	of	the	

phenomenon	is	quite	limited	and	predominately	shaped	by	assumptions.	For	

example,	we	assume	that	if	there	are	no	obvious	costs	involved,	then	individuals	

will	have	an	innate	drive	to	explore.	Furthermore,	the	bulk	of	our	current	

understanding	of	how	decisions	are	made	is	heavily	based	on	the	animal	

literature.	Although	human	and	animal	researches	typically	do	not	collaborate,	

the	underlying	assumption	is	that	their	findings	can	generally	be	applied	across	

species,	because	they	share	similar	formal	properties	and	often	implement	

similar	solutions.	However,	it	is	challenging	to	carry	out	a	direct	comparison	

between	human	and	animal	studies	simply	because	the	tasks	used	are	simply	too	
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different	(for	a	discussion	on	this	see	1.2).	Therefore,	the	aim	of	this	

experimental	study	is	to	design	a	task	that	is	modeled	directly	on	a	paradigm	

from	the	animal	literature,	but	which	will	be	used	in	humans.	To	adopt	a	less	

conventional	experimental	design	might	open	new	perspectives	and	possibly	

allow	a	more	robust	comparison	across	species	(for	an	interesting	take	on	this	

see	Monk	et	al.,	2018).		

	 The	following	paragraphs	will	describe	two	tasks	used	in	the	rodent	and	

the	fly	literature	based	on	innate	exploratory	behaviour	that	were	used	as	a	basis	

for	the	development	of	the	novel	human	experimental	paradigms	described	

below.	The	task	used	in	the	rodent	literature	(O.R.T)	requires	individuals	to	

choose	between	identical	options.	While	the	task	used	in	the	fly	literature	(the	

optomotor	maze)	requires	individuals	to	choose	between	identical	options	and	

simultaneously	navigate	through	an	environment	(a	maze).	The	pilot	

experiments	presented	below,	and	the	virtual	environment	task	presented	in	

Chapter	11,	were	loosely	based	on	these	tasks.		

9.1 	The	Object	Recognition	Test	(O.R.T)	and	the	Optomotor	
Maze.	

		 As	previously	mentioned,	little	research	has	been	conducted	to	

investigate	how	humans	behave	when	faced	with	apparently	equivalent	options.	

However,	tasks	where	identical	options	are	given	to	the	subjects	are	widely	used	

in	animal	studies.	One	example	is	the	Object	Recognition	Test	(O.R.T).	The	O.R.T	

is	a	behavioural	test	used	for	studying	recognition	memory	in	the	rodent	model	

(see	Figure	18).	The	test	was	used	for	the	first	time	by	Ennaceur	and	Delacour	

(1988)	and	is	based	on	rodents’	innate	preference	for	new	objects.	The	test	is	

divided	into	three	phases	I)	Habituation:	rodents	are	placed	inside	an	arena	with	
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no	objects,	to	get	used	to	the	environment	and	avoid	neophobic	(fear	for	novelty)	

reactions	II)	Familiarization:	rodents	are	placed	inside	an	arena	with	two	

identical	objects.	Typically,	rodents	will	spend	a	similar	quantity	of	time	

exploring	the	two	options.	Time	of	exploration	is	recorded	to	control	that	there	

is	no	bias	for	one	object	III)	Testing	phase:	rodents	are	placed	in	the	arena	with	

one	of	the	two	objects	previously	explored	and	a	new	one.	If	the	animal	

remembers	the	old	objects	it	will	spend	more	time	exploring	the	new	one	

(Ennaceur	&	Meliani,	1992).	The	corresponding	test	for	the	human	model	is	the	

visual	paired-comparison	test	(V.P.C)	used	to	investigate	children’	visual	

memory	(Fagan,	1974).	

		

Figure	17.	The	Object	Recognition	Test.	(A)	Habituation.	Rodents	are	placed	inside	an	arena	with	no	
objects	to	get	used	to	the	environment	and	avoid	neophobic	reactions	(B)	Familiarization.	Rodents	
are	placed	inside	an	arena	with	two	identical	objects.	Typically,	rodents	will	spend	a	similar	
quantity	of	time	exploring	the	two	options.	(C)	Testing	phase.	Rodents	are	placed	in	the	arena	with	
one	of	the	two	objects	previously	explored	and	a	new	one.		
	

	 	In	the	O.R.T	during	the	familiarization	phase	the	time	rodents	spend	

exploring	the	two	identical	options	is	recorded,	to	ensure	animals	do	not	show	

any	bias	but	spontaneously	switches	between	the	two	identical	options	(for	a	

review	see	Leger	et	al.,	2013).	Hence,	when	looking	at	the	familiarization	phase	

rodents	need	to	choose	between	identical	options	in	the	absence	of	any	obvious	

cost	or	rewards.	The	mounting	evidence	available	in	the	literature	strongly	

suggests	that	rodents	have	a	natural	drive	to	“explore”	and	to	flexibly	switch	

between	identical	options.			
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	 Another	example	of	a	behavioural	test	using	identical	options	is	the	

optomotor	maze,	used	to	study	visual	responses	in	the	Drosophila	(fruit	fly)	

model.	The	optomotor	maze,	designed	by	Bruno	van	Swinderen	(2007)	was	a	

breakthrough	in	the	study	of	Drosophila	behaviour,	as	it	measures	visual	

responses	at	both	an	individual	and	population	level.	Through	the	optomor	maze	

it	is	possible	to	carefully	study	and	quantify	a	peculiar	fly	behaviour,	already	

observed	in	the	early	‘60s	by	Murphey	(1965):	some	flies	performing	in	a	maze	

showed	a	clear	stereotypy,	or	choice	persistence	(number	of	consecutive	

turnings	in	the	same	direction).	The	apparatus	used	by	Bruno	van	Swinderen	

consisted	of	a	transparent	choice	maze	overlaying	an	upturned	computer	

monitor	screen	(see	Figure	19).	Beneath	the	maze	a	moving	grating	induced	an	

optomotor	response	in	flies—a	realignment	of	the	flies	with	the	moving	

surrounding	environment	to	compensate	movements	of	the	environment	and	to	

stabilize	the	image	on	their	retina.	Because	the	flies	eyes	are	fixed	to	their	heads,	

the	optomotor	responses	are	measured	as	the	tendency	for	their	bodies	to	be	

aligned	and	to	follow	angular	movements	of	the	visual	environment	(Evans,	

Paulk,	&	van	Swinderen,	2011).	At	eight-choice	points	in	the	maze,	flies	could	

make	either	a	left	turn	or	a	right	turn,	to	end	up	in	one	of	nine	collection	tubes	

bathed	in	white	light.	

	 When	running	over	a	blank	screen,	flies	showed	no	turning	preferences	

and	were	distributed	fairly	evenly	among	the	collection	tubes	(van	Swinderen	&	

Flores,	2007).	However,	when	running	over	moving	gratings	flies	were	found	to	

distribute	unevenly	at	the	end	of	the	maze,	displaying	an	average	optomotor	

response	in	the	direction	of	image	motion.	Further	investigation	of	the	

Drosophila’s	behavior	showed	that	individual	fly	choices	in	the	maze	revealed	
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different	levels	of	stereotypy	across	the	fly	population	(van	Swinderen	&	

Brembs,	2010).	Interestingly,	selective	breeding	can	increase	these	

idiosyncrasies	(van	Swinderen	&	Brembs,	2010;	van	Swinderen	et	al.,	2009):	

repeat	breeding	of	flies	showing	a	high	stereotypy	led	to	generations	of	flies	

always	turning	in	the	same	directions.	Even	in	the	absence	of	the	moving	

gratings.	Further	studies	conducted	by	Bruno	van	Swinderen	investigated	how	

genetic	manipulation	and	pharmacological	interventions	could	increase	or	

decrease	this	anomalous	stereotypy	(Burne	et	al.,	2011;	Evans	et	al.,	2011;	van	

Alphen	&	van	Swinderen,	2013;	van	Swinderen,	2017).	

		 	

	

	

Figure	18.	The	optomotor	maze	(A)	Maze	design.	A	path	grooved	into	a	transparent	slab	of	clear	
plastic	expands	to	nine	collection	tubes	via	eight	choice	points,	which	are	all	interconnected.	
Tapered	entries	into	the	collection	tubes	prevent	flies	from	returning	into	the	maze	following	an	
experiment.	(B)	Set-up.	The	maze	is	placed	groove-face	down	onto	a	transparent	glass	plate,	aligned	
to	one	edge	of	the	glass,	and	secured	by	two	clips	to	the	glass.	This	platform	is	suspended	above	a	
computer	monitor	with	rubber	stoppers	and	sandwiched	by	a	mirror	on	rubber	stoppers.	(C)	Movie.	
A	grating	of	alternating	green	and	black	stripes	moves	horizontally	(Image	adapted	from	van	
Swinderen	&	Flores,	2007)	
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As	will	become	clear	to	the	reader	in	the	following	chapters,	the	optomotor	maze	

had	been	a	great	source	of	inspiration	to	the	design	of	tasks	used	in	Study	5	and	

6.	It	is	important	to	note,	however,	that	in	the	studies	carried	out	with	the	

optomotor	maze,	little	interest	is	given	to	the	fly’s	normal	switching	behaviour,	

as	research	focused	on	those	showing	the	unusual	behavioural	patterns.	

Therefore,	findings	on	spontaneous	switching	behaviours	available	in	literature	

are	relevant	to	the	proposed	project,	but	typically	they	are	not	investigated	

within	an	exploration/exploitation	theoretical	framework.	

9.2 	Creating	a	“new”	task	to	explore	the	trade-off	between	
identical	options	from	a	cognitive-behavioural	

perspective:	

	 The	following	series	of	studies	aimed	to	gain	greater	understanding	of	

how	the	brain	selects	between	competing	alternatives	in	the	absence	of	any	

punishment/reward	to	bias	an	individual’s	behaviour.	To	our	knowledge,	the	

current	study	is	the	first	attempt	to	examine	this	in	a	way	that	allows	a	direct	

comparison	with	the	animal	literature.	The	initial	development	of	a	suitable	task	

is	therefore	a	primary	goal.	Because	the	bulk	of	the	research	on	the	topic	is	

conducted	in	animals,	the	aim	was	to	identify	the	minimum	task	characteristics	

necessary	to	induce	subject’s	exploring	identical	options	without	

reward/punishment	and	in	the	absence	of	explicit	task	relevant	instructions.	To	

allow	the	tasks	to	be	compared	(and	ideally	transferable)	to	animal	research.		

9.3 	Perceptual	Tasks	

		 Designing	adequate	perceptual	tasks	to	be	used	in	the	experiments	was	

unexpectedly	challenging.	With	respect	to	the	perceptual	stimuli	used,	the	main	
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requirement	was	that	the	stimuli	had	to	be	identical.	A	more	general	rule	that	we	

tried	to	follow	in	designing	the	pilot	experiments	was	that	we	wanted	

participants	to	remain	unaware	of	the	aim	of	the	research.	Because	the	main	

interest	was	in	people's	spontaneous	exploratory	behaviour,	it	was	important	to	

limit	any	“over	thinking”	during	the	tasks	

9.4 Pilot	Experiments	

	 All	the	tasks	used	during	the	pilot	experiments	shared	similar	

characteristics:	i)	Use	of	two	identical/very	similar	objects	symmetrically	

presented	in	the	two	visual	hemi-fields,	and	ii)	Use	of	minimal	or	no	instructions	

to	explain	the	task.	This	latter	restriction	was	carried	out	to	compare	our	data	

with	data	already	available	from	fly	studies	(van	Swinderen	&	Flores,	2007).	For	

this	reason,	we	decided	to	use	an	eye	tracker	in	the	first	version	of	our	task	to	

compare	flies	optomotor	response	to	human	oculomotor	response.		

9.4.1 Pilot	study	1:	Saccade	task	version	1	
	 The	first	pilot	study	used	an	arithmetic	task.	Participants	were	required	

to	add	or	subtract	numbers	presented	on	the	screen,	while	an	eye-tracker	was	

recording	their	eye	movements.	To	indicate	which	arithmetic	operation	had	to	

be	performed	on	each	trial,	two	triangles	were	briefly	presented	on	both	sides	of	

the	screen	(triangles	pointing	up	=	add;	triangles	pointing	down	=	subtract).	The	

presentation	time	and	the	position	on	the	screen	of	the	triangles	was	such	that	

observers	could	only	move	their	eyes	towards	the	left	or	the	right	triangles	but	

did	not	have	time	to	look	at	both.	More	importantly,	it	was	not	possible	to	

determine	the	orientation	of	the	triangles	maintaining	fixation	in	the	centre	of	

the	screen.	That	is,	observers	had	to	make	a	saccade	in	either	direction	(left	or	

right)	to	determine	the	orientation	of	the	triangle.	The	task	was	designed	to	
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provide	the	participant	with	two	identical	options	(two	identical	sources	of	

information)	that	were	behaviourally	relevant	(i.e.,	it	was	not	possible	for	the	

participant	to	do	nothing	and	simply	ignore	the	triangles).	This	allowed	us	to	ask	

the	simple	question	of	whether	participants	tend	to	exploit	or	explore	two	

identical	resources	if	they	are	given	the	same	presentations/choices	on	multiple	

repetitions.	Based	on	the	exploration	/exploitation	literature	it	was	assumed	that	

participants	would	have	a	tendency	to	switch	semi-regularly	between	identical	

alternatives.	The	arithmetic	task	was	designed	to	trigger	a	saccade	(to	mimic	the	

optomotor	response	decisions	in	the	fly)	without	providing	participants	explicit	

instructions	about	eye-movement	choices.	The	primary	question	was:	how	many	

times	participants	switch	between	looking	at	the	right	or	the	left	triangle?	This	

task	made	it	possible	to	assess	spontaneous	switching	behaviour	in	the	absence	

of	any	direct	instructions	relating	to	the	switching	behaviour	being	investigated.	

9.4.1.1 Method	
Participants		

	 Three	participants	took	part	in	the	study	(two	females,	one	male;	age	20-

23).	With	respect	to	handedness,	two	participants	reported	being	right-handed	

and	one	to	be	left-handed.	All	participants	were	volunteers,	recruited	through	

friends	or	colleagues	of	the	principal	investigator.	None	of	the	participants	were	

aware	of	the	aim	of	the	task.		

Testing	Conditions	

	 All	testing	was	conducted	in	the	laboratory	of	the	Optometry	department	

at	The	University	of	Melbourne.	Participants	sat	approximately	1m	from	a	

display	screen	while	their	eye	movements	were	recorded	though	an	eye-tracker	

(Tobii	1750	eye-tracking	system)	integrated	in	a	monitor.	A	chin-rest	fixed	to	the	
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table	40	cm	from	the	screen	prevented	head	movements.	A	brief	(20	seconds)	

calibration	procedure	was	carried	out	for	each	participant,	before	the	start	of	the	

task.	The	experimenter	monitored	online	the	observers'	eye	movements,	on	a	

second-screen	located	on	the	right	side	of	the	participant.	

Triangle	task	

		 Participants	had	to	add	or	subtract	digits	sequentially	presented	on	the	

centre	of	the	screen	(see	Figure	20,	quadrant	A).	Following	the	presentation	of	

the	digits	two	identical	triangles	briefly	appeared	on	both	sides	of	the	screen	(1.5	

deg	triangles	at	an	eccentricity	from	fixation	of	6°;	see	Figure	20,	quadrant	B,	and	

C).	Participants	were	asked	to	use	a	simple	rule:	downward-pointing	triangles	

subtract	digits	and	upward-pointing	triangles	add	digits.	Lastly,	a	number	

representing	a	solution	of	the	arithmetic	operations	was	presented	in	the	centre	

of	fixation.	The	solution	presented	was	the	correct	answer	of	the	arithmetic	

operation	in	50%	of	the	trials	and	was	the	incorrect	answers	in	50%	of	the	trials.	

Subjects	were	asked	to	give	an	answer	by	pressing	one	of	two	keyboards	

previously	defined	and	labelled	as	“correct”	and	“incorrect	"	answer	key.		

All	participants	performed	extremely	well,	with	a	94%	of	correct	answers,	

strongly	suggesting	that	participants	were	engaged	with	the	task.	The	brief	

stimulus	presentation	time	(200ms)	of	the	triangles	presented	simultaneously	at	

an	equal	distance	from	the	centre	of	fixation	allowed	subjects	to	only	make	one	

saccade	(Ross,	Morrone,	Goldberg,	&	Burr,	2001)	towards	either	the	left	or	right	

triangle.	The	task	was	divided	into	two	blocks,	each	block	being	composed	of	35	

trials;	for	a	total	of	70	trials.		

	 The	black	digits	ranging	from	1	to	20	were	presented	for	1	sec	on	grey	

backgrounds;	the	additions	and	subtractions	used	in	the	task	did	not	require	a	
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lot	of	mental	effort	but	were	designed	to	maintain	a	sufficient	level	of	

engagement.	The	number	of	additions	and	subtractions	were	equal	in	the	two	

blocks.	This	procedure	was	carried	out	to	control	possible	bias	for	the	right	or	

the	left	hemi	fields	previously	shown	to	be	associated	with	the	specific	

arithmetic	operations	performed	by	the	subjects	(Schwarz	&	Keus,	2004).	

	

	

Figure	19.	(A)	Digit	(B)	Set	of	Upward-pointing	triangles.	(C)	Set	of	Downward-pointing	triangles.	
	

9.4.1.2 	Results	and	Discussion	

	 In	contrast	to	our	expectations,	all	subjects	looked	at	the	triangle	located	

in	the	right	area	of	the	screen	in	every	single	trial,	for	a	total	of	70	trials.	This	

perseveration	does	not	appear	to	be	influenced	by	participants’	preferred	hand	

(see	Table	2).		

One	variable	that	may	have	influenced	participants’	behaviour	during	the	testing	

session	was	that	the	experimenter	was	monitoring	subjects’	eye	movement	on	a	

second	screen,	located	on	the	subject’s	right-hand	side.	Given	the	unexpected	

degree	of	stereotypy	observed	and	the	biasing	towards	the	right,	it	seemed	

plausible	that	the	presence	of	the	experimenter	to	the	right	of	the	subject	might	
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have	biased	subjects’	preference	towards	the	objects	presented	on	the	right	side	

of	the	screen.		

	 After	the	task	out	of	curiosity	we	asked	to	participants	why	they	never	

looked	at	the	triangle	located	on	the	left	side	of	the	screen.	They	all	appeared	

surprised	about	their	“stereotypical”	behaviour	and	quite	disappointed	to	

discover	this	was	the	primary	behaviour	being	investigated,	rather	than	how	

well	they	did	in	the	arithmetic	task	(suggesting	that	the	task	objectives	had	been	

successfully	withheld	from	participants).	The	subsequent	version	of	the	task	

(pilot	study	2)	was	designed	to	control	for	any	asymmetries	in	the	physical	

testing	environment.		

	

Table	2.	Summary	results	of	saccade	task	version		
	

	

	

9.4.2 	Pilot	study	2:	Saccade	task	version	2	
	 The	second	pilot	study	used	an	identical	task	to	the	previous	version.	The	

difference	was	in	the	physical	set	up	of	the	experiment:	The	testing	location	was	

moved	to	a	perfectly	symmetric	testing	booth,	with	all	objects	in	the	testing	

booth	equidistant	to	the	walls	and	to	each	other.	

Participants	 %	Left	triangle	 %	Right	triangle	 Handedness		

(Right,	Left)	

S1	 -	 100	%	 R	

S2	 -	 100%	 R	

S3	 -	 100%	 L	
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9.4.2.1 Method	

Participants		

	 Ten	participants	took	part	in	the	study	(7	females,	3	males;	age	19-26).	

With	respect	to	handedness:	six	participants	reported	to	be	right-handed	and	

four	left-handed.	All	participants	were	volunteers,	recruited	through	friends	or	

colleagues	of	the	principal	investigator.	None	of	the	participants	were	aware	of	

the	aim	of	the	task.		

Testing	Conditions	

		 All	testing	was	carried	out	in	the	Psychology	Department	at	the	University	

of	Melbourne.	The	testing	booth	was	chosen	for	its	perfect	symmetry	and	the	

absence	of	prominent	features.	The	room	had	plain	white	walls	to	the	left	and	

right	of	the	participant.	All	objects	in	the	testing	room	(monitor,	eye-tracker,	

keyboard,	chair)	were	positioned	equidistant	to	the	walls	and	to	each	other.	To	

record	eye-movements	was	used	a	S1	Mirametrix	Eye	tracker	which	was	

discretely	located	below	the	computer	monitor	(see	Figure	21).	The	

experimenter	was	sitting	outside	the	booth	and	monitored	participant’s	eye	

movements	on	a	second	screen	
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Figure	20.	Images	of	the	S1	Mirametrix	Eye	tracker	(A	&	B).	
	

Triangle	task	

		 The	description	and	the	aim	of	the	task	were	identical	to	the	first	version.		

9.4.2.2 	Results	and	Discussion	

	 In	the	new	version	of	the	task	all	subjects	still	showed	a	systematic	

decision	pattern	(see	Table	3)	where	they	each	selected	one	location	that	they	

looked	at	in	every	trial.	However,	in	this	instance	three	subjects	always	looked	to	

the	left	while	the	other	seven	always	looked	to	the	right.	Preference	for	the	right	

or	left	objects	presented	on	the	screen	was	not	correlated	to	subject’s	

handedness.	As	the	stereotypic	response	patterns	were	maintained	in	an	

environment	with	no	external	bias,	it	was	considered	unlikely	that	the	

preferences	were	influenced	by	external	factors.	Because	the	triangles	were	

presented	on	the	screen	for	a	time	that	allowed	subjects	only	to	look	at	one	

triangle	to	discriminate	its	orientation	(200	milliseconds)	it	was	suspected	that	

subjects	selected	the	same	side	in	an	effort	to	maximise	speed	of	saccade.	It	is	

important	to	highlight	that	the	experimenter	was	able	to	monitor	on	a	second	

screen	participants’	eye	movements,	to	control	that	only	one	saccade	was	

performed	during	the	task.		That	is,	to	perform	an	accurate	and	fast	saccade	

within	the	short	time	allowed,	they	likely	opted	for	an	automatic	visual	search	

routine	and	looked	for	the	triangle	in	the	same	area	of	the	screen.	This	was	clear	

by	inspecting	participants’	eye	movements.	A	few	observers	actually	performed	

a	saccade	towards	the	preferential	side	of	the	screen,	even	before	the	triangle	

appeared.	Thus,	once	they	learned	where	in	the	screen	the	triangle	would	

appear,	they	performed	an	anticipatory	saccade.	Furthermore,	under	this	time	
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constraint	it	seemed	plausible	that	subjects	may	have	assumed	that	both	

triangles	were	identical	and	found	it	faster	to	always	select	the	same	location.	To	

verify	this,	out	of	curiosity,	one	participant	(S8)	was	asked	to	resit	the	test	and	

presented	a	modified	version	of	the	task,	where	the	two	triangles	were	pointing	

in	opposite	directions.		

However,	the	participant’s	behaviour	did	not	change	and	the	triangle	on	

the	left	side	was	always	picked	in	the	modified	version	of	the	task.	From	the	

participant	point	of	view	the	modified	version	of	the	task	and	the	original	were	

identical,	because	in	both	tasks	only	a	single	saccade	was	allowed.	Therefore,	it	

was	impossible	to	detect	that	the	triangles	had	different	orientations.	However,	

from	a	conceptual	point	of	view	it	is	important,	as	it	illustrates	the	cost	

associated	with	exploiting	continuously	the	same	resource.	That	is,	the	risk	of	

missing	new	information	or	a	potentially	more	beneficial	resource.	The	third	

experimental	design	tried	to	exclude	the	potential	confounding	factors	related	to	

time	pressure.	

	

	

	

Table	3.	Summary	results	of	saccade	task	version	2	
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9.4.3 Pilot	Study	3:	Saccade	task	version	3		
	 The	third	version	of	the	task	tried	to	overcome	the	requirement	for	fast	

eye	movements	and	the	possible	assumption	by	subjects	that	there	could	be	an	

accuracy	and	efficiency	cost	associated	with	the	decision	to	switch	their	gaze	to	

the	other	side	of	the	screen	(exploration).	To	do	so,	in	the	current	task	the	

triangle	appeared	only	after	the	participants	made	a	saccade,	in	correspondence	

to	the	side	where	the	actual	saccade	was	made.	Such	that	the	observers,	although	

they	were	unaware	of	it,	were	actually	controlling	the	side	of	the	screen	and	the	

time	when	the	triangle	appeared.	

9.4.3.1 	Method	

Participants		

Participants	 %	Left	triangle	 %	Right	triangle	 Handedness		

(Right,	Left)	

S1	 100	%	 -	 R	

S2	 -	 100%	 R	

S3	 -	 100%	 L	

S4	 -	 100%	 L	

S5	 100%	 -	 R	

S6	 -	 100%	 L	

S7	 -	 100%	 R	

S8	 100%	 -	 L	

S9	 -	 100%	 R	

S10	 -	 100%	 R	
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	 Eighteen	participants	took	part	in	the	study	(12	females	and	6	males;	age	

19-24).	With	respect	to	handedness:	13	participants	reported	to	be	right-handed	

and	five	left-handed.	All	participants	were	volunteers,	recruited	through	friends	

or	colleagues	of	the	principal	investigator.	None	of	the	participants	were	aware	

of	the	aim	of	the	task.		

Testing	Conditions	

	 The	testing	conditions	were	identical	to	pilot	study	2	

Triangle	task		

		 The	description	and	the	aim	of	the	task	were	identical	to	the	previous	

ones.	In	this	version	two	black	crosses	(see	Figure	22)	were	presented	in	the	

periphery	prior	to	the	stimuli	(i.e.,	the	triangles).	Importantly	participants	were	

not	told	to	look	at	the	crosses	or	that	triangles	would	appear	in	the	crosses.	In	

line	with	the	other	tasks,	participants	were	just	required	to	do	an	arithmetic	

sum,	if	they	saw	a	triangle	pointing	upwards	and	a	subtraction	if	they	saw	a	

triangle	pointing	downwards.	Given	that	nothing	else	was	on	the	screen,	all	

subjects	spontaneously	looked	towards	one	of	the	crosses	when	they	appeared.	

A	custom	script	was	developed	using	Matlab	to	integrate	information	(eye	

position)	obtained	from	the	eye	tracker	with	the	location	where	the	images	

(triangles)	would	be	presented	on	the	screen.	This	allowed	us	to	present	a	

triangle	exclusively	in	the	location	where	subjects	decided	to	look,	only	after	the	

subject	had	chosen	to	move	their	eyes.	This	insured	that	there	was	no	perceived	

need	for	the	subject	to	generate	fast	eye-movements.	
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Figure	21.		A	schematic	representation	of	a	trial	sequence	in	the	Pilot	Study	3.	Participants	had	to	
add	or	subtract	digits	sequentially	presented	on	the	centre	of	the	screen	following	the	rule:	triangle	
pointing	upwards=add;	triangle	pointing	downwards	=subtract.	Following	the	presentation	of	the	
digits,	two	black	crosses	appeared	in	the	periphery.	Participants	were	not	asked	to	look	at	the	
crosses,	but	as	nothing	else	was	on	the	screen	they	all	spontaneously	looked	at	them	when	they	
appeared.	When	the	first	saccade	was	made	(either	towards	the	left	cross	or	the	right	cross)	a	
triangle	appeared	in	the	middle	of	the	cross	where	a	saccade	was	made.	The	triangle	remained	on	
the	screen	as	long	as	the	observer	looked	at	it.	To	note	that	the	triangle	appeared	only	after	the	
participant's	made	a	saccade	and	participants,	although	unaware	of	it,	were	actually	controlling	
the	side	of	the	screen	and	the	time	when	the	triangle	appeared.	Lastly,	a	number	representing	a	
solution	(correct	in	50%	of	the	trials)	of	the	arithmetic	operation	was	presented	in	the	centre	of	
fixation.	Subjects	provided	an	answer	(correct	or	incorrect	solution)	by	pressing	one	of	two	keys	on	
the	keyboard.	
		

9.4.3.2 	Results	and	Discussion	

	 The	stereotypic	decision	pattern	was	maintained	with	ten	subjects	always	

looking	to	the	right	and	eight	subjects	always	looking	to	the	left	(see	Figure	23).	

Preference	for	the	right	or	left	triangles	was	not	related	to	subjects’	handedness	

X	2(1,	0.05),	p=0.81.	So	despite	observers	being	able	to	control	where	the	

triangles	would	appear	on	the	screen,	they	still	maintained	a	perseverative	

behaviour	and	did	not	explore	the	opposite	side	of	the	screen.	All	participants	

reported	that	they	were	unaware	of	being	able	to	control	the	side	where	the	

triangle	appeared	through	their	eye-movements.	When	asked	why	they	never	
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looked	at	the	other	side	of	the	screen,	a	few	participants	responded	that	they	did	

not	feel	anything	"interesting"	was	happening	on	the	opposite	side	of	the	screen.	

The	following	version	of	the	task	(pilot	study	4)	tried	to	address	this	issue.		

	

Figure	22.	Number	of	participants	(N=18)	looking	across	the	trials	(for	a	total	of	75	trials)	100%	of	
the	time	to	the	right	triangle	(10	subjects)	and	100%	to	the	left	triangle	(8	participants).	No	
significant	relation	emerged	between	handedness	and	gaze	directions	(p=	0.81).		
	

9.4.4 Pilot	Study	4:	Saccade	task	version	4		
	 In	an	ultimate	attempt	to	try	and	draw	the	subjects’	attention	to	the	

ignored	triangle,	the	cross	that	the	subject	did	not	look	at,	briefly	flashed	and	

disappeared	in	the	following	trial.	The	brief	flash	was	designed	to	alert	subjects	

to	the	fact	that	“something	was	happening”	in	the	hemi	field	ignored	during	the	

task.	

9.4.4.1 	Method	
	Participants	

	 Eight	participants	took	part	in	the	study	(6	females	and	2	males;	age	22-

35).	All	participants	were	right-handed.	All	participants	were	volunteers,	

recruited	through	friends	or	colleagues	of	the	principal	investigator.	None	of	the	

participants	were	aware	of	the	aim	of	the	task.		

Testing	Conditions	
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	 The	testing	conditions	were	identical	to	pilot	study	2	and	3.	

Triangle	task		

The	description	and	the	aim	of	the	task	were	identical	to	the	pilot	study	3.		

Similar	to	pilot	task	3	a	custom	script	was	developed	using	Matlab	to	integrate	

information	from	the	eye-tracker	online	recording	of	the	gaze	position.	In	order	

to	present	the	triangle	only	after	the	observer	made	a	decision	and	exclusively	in	

the	location	where	subjects	decided	to	look.	Furthermore,	here	the	code	also	

took	into	account	participants’	decisions	history	to	break	this	perseverative	

behaviour.	After	two	consecutive	trials	where	participants	looked	at	the	cross	

located	in	the	same	side	of	screen	(e.g.	trial	1	left	cross;	trial	2	left	cross)	a	brief	

(15	ms)	flash	of	light	(a	small	white	disk	of	1°	diameter	at	100%	contrast)	briefly	

appeared	and	disappeared	in	the	following	trial	on	the	side	of	the	screen	that	

had	not	be	chosen	(see	Figure	24).	In	order	to	signal	to	participants	that	they	

might	be	missing	out	something	interesting	happening	on	the	ignored	side	of	the	

screen	and	encourage	them	to	“explore”	the	other	option.		
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Figure	23.	A	schematic	representation	of	a	trial	sequence	in	the	Pilot	Study	4.	The	task	was	similar	
to	the	one	used	in	Pilot	Study	3.	To	break	participants’	perseverative	behaviour	of	looking	only	at	
the	cross	located	in	one	side	of	the	screen,	after	two	consecutive	identical	decisions.	For	example,	in	
trial	1	participant	looked	at	the	left	cross;	in	trial	2	participant	looked	at	the	left	cross.	Then	in	trial	
3	a	brief	flash	appeared	on	the	right	side	of	the	screen,	the	ignored	side,	in	correspondence	to	the	
right	cross.		

9.4.4.2 	Results	and	Discussion	

	 	The	systematic	decision	pattern	was	maintained	also	in	this	new	version	

of	the	task	and	participants	did	not	show	any	flexibility	in	exploring	the	other	

side	of	the	screen.	Five	participants	always	looked	at	the	right	triangle	and	three	

at	the	left	triangle	(see	Table	4	for	a	summary	of	all	the	pilot	results).	The	

presence	of	a	cue	(flash)	to	signal	that	something	“interesting”	might	be	

happening	on	the	ignored	side	of	the	screen	did	not	have	any	success.	Out	of	

curiosity,	we	asked	a	few	participants	whether	they	saw	a	flash	on	the	ignored	

side	of	the	screen	and	interestingly	participants	confirmed	noticing	a	“flash”.				
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	 The	absence	of	exploration	for	other	available	options,	even	if	no	cost	was	

associated	with	the	decision	of	switching	triangles,	goes	against	the	current	

general	thinking	that	assumes	subjects	will	spontaneously	explore	new	options	

when	the	same	one	is	presented	over	time.	Because	of	physiological	(Aston-Jones	

&	Cohen,	2005a)	and	attention	reasons	(Klein,	2000)	—	for	more	details	see	

Sections	1.6.		

	 Furthermore,	from	a	top-down	perspective,	to	maintain	a	level	of	

flexibility	in	in	the	behaviour	is	paramount	to	prevent	an	agent	from	becoming	

“stuck”	in	a	permanent	state	and	responding	rapidly	to	changes	in	the	

environment.	For	example,	there	is	a	wealth	of	evidence	in	the	literature	

showing	that	in	the	voluntary	task-switching	paradigm	(for	a	review	see	

Arrington	&	Logan,	2004)	,	where	participants	are	given	the	opportunity	to	

switch	between	tasks,	people	decide	to	switch	between	tasks	even	when	there	is	

an	on	obvious	cost	(i.e.,	switch	from	an	easy	to	a	difficult	one;	Frober	&	

Dreisbach,	2017;	Yeung	2010).	The	findings	of	the	pilot	studies,	however,	appear	

to	directly	contradict	this	proposed	preference	for	switching	and	novelty	

seeking.	Rather	these	findings	support	a	separate	line	of	research	suggesting	that	

people	have	a	tendency	to	follow	implicit	rules	with	that	bias	their	behaviour	

when	facing	identical	options.	For	example,	always	choosing	the	middle	option	

when	presented	with	an	array	of	identical	alternatives,	to	minimize	mental	effort	

(Christenfeld,	1995).		

	 While	the	main	goal	of	the	pilot	studies	was	to	generate	spontaneous	

switching	behaviour	in	an	experimental	setting,	the	unexpected	lack	of	switching	

in	the	first	four	pilot	experiments	was	interesting	in	its	own	right	and	future	
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research	may	be	needed	to	accurately	determine	what	factors	drive	this	

apparently	rigid	behaviour	and	complete	lack	of	variability.		

	 With	respect	to	the	limitations	of	these	pilot	versions	of	the	experiment,	it		

is	important	to	acknowledge	that	the	lack	of	variability	observed	in	people’s	

behaviours	might	speak	to	a	fundamental	problem	with	designing	a	task	for	

humans	based	on	the	animal	literature.	That	is,	differently	to	the	animal	studies	

to	observe	people’s	natural	drive	to	explore	or	exploit	in	the	absence	of	external	

bias	requires	a	secondary	task	(i.e.,	the	arithmetic	task),	which	minimise	any	

overthinking	from	the	participants.		Human	participants	will	start	wondering	

about	the	goal	of	the	experiment	and	any	possible	explanations	they	come	up	

with,	will	inevitably	bias	their	behaviour.	The	findings	from	the	pilot	

experiments,	however,	suggest	that	to	introduce	a	secondary	task	may	

inadvertently	and	profoundly	impact	people’s	behaviour.		Such	that	it	is	then	

impossible	to	ascertain	whether,	for	example,	the	systematicity	observed	in	the	

pilot	studies	can	be	considered	as	an	instance	of	extreme	exploitation,	or	as	an	

instance	of	efficient	strategy	to	perform	the	secondary	task.	Hence,	more	

generally	this	speaks	to	the	importance	of	considering	also	alternative	

interpretation	of	the	findings,	when	it	is	not	clear	what	goal/motivations	drive	

people’s	behaviour,	especially	for	an	ambiguous	task.	

However,	one	of	the	aims	of	the	thesis	was	to	ascertain	whether	similar	

tendencies	to	explore	could	be	found	across	domains.		As	a	result,	because	there	

was	no	variability	found	using	four	different	variants	of	an	eye-position	task,	a	

new	approach	was	required.	
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Chapter	10: 	Pilot	Study	5	(the	Door	task)	&	and	the	
final	version	of	the	task	(the	Virtual	Environment).	

	

10.1 	 Pilot	Study	5:	Door	task		

The	5th	and	final	attempt	to	induce	spontaneous	switching,	involved	a	

completely	different	type	of	task.	However,	the	general	characteristics	(the	use	of	

two	symmetrically	identical/very	similar	objects	and	no	instructions)	were	

maintained.		

The	design	of	the	task	resembles	a	simple	everyday	decision:	choosing	a	door	to	

get	inside	a	room.	Sometimes	in	everyday	life	people	need	to	choose	between	

nearly	identical	doors	(e.g.,	between	two	elevator	doors	opening	exactly	at	the	

same	time,	see	Figure	26).	Again,	although	bias	for	one	door	likely	exists,	for	

example	choosing	the	right	door	if	you	are	right-handed,	it	is	hard	to	believe	that	

when	a	person	has	to	get	inside	that	room	several	times,	she	would	exclusively	

use	one	door	and	fully	ignore	the	other.	Certainly,	in	animal	studies	such	rigidity	

is	not	commonly	seen.	When	an	animal	is	required	to	sequentially	decide	

between	identical	options	(i.e.,	to	turn	right	or	left)	to	advance	in	a	maze,	the	

majority	of	the	population	show	some	degree	of	flexibility,	with	individual	

differences,	in	the	switch	between	options.	For	example	a	typical	fruit	fly	would	

make	in	average	2.14	turns	in	same	direction,	before	switching	to	the	other	

direction	(van	Swinderen	&	Flores,	2007).		
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	 Figure	24.	It's	a	tough	call.	(Photo:	Cartoon	Resource/Shutterstock)	
	

	 As	previously	noted,	a	great	deal	of	research	on	decision-making	is	based	

on	animal	and	humans	empirical	research,	but	regrettably	without	direct	

comparison	between	the	two	areas	of	research.	In	order	to	compare	our	findings	

to	the	existing	animal	literature,	the	aim	of	this	final	pilot	study	was	to	again	

create	a	task	that	resembles	the	maze	with	repeated-turning	points	used	with	

the	flies	(see	Section	9.1).	This	time,	rather	than	using	eye	movements,	

participants	were	required	to	make	eight	left/right	decisions,	to	advance	

through	identical	doors	(i.e.,	to	choose	the	right	or	left	door).		

10.1.1 Method	
Participants		

	 Five	participants	took	part	in	the	study	(5	females;	age	19-27).	Four	

participants	were	right-handed	and	one	left-handed.	All	participants	were	
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volunteers,	recruited	through	friends	or	colleagues	of	the	principal	investigator.	

None	of	the	participants	were	aware	of	the	aim	of	the	task.	

Testing	Conditions	

	 All	testing	was	carried	out	in	the	Psychology	Department	at	the	University	

of	Melbourne.	The	testing	booths	were	again	chosen	for	their	perfect	symmetry	

and	the	absence	of	prominent	features.	The	room	had	plain	white	walls	to	the	

left	and	right	of	the	participant.	All	objects	in	the	testing	room	(monitor,	

keyboard,	chair)	were	positioned	equidistant	to	the	walls	and	to	each	other.		

Door	task		

	 Pictures	of	eight	nearly	identical	doors	were	inserted	into	the	MATLAB	

GUI	using	an	Image	Acquisition	Toolbox	(Marques,	2011).	Subjects	sitting	in	

front	of	a	computer	were	shown	sequentially	eight	separate	pictures	of	two	

similar	doors.	In	order	to	again	have	minimal	instructions	(to	mimic	animal	

research),	only	very	basic	instructions	were	provided.	At	the	start	of	the	

experiment	the	researcher	provided	no	explanation	regarding	the	task	and	the	

participant	was	seated	in	front	of	the	computer	displaying	an	image	of	two	doors	

with	the	text	“Press	the	right	arrow	to	choose	the	right	door,	press	the	left	arrow	

for	the	left	door”.	Once	participants	pressed	one	of	the	two	keys	on	the	keyboard	

a	short	video	clip	began	(see	below	for	details	about	the	video	clip).	Participant’s	

response	(turn	left	or	turn	right)	was	recorded.		

	 The	images	of	the	eight	nearly	identical	doors	were	found	around	the	

University	of	Melbourne	campus	(for	an	example	see	Figure	26).	Any	obvious	

details	on	the	door	were	disguised	with	removable	black	tape	(e.g.,	number	on	

the	door)	in	order	to	make	the	doors	as	identical	as	possible.	
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Figure	25.	Images	of	similar	doors	used	in	the	maze	task.	In	the	maze	task	subjects	were	shown	a	
picture	of	two	similar	doors	and	asked	to	choose	one	of	them.	Once	the	subject	gave	a	response	(left	
or	right	arrow	key	response),	a	video	started	with	the	camera	reaching	for	the	door	chosen.	If	the	
left	or	right	arrow	key	was	pressed,	then	the	video	appeared	as	if	the	viewer	was	walking	toward	
the	left	or	right	door	respectively.	At	the	end	of	the	video,	a	picture	of	two	new	identical	doors	was	
shown	and	the	exact	same	procedure	was	repeated.		
	
Video	clip:	Two	short	video	clips	were	recorded	for	each	pair	of	identical	doors	

(for	a	total	of	16	video	clips).	Each	video	clip	was	viewed	from	a	first-person	

perspective	and	started	from	an	equidistant	point	between	the	pair	of	doors,	at	

roughly	1.5	metres	distance.	If	the	observer,	for	example,	chose	the	right	door	

(right	arrow)	from	the	starting	point	the	camera	progressively	advanced	

towards	the	door	located	on	the	right.		In	the	final	shot,	the	camera	pointed	to	

the	door	handle	where	a	hand	appeared	and	moved	towards	the	door	handle.	In	

the	final	shot	the	hand	started	pushing	the	handle,	but	the	video	stopped	before	

the	door	was	opened	(an	identical	video,	but	moving	towards	the	left	door,	was	

associated	with	the	decision	“Left	door”).	Following	the	last	shot	a	new	image	of	

two	different,	but	identical,	doors	immediately	appeared.		

10.1.2 	Results	and	General	Discussion	
	 In	the	door	task	all	subjects	switched	from	exploring	the	right	door	to	

exploring	the	left	door	(average	of	number	of	switching	M=5.2,	SD=1.92)	with	a	

maximum	of	seven	switches	(i.e.,	in	every	trial	a	different	direction	was	chosen)	

and	a	minimum	of	three	switches.		When	asked	why	they	switched,	a	few	
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participants	said	that	they	wanted	to	see	what	was	behind	the	door	and	tried	to	

do	“something	different”	to	test	whether	they	could	eventually	be	able	to	see	

what	was	behind	the	door.	

	 Given	the	basic	nature	of	the	task,	only	the	frequency	of	switches	in	

direction	could	be	recorded	as	a	measure	to	capture	people’s	drive	to	explore:	a	

change	from	choosing	the	key	associated	to	the	right	door	to	the	one	associated	

to	the	left	one.	Nevertheless,	after	designing	and	conducting	five	separate	pilot	

studies,	we	were	finally	able	to	induce	switching	in	our	door	task.	As	this	was	

just	an	initial	pilot,	there	were	some	limitations	relating	to	the	stimuli	(e.g.,	the	

doors	were	similar	but	not	always	identical).		

A	possible	criticism	to	the	current	study	is	that	all	participants	were	

students	from	the	University	of	Melbourne,	where	the	pictures	of	the	doors	were	

taken	from.	Therefore,	it	could	be	argued	that	participants	might	have	been	

familiar	with	the	doors	and	this	might	have	impacted	their	response.	However,	it	

is	worth	pointing	out	that	the	images	of	the	nearly	identical	doors	were	chosen	

throughout	the	whole	campus.	There	are	more	than	100	different	buildings	

inside	the	University	of	Melbourne	campus.	It	is	reasonable	to	assume	that	the	

likelihood	of	participants	being	familiar	with	all	the	images	of	the	doors	used	

was	extremely	unlikely.	Furthermore,	the	images	used	only	included	the	doors	

and	no	other	details	of	the	building	was	visible.	However,	to	rule	out	any	impact	

of	familiarity,	future	studies	should	account	for	this	possibility.	For	example,	by	

asking	participants	whether	they	could	recognise	any	of	the	doors	used	in	the	

task.	

However,	the	stimuli	and	the	tasks	used	clearly	had	characteristics	that	

were	able	to	induce	a	switch	in	the	subjects’	response.	Additional	formal	testing	
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was	therefore	required	to	tease	out	the	relative	contribution	of	different	factors	

and	it	was	decided	to	create	and	test	a	different	task,	one	that	replaced	the	

naturalistic	door	images	and	videos	with	a	virtual	environment.		

	 The	following	paragraphs	provide	a	description	of	the	virtual	

environment	task	and	its	main	features	(technical	details	are	included	in	the	

methods	of	Study	6	reported	in	Chapter	11	below)	together	with	an	explanation	

of	the	difficulties	associated	in	gaining	a	clear	interpretation	of	the	participants’	

explorative	behaviour	in	the	virtual	environment.	It	is	then	explained	why	

exploration	is	closely	linked	to	the	idea	of	randomness	in	the	virtual	

environment	task.	An	introductory	overview	of	the	most	widely-endorsed	

theoretical	approaches	adopted	in	the	literature	to	capture	people’s	

predictability	(the	opposite	of	randomness)	—the	Shannon’s	entropy	and	

lossless	compression—	will	then	be	provided.	The	strength	and	shortcomings	of	

those	theoretical	approaches	are	discussed	together	with	practical	examples	to	

justify	why,	for	the	virtual	environment	task,	those	measures	cannot	adequately	

distinguish	people’s	explorative	behaviours.	Finally,	we	provide	a	description	of	

the	complexity	algorithm	used	to	analyse	participants’	explorative	behaviours	in	

the	virtual	environment	task.	

10.2 	The	Virtual	Environment		

	 The	virtual	environment	simulated	a	simple	3-dimensional	maze	

consisting	of	repeated	loops	(see	Figure	27	and	the	link	for	a	brief	video	

provided	in	the	figure	caption).	Each	loop	started	with	a	straight	corridor	that	

ended	with	a	T-intersection.	Both	the	left	and	right	arms	of	the	T-intersection	led	

to	the	start	of	corridors	that	were	identical	to	the	first	one,	again	ending	at	a	T-

intersection.	The	floor	and	walls	of	the	corridors	were	uniform	grey	and	black	
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respectively	with	no	novel,	salient	or	distinguishing	features	throughout	the	

length	of	the	corridors.	Participants	viewed	the	virtual	environment	from	a	first-

person	perspective	and	used	a	standard	joystick	to	advance	through	the	

corridors.	When	the	participants	pushed	the	joystick	right	or	left	the	view	on	the	

screen	would	change	to	mirror	the	participant’s	decision,	when	they	pushed	the	

joystick	forward,	they	would	advance.		

	 To	avoid	any	potential	confounding	effects	of	the	testing	environment	

that	might	influence	whether	the	participants	would	turn	right	or	left,	particular	

attention	was	given	ensuring	the	testing	area	was	symmetrical:	The	monitor	was	

equidistant	to	both	sides	of	the	desk	on	which	it	was	placed	and	the	joystick	was	

positioned	in	the	middle	of	the	desk,	directly	centred	in	front	of	the	monitor.	At	

each	turning	point,	participants	could	only	turn	right	or	left	in	order	to	advance	

through	the	corridors.	Participants	were	only	able	to	advance	forward	through	

the	maze	and	could	not	go	back	to	the	previous	stages	(similar	to	the	fly	maze	

used	by	van	Swinderen	(2011).	The	virtual	environment	was	timed,	allowing	10	

minutes	per	participant,	irrespective	to	participants’	actions.	That	is,	participants	

could	decide	to	stop	advancing	through	the	maze,	and	simply	stare	at	the	screen	

until	the	10	minutes	was	over.	There	was	no	actual	end-point	in	the	virtual	

environment	and	as	long	as	participants	kept	advancing	through	the	corridors,	

participants	would	always	encounter	a	new	turning	point	(for	technical	details	

see	the	Methods	section	of	Chapter	11).		
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Figure	26.	The	panels	show	in	sequence	the	virtual	environment	as	seen	by	the	participant	
perspective	when	he	decides	to	turn	left	at	the	T-intersection.	Using	a	standard	joystick,	participants	
were	able	to	advance	through	a	straight	corridor,	ending	in	a	T-intersection.	Both	left	and	right	
arms	of	the	T-intersection	led	to	a	corridor,	which	was	identical	to	the	previous	one.	Participants	
were	inside	this	loop	of	identical	corridors	for	10	minutes.	The	direction	(left	or	right	turn)	and	the	
reaction	time	were	recorded	for	each	participant.	For	a	brief	video	of	the	task	see:			
https://www.dropbox.com/s/cozgup3w2bsopkn/VirtualEnvironmentTask.mov?dl=0	
	

10.3 	 What	should	be	considered	exploration	in	the	virtual	

environment	task?		

	 A	current	debate	amongst	researchers	is	how	to	more	precisely	define	

and	operationalise	exploration.	As	it	has	been	previously	noted,	a	behaviour	

expressed	by	the	same	agent	may	be	interpreted	by	some	as	explorative,	but	as	

exploitative	by	others	(Mehlhorn,	Newell,	Todd,	Lee,	&	Morgan,	2015).	For	

example,	the	description	of	a	behaviour	might	dramatically	change	according	to	

the	spatial	or	temporal	scales	over	which	the	behaviour	is	interpreted.	We	faced	

a	similar	ambiguity	in	the	attempt	to	define	participant’s	responses	in	the	virtual	

environment.	To	consider	a	participant’s	behaviour	as	explorative	or	exploitative	

when	focusing	solely	on	each	single	decision	carried	out	at	each	turning	point	(to	

change	direction	or	to	stick	with	the	previous	choice)	was	straightforward.	Any	

change	of	directions,	which	implied	a	change	of	strategy,	could	be	considered	

“explorative”—Ultimately,	this	was	the	behaviour	we	expected	to	find	in	the	pilot	

studies	described	in	Chapter	9.		

	 However,	things	get	more	complicated	when	considering	the	whole	

sequence	of	decisions	made	by	a	participant	throughout	the	task.	Namely,	if	a	
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participant	continuously	switches	between	right	and	left	sides,	such	that	the	

repeated	switching	is	the	only	behaviour	observed;	is	it	still	appropriate	to	

define	this	behaviour	as	explorative?	More	importantly,	how	can	the	strategy	of	a	

participant	who	switches	all	the	time	be	qualitatively	different,	from	an	

explorative	perspective,	to	one	that	goes	only	in	one	direction?	By	choosing	to	

always	switch	directions	a	participant	is	not	adopting	a	new	strategy,	but	rather	

they	are	exploiting	only	one	search	strategy.	Thus,	the	level	of	abstraction	(global	

or	local)	chosen	to	analyse	the	exploration-exploitation	behaviour	plays	a	key	

role	in	assessment	of	choices	in	the	virtual	environment.		

	 To	illustrate	this	point,	let	us	consider	some	practical	examples.	From	a	

formal	perspective,	participants’	behaviour	in	the	virtual	environment	can	be	

transformed	into	a	sequence	of	binary	decisions:	1	(turn	left)	and	-1	(turn	right).	

Presented	below	are	the	data	strings	of	three	hypothetical	participants	in	the	

virtual	environment	as	well	as	a	visual	representation	of	their	behaviour	(see	

Figure	28):	

	

	

	

	

	

	

	

Figure	27.	Graphic	representations	of	three	hypothetical	sequences	of	decisions	in	the	virtual	
environment	task	(A,	B,	C).	Each	point	corresponds	to	a	participant’s	decision	where	a	turn	left	is	
represented	by	a	1	and	a	turn	right	by	a	-1.				
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	 Starting	with	the	simplest	behaviour	to	interpret,	Participant	A,	it	is	clear	

that	sustained	selection	of	the	same	alternative	should	be	defined	as	exploitative	

(i.e.,	always	turn	to	the	left	and	ignore	the	other	side	of	the	virtual	environment).	

The	problem	arises,	however,	in	trying	to	clearly	differentiate	participant	B	from	

C’s	strategy.	In	the	sequence	of	decisions	both	participants	showed	exactly	the	

same	number	of	right	and	left	turns	(10	turns	to	the	right	and	10	turns	to	the	

left)	and	explored	both	sides	of	the	virtual	environment	equally.	Thus,	if	we	

equate	number	of	turns	to	exploration,	they	both	showed	an	identical	tendency.	

The	problem,	however,	is	that	participant	B	did	switch	to	the	opposite	selection	

on	every	trial,	but	this	is	the	only	strategy	she	used	during	the	task.	

	 To	reiterate	this,	from	a	quantitative	point	of	view,	the	behaviour	of	

participant	B	and	C	are	identical,	because	they	have	an	equal	number	of	1	and	-1.		

However,	most	will	agree	that	their	behaviour	is	qualitatively	different.	That	is,	

participant	B’s	behaviour	is	highly	predictable	(right-left-right-left).	Thus,	when	

focusing	on	predictability,	participant	B’s	behaviour	is	more	similar	to	the	

behaviour	of	participant	A	(continuously	turning	right)	than	participant	C’s.	

	 One	may	argue	that	although	predictable,	the	systematic	behaviour	of	

participant	B	could	be	considered	an	efficient	and	rigorous	approach	to	

exploring	a	new	environment.	However,	it	is	important	to	keep	in	mind	what	

type	of	task	the	participants	were	performing.	Participants	were	“stuck”	in	the	

virtual	environment	for	ten	minutes	and	had	to	decide	between	turning	right	or	

left	in	order	to	advance	through	identical	corridors.	Irrespective	to	a	

participants’	initial	strategy	(e.g.,	turning	one	direction	every	time,	or	switching	

back	and	forth	between	directions	every	time)	they	would	soon	realise	that	the	

current	behaviour	was	not	particularly	successful,	as	they	would	remain	stuck	in	
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the	virtual	environment.	Thus,	to	persist	in	pursuing	the	same	strategy	might	be	

considered	an	instance	of	exploitative	behaviour	(i.e.,	to	keep	doing	what	you	are	

doing).		

	 Consequently,	explorative	behaviour	(i.e.,	to	try	something	new)	in	the	

virtual	environment	is	not	best	characterised	by	either	the	frequency	of	right	and	

left	turns,	or	the	frequency	that	that	a	participants	decides	to	switch	from	right	

to	left	or	vice	versa	(participant	B	has	the	highest	number	of	switches),	but	

rather	if	a	participant	decides	to	“break”	from	the	history	of	her	past	decisions	in	

order	to	attempt	something	new.	This	implies	that	a	key	property	of	explorative	

behaviour	in	the	virtual	environment	should	be	considered	the	degree	of	

unpredictability,	or	randomness,	manifested	by	the	participant.		

10.4 	 Randomness	and	Entropy	

The	measurement	of	randomness,	or	unpredictability,	is	difficult	and	

measuring	the	randomness	of	a	finite	sequence—as	participants’	behaviour	in	

the	virtual	environment	was	coded—is	an	open	challenge	from	a	mathematical	

point	of	view.	However,	the	measure	most	commonly	used	in	the	literature	to	

measure	randomness	is	entropy.	In	line	with	this,	entropy	was	the	first	measure	

adopted	to	capture	participants’	behaviour	in	the	virtual	environment.	The	study	

of	randomness	through	entropy	has	had	an	interesting	history	and	it	is	worth	a	

brief	summary	to	provide	the	necessary	background	to	understand	the	necessity	

of	finding	an	alternative	measure	of	randomness	to	analyse	the	data	of	the	virtual	

environment	task.		

	 In	1865,	Rudolf	Clausius	was	the	first	to	use	entropy	in	thermodynamics	

(Clausius,	1867).	He	described	entropy	as	the	reversible	process	associated	with	

the	increase	of	energy	added	to	a	body,	for	example	heat.	Maximum	entropy	is	
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reached	during	a	thermodynamic	equilibrium	when	all	microstates	gain	equal	

probability	(for	a	review	see	Callen	&	Scott,	1998).	This	aspect	is	of	particular	

relevance	to	the	measure	of	variability	using	entropy	levels	in	the	virtual	

environment	task-as	will	be	explained	later.		

	 From	thermodynamics	the	concept	of	entropy	was	subsequently	applied	

to	other	disciplines.	However,	it	is	thanks	to	Shannon	(1948),	a	prominent	figure	

in	information	theory,	that	the	equivalence	between	physical	entropy	and	

information	entropy	was	established	and	the	concept	of	entropy	widely	became	

used	in	the	literature	(Bennett,	1998).	From	a	formal	point	of	view	entropy	

indicates	the	uncertainty	of	information	associated	with	a	variable.	Thus,	in	

communication	this	would	be	the	amount	of	uncertainty	that	is	reduced	once	

that	information	is	transmitted	(Shannon,	1948).		

10.4.1 		What	are	the	issues	with	using	traditional	methods	to	

measure	randomness	in	our	data?		
	 When	participants’	entropy	was	measured	in	the	virtual	environment	

with	the	Shannon’s	entropy	formula	a	problem	became	apparent.	Specifically,	

the	formula	was	not	adequately	capturing	and	separating	some	participants’	

behaviour	from	others.	That	is,	some	participants’	behaviours	had	a	high	entropy	

value,	but	by	looking	at	the	raw	data	it	was	evident	that	they	were	extremely	

predictable.	For	example,	going	back	to	the	binary	string	presented	above,	when	

applying	Shannon’s	entropy	formula	Participant	B	and	participant	C	would	

obtain	exactly	the	same	entropy	value	and	consequently	their	behaviour	would	

be	indistinguishable	from	each	other.	The	reason	for	this	is	clear	when	looking	at	

the	formula	of	Shannon	entropy	(see	below).	The	formula	implies	that	the	
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average	information	(H)	of	a	finite	set	of	symbols	(s)	is	repetitively	taken	from	a	

set	of	elements:	

	

	H(s)=−∑i	pilog2(pi)	

	

Where	pi	is	the	relative	frequency	of	(i)	in	the	sequence.	The	entropy	reaches	its	

maximum	when	the	relative	frequencies	of	the	symbols	(e.g.,	-1s	and	1s)	are	

equal.	In	other	words,	the	entropy	of	a	string	reflects	the	frequency	of	the	

symbols	in	the	sequence,	meaning	that	entropy	would	tell	me	whether	a	

participant	explored	more	the	left	or	the	right	side	of	the	virtual	environment.	

Maximum	entropy	would	be	associated	to	those	participants	who	reached	a	

balance	between	equally	exploring	the	two	sides.		

	 To	further	clarify	the	problem	of	adopting	entropy,	despite	being	the	most	

widely-used	measure	of	randomness	in	the	literature,	let’s	consider	these	few	

hypothetical	strings	of	data	(see	Figure	29).		
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Figure	28.	Graphic	representations	of	four	hypothetical	sequences	of	decisions	in	the	virtual	
environment	task	(D,E,F,G).	Each	point	corresponds	to	a	participant’s	decision	where	a	turn	left	is	
represented	by	a	1	and	a	turn	right	by	a	-1.				
	

	 For	example,	hypothetical	Participant	D	decided	to	continuously	turn	

right	and	to	turn	left	just	one	time	(i.e.	1	1	1	1	1	1	1	1	-1	1).	When	applying	the	

Shannon	entropy	formula,	participant	D’s	behaviour	is	associated	with	a	low	

entropy	value	(H(s)=0.47	bits).	Entropy	varies	between	0	and	1,	with	0	

associated	with	a	certain	outcome	and	1	to	maximum	unpredictability.	For	this	

participant,	as	the	same	strategy	(apart	for	one	exception)	was	carried	out	

throughout	the	task,	the	low	entropy	value	is	in	line	with	the	definition	of	

“exploration”	adopted	in	this	study.	With	one’s	behaviour	relying	on	past	choices	

and	being	highly	predictable.		

	 In	a	similar	way,	entropy	would	be	an	appropriate	measure	to	capture	the	

explorative	tendencies	of	hypothetical	participant	E,	who	flexibly	adopted	

different	strategies	while	advancing	in	the	virtual	environment	(i.e.	1,	-1,	-1,	-1,	1,	
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-1,	1,	1,	-1,	1).	The	entropy	would	be	maximal	for	this	random-like	sequence	of	

turns,	because	the	number	of	left	turns	(5)	are	equals	to	the	number	of	right	

turns	(5).	

	 However,	a	problem	arises	in	a	string	with	an	identical	number	of	-1s	and	

1s,	but	with	a	different	arrangement	within	the	string.	Accordingly,	maximum	

entropy	would	also	be	attributed	to	sequence	F,	showing	a	strong	stereotypical	

behaviour	(always	choosing	left	in	half	of	the	task	and	then	always	choosing	

right	in	the	other	half;	i.e.	1	1	1	1	1	-1	-1	-1	-1	-1).	Exactly	the	same	entropy	value	

would	be	obtained	also	by	Participant	G,	showing	a	similar	stereotypical	

behaviour	of	switching	back	and	forth	between	right	and	left	(i.e.	1,	-1,	1,	-1	,1,	-1,	

1,	-1,	1,	-1).		

	 In	summary,	because	the	decision	between	right	and	left	are	perfectly	

balanced	and	the	entropy	is	maximum	in	all	the	above	cases	it	cannot	be	

determined	whether	the	entropy	of	the	data	is	caused	by	the	agent	carrying	out	a	

simple	rule.	But	then	how	can	the	local	structure,	or	the	complexity	of	a	sequence	

be	measured?	In	the	following	paragraph	a	solution	to	this	problem	is	described.		

10.4.2 		The	Kolmogorov	complexity	theory:	How	complexity	can	

be	measured	in	“theory”		
	 A	broader	search	of	the	literature	revealed	that	measuring	the	

randomness	of	a	binary	sequence,	beyond	its	statistical	regularities,	has	been	a	

problem	of	interest	for	different	disciplines	(Williams	&	Griffiths,	2013).	In	

particular	with	the	development	of	informatics,	this	has	become	a	major	

challenge.	All	the	information	transmitted	through	computers	use	binary	

language	{0,1};	thus,	long	strings	of	data	need	to	be	communicated	efficiently	and	

accurately.	From	a	mathematical	point	of	view	the	problem	has	been	resolved	
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through	the	Kolmogorov	and	Chaitin’s	algorithm	(Chaitin,	1966;	Kolmogorov,	

1968).	Kolmogorov	and	Chaitin	provided	a	formal	definition	of	a	random	

sequence:	the	Kolmogorov-Chaitin	complexity	(Vitanyi	&	Li,	1997).	

	 Put	simply,	a	string	can	be	defined	as	random	if	it	is	complex,	such	that	it	

cannot	be	communicated	by	using	fewer	words	than	the	original	string.	Namely,	

it	is	impossible	to	compress	the	original	string	because	there	are	no	

redundancies	or	rules	capturing	the	original	one.	Consequently,	the	length	of	the	

shortest	program	that	can	reproduce	a	string	can	be	used	as	a	measure	of	the	

string’s	randomness.	

For	example,	to	communicate	the	below	string	of	0	and	1,	despite	its	length,	

would	be	easy:		

	

	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	1	0	

1	

	

This	is	because	it	follows	a	simple	rule.	So,	one	simply	needs	to	say:	“22	repeats	

of	1	0”.		

	 However,	things	get	more	complicated	when	we	want	to	describe	a	short,	

but	complex	string,	such	as	the	one	below:		

	

	1	0	0	0	1	0	1	1		

	

To	communicate	this	string,	one	would	need	to	say	something	as”	one	1,	three	0,	

one	1,	one	0,	two	1”.	There	is	no	redundancy	in	the	string	that	can	be	exploited	to	

compress	the	information.	Therefore,	the	complexity	of	a	message	is	not	related	
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to	the	length	of	the	original	message,	but	to	its	structure.	This	is	where	

information	reproduction	of	a	short	but	complex	message	becomes	challenging.	

Notably,	this	principle	has	been	used	to	investigate	the	complexity	of	all	forms	of	

communications	across	species	(for	example	see	Ryabko	&	Reznikova,	1996).	

	Formally	the	Kolmogorov-Chaitin	complexity	is	expressed	in	the	below	formula:	

	

	C(s)	=	minp{|p|:U(p)	=	s}	

	

Where	the	complexity	of	a	string	(s)	is	given	by	the	length	of	the	shortest	

program	of	a	universal	Turing	machine	(U)	that	produces	that	string	and	halts.		

	 Put	simply,	a	universal	Turing	machine	would	be	any	abstract	machine	

that	reads	the	number	of	each	data	string	and	prints	an	output,	which	describes	

unambiguously	the	instructions	to	obtain	that	exact	data	string.	The	upper	

bound	(the	maximum	value)	of	the	Kolmogorov	complexity	is	thus	the	bits	

(quantity	of	information)	necessary	to	communicate	that	instruction	(Cover	&	

Thomas,	2006).	However,	the	Kolmogorov-Chaitin	complexity	formula	is	valid	

only	from	a	theoretical	perspective	and	has	no	real	practical	applicability.	The	

following	paragraphs	describe	how	the	conversation	about	calculating	the	

randomness	of	a	binary	string,	accounting	for	its	complexity,	moved	from	theory-

centred	to	real-world	applicability.			

10.4.3 		Lossless	compression:	How	complexity	can	be	measured	

in	a	long	binary	string,	but	not	for	a	short	binary	string			
	 The	idea	of	complexity	based	on	a	Kolmogorov	and	Chaitilin	algorithm	

has	been	extremely	influential	from	a	theoretical	point	of	view	(for	a	review	see	
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Gauvrit,	Zenil,	Delahaye,	&	Soler-Toscano,	2013).	However,	from	a	practical	point	

of	view,	it	is	impossible	to	apply	because	the	algorithm	is	incomputable	(Soler-

Toscano,	Zenil,	Delahaye,	&	Gauvrit,	2014).	That	is,	there	is	no	Turing	machine	

that	will	generate	as	an	output	C(s),	given	a	string	s.	However,	on	a	positive	side,	

for	extremely	long	strings	(e.g.,	few	thousand	symbols)	the	complexity	can	be	

reliably	approximated	using	other	methods,	such	as	the	lossless	compression	

(Soler-Toscano	et	al.,	2014).	The	length	of	the	compressed	value	of	a	string	

would	provide	an	extremely	good,	although	not	perfect,	measure	of	the	

complexity	of	the	original	string:	A	less	complex	string	will	be	associated	with	

lower	values,	reflecting	symmetries	and	redundant	information	in	the	original	

data.		

	 The	lossless	compression	performs	poorly	in	one	condition:	when	

estimating	the	complexity	of	a	medium	length	string	(<50	bit)	(Gauvrit,	

Singmann,	Soler-Toscano,	&	Zenil,	2015).	This	is	because	the	compression	

algorithm	is	made	up	of	two	parts:	the	data	to	reproduce	the	original	string	and	

the	instruction	on	how	to	decompress	the	file.	For	a	medium	length	string,	thus,	

the	compressed	string	results	in	it	being	as	big	as	the	original.	Unfortunately,	

participants’	data	in	the	virtual	environment	task	falls	in	this	category,	with	an	

average	bit	string	of	52	(with	each	bit	in	the	string	representing	a	right	or	left	

turn).		

	 However,	the	majority	of	behavioural	studies	in	psychology	deal	with	

similar	medium	length	data	strings.	So	how	have	other	investigators	address	this	

issue?	To	overcome	this	limitation,	the	practice	amongst	researchers	is	to	opt	for	

workable,	but	imperfect,	solutions	and	use	available	measures	of	randomness	

focused	solely	on	one	particular	aspect	of	the	data,	such	as	its	statistical	
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regularities	(e.g.,	entropy),	while	ignoring	other	important	properties.	This	

practice	has	received	considerable	criticism	(for	a	detailed	discussion	see	

Gauvrit	et	al.,	2015)	as	any	information	about	the	complexity	of	the	string	is	lost	

and,	more	importantly	for	the	current	study,	it	is	impossible	to	compare	the	

complexity	of	different	strings.	The	long-lasting	problem	of	how	to	measure	

randomness	in	short	sequences	of	binary	digits	was	finally	solved	by	

mathematicians	just	a	few	years	ago,	but	was	not	publicised	widely	and	remain	

largely	unknown	(Delahaye	&	Zenil,	2012).	Fortunately	in	2017	a	new	approach	

to	this	problem	(the	coding	theorem)	was	published	and	received	considerable	

media	coverage	at	the	time	(Revelle,	2017).	

10.4.4 		The	Coding	Theorem	and	the	Algorithm	Complexity	for	

short	strings	(ACSS)		
	 The	coding	theorem	is	grounded	in	both	the	measure	of	complexity	and	

probability	allowing	the	reliable	approximation	of	the	complexity	found	in	a	

short	string	(for	a	review	see	Gauvrit	et	al.,	2013).	Thus,	overcoming	what	has	

been	historically	described	as	the	noncomputability	problem	of	the	complexity	of	

short	data	strings.	The	idea	behind	it	is	quite	simple:	instead	of	using	a	specific	

Turing	machine	(i.e.,	a	computer	device)	to	calculate	the	complexity	of	a	medium	

length	string,	the	team	used	what	can	be	defined	as	a	super	calculator	(roughly	

2.5	x	10
13	machines)	running	for	18	days	(all	the	machines	were	located	in	the	

Informatics	Centre	of	Andalusia	Centro	Informatico	Cientifico	de	Andalusia	CICA,	

Spain).	The	output	(i.e.,	strings)	of	these	machines	was	then	recorded.		

	 Because	of	the	enormous	data	storage	of	the	super	calculator,	the	

likelihood	that	a	machine	would	return	a	specific	string	can	now	reliably	be	

estimated	given	that	there	is	a	lower	chance	that	a	calculator	would	return	a	
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complex	string	(vs.	a	more	predictable	string).	That	is	why	this	method	has	also	

been	described	as	the	reverse	of	the	Turing	test.	In	the	traditional	Turing	test	a	

machine	outcompetes	human	intelligence,	whereas	here	a	person	behaving	

randomly	“outcompetes”	a	machine.	This	is	based	on	the	fact	that	just	a	limited	

number	of	machines	would	generate	a	string	that	is	highly	unpredictable,	

because	it	does	not	follow	a	rule.		

	 The	coding	theorem	has	been	implemented	into	an	algorithm	(the	

Algorithm	Complexity	for	short	strings	ACSS)	available	in	different	programming	

languages.	To	date	the	algorithm	has	been	used	in	different	disciplines	beyond	

psychology,	such	as	biology	(Kiani,	Zenil,	Olczak,	&	Tegnér,	2016;	Zenil,	Kiani,	&	

Tegnér,	2013)	and	finance	(Brandouy,	Delahaye,	Ma,	&	Zenil,	2014;	Taufemback,	

Giglio,	&	Da	Silva,	2011).	In	psychology	it	has	been	used	to	answer	a	number	or	

research	questions,	ranging	from	language	development	(Kempe,	Gauvrit,	&	

Forsyth,	2015)	to	social	psychology	(Dieguez,	Wagner-Egger,	&	Gauvrit,	2015).	

Furthermore,	the	coding	theorem	has	found	great	applicability	especially	in	the	

investigation	of	people’s	perception	and	production	of	random	sequences	

(Gauvrit,	Zenil,	Soler-Toscano,	Delahaye,	&	Brugger,	2017).	But	how	does	the	

complexity	calculator	compare	to	more	traditional	measures	of	randomness,	

such	as	entropy?	A	direct	comparison	of	the	randomness	of	six	binary	strings	

measured	with	Shannon’s	entropy	and	the	Algorithm	Complexity	Calculator	is	

presented	in	Table	4.		

	

Table	4.	Comparing	randomness	measured	with	the	Algorithm	Complexity	and	the	Shannon	Entropy	
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To	reiterate:	the	entropy	values	range	from	0	to	1	(with	1	representing	

maximum	randomness),	while	the	complexity	calculator	does	not	have	a	

predefined	range.	

In	relation	to	Table	6,	it	is	worth	pointing	out	a	few	key	aspects.	First,	ranking	the	

sequences	using	the	two	measures	yield	different	results.	Sequence	A,	which	

intuitively	would	be	the	most	random,	has	the	highest	value	when	using	the	

complexity	calculator,	while	when	using	entropy,	it	was	given	a	low	rank.		

	 Secondly,	when	using	Shannon’s	entropy,	Sequence	C	(which	in	the	virtual	

environment	would	correspond	to	a	participant	changing	direction	just	once)	

and	Sequence	E	(which	in	the	virtual	environment	would	correspond	to	a	

participant	continuously	switching	directions)	are	the	two	sequences	with	the	

	

Sequence	

	

	

Ranked	

by	

Complexity	

calculator	

Complexity	

calculator	

(bits)	

	

	

Ranked	

by	

Shannon	

entropy	

Shannon	

entropy	

(bits)	

	

A)	 111010110110111110111001	 I	 61.84	 									III	 0.87	

B)	 111111111110111111111111	 II	 52.66	 IV	 0.25	

C)	 111111111111000000000000	 III	 51.22	 I	 1	

D)	 111010110110	 IV	 29.28	 									II	 0.92	

E)	 101010101010101010101010	 V	 27.99	 I	 1	

F)	 111111111111111111111111	 VI	 26.61	 V	 0	
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highest	randomness.	Shannon’s	entropy	picks	up	on	statistical	regularities	and	

the	two	sequences	have	an	equal	number	of	0s	and	1s.		

	 Lastly,	according	to	the	complexity	calculator	the	randomness	of	

Sequence	A	is	double	the	randomness	of	Sequence	D.	This	is	because	the	

complexity	calculator	is	susceptible	to	the	length	of	a	binary	string,	as	it	is	easier	

to	detect	regularities	in	the	internal	structure	of	a	long	sequence,	than	shorter	

ones	(Zenil,	Soler-Toscano,	&	Kiani,	2017).	However,	the	Block	Decomposition	

Method	(BDM)	allows	accounting	for	variability	in	string	length.			

10.4.5 		The	Block	Decomposition	Method	(BDM)	
	 The	major	contribution	of	the	Complexity	calculator	is	the	applicability	to	

short	data	strings.	For	strings	longer	than	12	digits,	however,	it	would	be	

extremely	computationally	demanding	to	calculate	a	distribution	of	Turing	

machine	outputs	(in	the	virtual	environment	participants	on	average	had	

sequences	of	52	strings).	

	To	correct	for	this,	the	Block	Decomposition	Method	(BDM)	was	created	(Soler-

Toscano	et	al.,	2014;	Zenil	et	al.,	2017;	Zenil,	Soler-Toscano,	Delahaye,	&	Gauvrit,	

2015).	The	BDM	is	a	hybrid	method,	which	exploits	both	the	coding	theorem	at	a	

local	level	and	detects	statistical	regularities	at	a	general	level.	That	is,	it	

simultaneously	captures	the	randomness	of	a	sequence	at	a	general	level	(i.e.,	the	

randomness	of	the	whole	sequence)	and	at	a	local	level	(i.e.,	the	randomness	of	

different	segments	of	the	sequence).	

	 To	this	end	it	breaks,	or	decomposes	as	the	name	suggests,	the	sequence	

into	sections.		

For	each	section	the	complexity	is	approximated	following	the	procedure	

explained	in	the	previous	paragraphs—based	on	the	algorithm	complexity	and	
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the	algorithm	probability—the	overall	recurrence	of	that	sequence	in	the	string	

is	then	calculated,	therefore	accounting	for	general	statistical	regularities	at	a	

broader	level.		

The	Block	Decomposition	method	(BDM)	formula	is	given	below:		

!"# =	&'(
!

"#$
)*+,'") + log%	( |)*+,'"|)	

Where	"($%&'"!)	denotes	the	complexity	obtained	through	the	Coding	Method	

and	|$%&'"!|	is	the	number	of	times	the	block	appears	in	the	sequence.		

	 There	are	different	ways	in	which	the	sequence	can	be	broken	into	

sections	(for	a	discussion	see	Zenil	et	al.,	2017).	For	example,	an	investigator	can	

account	for	some	overlapping	between	fragments.	However,	if	there	are	no	

obvious	theoretical	reasons	why	an	overlap	between	fragments	should	be	

accounted	for,	the	default	and	optimal	settings	suggest	having	no	overlap	

between	sections.	It	is	crucial,	however,	that	identical	parameters	of	the	

algorithm	are	to	be	used	for	all	data	sets	to	allow	a	comparison	between	subjects	

within	the	same	study,	or	between	studies	using	the	Block	Decomposition	

Method.		

The	following	chapter	will	present	data	from	the	virtual	environment	task	(Study	

6)	utilising	the	algorithm	complexity	with	the	block	decomposition	methods.		
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Chapter	11: 	Study	6	Investigating	exploration	and	
exploitation	behaviour	when	choosing	between	

identical	options	in	a	virtual	environment.	

	

	 The	findings	from	our	pilot	version	of	the	virtual	environment	task	

strongly	suggested	that	people	are	extremely	conservative	in	their	decisions	and	

tend	to	stick	to	a	specific	strategy.	To	observe	a	flexible	switch	between	options,	

it	appeared	that	a	task	should	have	specific	characteristics.	For	example,	it	might	

require	that	a	task	resemble	real-world	activities,	such	as	choosing	a	door	to	get	

somewhere,	and	perhaps	including	a	“physical”	exploration	of	the	environment.	

More	importantly,	these	findings	cast	doubt	on	the	strong	emphasis	in	the	

literature	about	an	innate	natural	drive	to	explore,	which	supposedly	all	living	

beings	should	possess	(see	Section	1.6).	The	present	study	examined	specifically	

this	issue	together	with	a	number	of	related	questions.	In	order	to	gain	a	more	

comprehensive	understanding	of	how	people	deal	with	the	trade-off	between	

exploration	and	exploitation	in	the	absence	of	external	bias.	Specifically,	four	

questions	were	identified:		i)	Do	individual	differences	exist	in	this	explorative	

behaviour	in	the	absence	of	external	cues?		ii)	If	these	individual	differences	

exist,	can	they	be	understood	in	terms	of	individual	differences	in	personality	

traits?	iii)	Do	other	internal	variables	(e.g.,	expectations	or	assumptions)	have	a	

significant	impact	on	people’s	behaviours?	iv)	Lastly,	do	similar	demands	from	

the	environment	(i.e.,	choose	between	identical	options)	lead	to	similar	

behaviours	within	the	same	person	and	across	domains	(behavioural	and	

perceptual).	
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	 To	provide	a	meaningful	comparison	of	our	data	with	the	fly	

model,	we	did	not	provide	participants	with	instructions;	as	(obviously)	flies	did	

not	receive	instruction.	However,	given	the	straightforward	nature	of	the	task	

and	the	presence	of	a	joystick	in	front	of	the	screen,	it	was	assumed	that	people	

would	easily	figure	out	how	to	carry	out	the	task	(see	Method).		

	 With	respect	to	examining	whether	variability	exist	in	people’s	

explorative/exploitative	tendencies	in	the	virtual	environment,	we	used	as	a	

preferential	measure	entropy,	captured	by	the	algorithm	complexity	(Zenil,	

Soler-Toscano,	Delahaye,	&	Gauvrit,	2015).	The	algorithm	complexity	allowed	us	

to	capture	people’s	predictability	in	the	virtual	environment,	both	at	a	global	

level	(i.e.,	the	randomness	of	the	whole	sequence	of	decisions)	and	a	local	level	

(i.e.,	the	randomness	of	different	segments	of	sequence	of	decisions).	An	in-depth	

description	of	the	algorithm	and	a	justification	of	its	use	have	been	provided	in	

Chapter	10.	Because	of	the	explorative	nature	of	the	study	we	also	decided	to	

include	variables	that	allowed	us	to	measure	whether	the	act	of	sticking	with	the	

same	behaviour	(i.e.,	turning	in	the	same	directions)	was	somewhat	qualitatively	

different	to	the	decision	of	changing	direction.	That	is,	we	quantified	the	average	

time	(in	seconds)	that	a	participant	required	to	make	a	decision	to	switch	and	

the	average	time	(in	seconds)	that	a	participant	took	to	make	a	decision	to	“stick”	

with	the	same	direction.	We	speculated	that	an	increase	in	cognitive	effort	

should	be	associated	with	an	overall	increase	in	time	decision,	thus	if	a	

difference	was	found	between	the	two	type	of	decisions,	it	might	suggest	that	the	

act	of	changing	direction	or	maintaining	the	same	one	should	be	considered	

qualitatively	different.	



	 234	

	 With	respect	to	which	personality	traits	may	correlate	with	explorative	

behaviours	in	the	absence	of	external	triggers,	it	was	hypothesised	that	

increased	exploration	would	be	associated	with	higher	Openness	to	experience.	

Converging	evidence	in	the	literature	strongly	support	this	relation.	First,	an	

increase	of	exploration	should	be	driven	by	open	people’s	drive	to	gather	

information,	even	in	the	absence	of	explicit	rewards	(DeYoung,	2013).	Secondly,	

the	relation	between	exploration	and	Openness	should	also	be	explained	by	

creativity	(see	Section	2.10.2).	As	will	be	expand	on	further	in	the	chapter,	

creativity	is	characterised	by	flexible	cognitive	control	(Zabelina	&	Robinson,	

2010)	that	could	be	conceptualised	as	a	drive	to	“break”	from	past	actions.	

	 In	relation	to	the	virtual	environment	task,	the	entropy	provided	a	clear	

measure	of	the	uncertainty,	or	unpredictability,	associated	with	each	

participant’s	response.	That	is,	participants	who	performed	in	a	predictable	way	

are	characterised	by	low	entropy.	Therefore,	it	would	be	expected	that	high	

score	in	Openness	would	correspond	to	high	level	of	entropy	(unpredictability).		

	 Lastly,	participants	who	performed	the	virtual	environment	task	also	

participated	in	Study	3,	which	used	a	binocular	rivalry	task.	Consequently,	we	

were	able	to	investigate	whether,	within	the	same	person,	similar	behaviours	

could	be	observed.	We	hypothesised	that	when	facing	similar	demands	from	the	

environment	similar	mechanisms	might	account	for	individual	differences	across	

people.	Specifically,	because	there	are	obvious	differences	between	the	two	

tasks,	we	focused	on	people’s	decision	to	sample	the	environment—

irrespectively	to	whether	they	decided	to	carry	out	explorative	or	exploitative	

strategies.		
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That	is,	the	total	number	of	decisions	(either	left	or	right	turns)	that	each	

participant	undertook	to	advance	in	the	virtual	environment—for	a	detailed	

explanation	see	the	description	of	Measure	V:	Total	number	of	decisions	

provided	in	the	Method.	Put	simply,	‘sampling	the	environment’	differed	from	

‘entropy’	in	that	it	simply	reflected	how	far	people	advanced	in	the	virtual	

environment,	but	did	captured	the	complexity	(i.e.,	predictability)	of	their	

behaviour.		

Hence,	despite	the	obvious	differences	existing	across	tasks,	in	the	virtual	

environment	and	in	binocular	rivalry,	people	faced	the	same	type	of	problem	and	

decided,	in	the	absence	of	external	bias,	the	extent	of	sampling	of	the	

environment.	However,	it	is	important	to	remember	that	with	respect	to	

binocular	rivalry	this	occurs	at	a	pre-volitional	stage	(cannot	be	directly	

controlled).	

11.1 	 Method	

Participants	

	We	recruited	205	University	of	Melbourne	undergraduate	students	who	

took	part	in	the	study	for	course	credits.	The	majority	of	participants	(N=160)	

also	took	part	in	Study	3.	The	two	Studies	(3	and	6)	run	sequentially.	No	

participants	were	excluded	from	the	current	study,	as	the	exclusion	criteria	used	

in	Study	3	pertains	to	the	rivalry	task.	The	group	comprised	69.85%	females	age	

(M=	19.50,	SD=	2.94).	The	study	was	approved	by	the	University	of	Melbourne	

Human	Research	Committee,	in	accordance	with	the	Declaration	of	Helsinki.		

Personality	Questionnaire:	

The	Big	Five	personality	traits	were	assessed	using	the	Big	Five	Scale	

(BFAS;	for	a	detailed	description	see	Section	2.4).	
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Apparatus	and	stimuli	

	 The	overall	layout	of	the	stimulus	is	described	in	Section	10.2.	The	Virtual	

Environment	was	scripted	using	Matlab	and	the	Psychophysics	Toolbox	

(Brainard,	1997;	Pelli,	1997)	and	presented	on	an	Apple	computer	monitor	

(Apple	Cinema	HD	Display	23-inch).	Participants	had	to	use	a	standard	joystick	

to	advance	through	a	number	of	corridors	that	ended	with	a	T-junction	requiring	

participants	to	turn	left	or	right	in	order	to	advance.		

Procedure	

The	study	was	divided	in	different	steps.	Once	participants	completed	the	

consent	form,	they	were	seated	in	front	of	a	computer	monitor	showing	the	

virtual	environment,	with	the	joystick	positioned	on	the	desk	in	front	of	them.	No	

instructions	were	given	to	participants	regarding	the	task	instructions	or	the	

objectives	of	the	experiment.	To	justify	the	lack	of	instructions,	participants	were	

simply	informed	that	a	similar	study	was	carried	out	with	flies,	and	the	absence	

of	instructions	was	to	maintain	experimental	conditions	as	similar	as	possible	to	

the	animal	studies.	Although	most	participants	appeared	to	be	confused	by	the	

lack	of	instructions,	they	all	successfully	deduced	that	they	could	navigate	

through	the	virtual	environment	using	the	joystick.	No	participants	required	

further	assistance	during	the	task.		

After	the	virtual	environment	task,	participants	performed	the	binocular	

rivalry	task	and	then	completed	the	personality	trait	measures	and	filled	in	a	

post-experiment	questionnaire.	

As	previously	mentioned,	the	virtual	environment	was	timed,	allowing	10	

minutes	per	participant,	irrespective	to	participants’	action.	That	is,	participants	

could	advance	through	the	virtual	environment	or	simply	stare	at	the	screen	



	 237	

until	the	time	was	over.	This	was	different	from	the	pilot	version	of	the	task	

(‘Door	task’),	where	the	task	terminated	once	the	last	decision	was	made.	The	

introduction	of	a	set	time	in	the	virtual	environment	task	allowed	to	investigate	

whether	individual	differences	existed	in	the	variable	named	‘Total	number	of	

decisions’	(see	Data	Analysis	Measure	V:	‘Total	number	of	decisions’)”.	

Response	recording		

Each	participant’s	decisions	to	turn	right	or	left	in	the	virtual	

environment	was	recorded	and	coded	as	a	-1	(left	turn)	and	1	(right	turn)	

resulting	in	a	string	of	-1	and	1.	Each	string	also	varied	in	length	as	participants	

differed	in	terms	of	the	number	of	times	they	decided	to	advance	in	the	virtual	

environment.		The	time	when	each	decision	was	made	(to	turn	right	or	left)	was	

also	recorded.		

Post	experiment	questionnaire	

After	completing	the	computer	task	participants	were	asked	to	provide	

general	information	(e.g.,	age	and	gender)	and	to	respond	to	three	questions:	

The	first	question	had	the	intent	of	capturing	the	emotion	most	

experienced	during	the	virtual	environment	task:	“Which	were	the	feelings	that	

you	experienced	most	while	performing	the	virtual	environment	task	(i.e.,	interest,	

frustration,	you	did	not	care	at	all)?	The	second	question	(the	‘maps	options’;	see	

Figure	30)	captured	the	“intent”	of	the	participant’s	behaviour.	For	instance,	to	

investigate	whether	the	participant	had	the	impression	of	advancing	in	a	

meaningful	way	through	the	virtual	environment	(e.g.,	map	no.1	and	no.4;	see	

Figure	30).	A	participant’s	decisions	may	have	been	influenced	by	a	strategy	of	

“getting	out”	from	the	virtual	environment.	Alternatively,	a	participant	may	have	

felt	they	were	advancing	through	the	environment	aimlessly;	for	example,	in	a	
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circular	manner	(e.g.,	map	no.2	and	no.	3;	see	Figure	31).	Participants	were	also	

given	an	open	question	(“General	comments”)	to	provide	any	feedback	on	the	

task.	

	

Figure	29.	Post	experiment	questionnaire:	Participants	had	to	pick	one	of	four	different	aerial	views	
of	the	map.		
	

11.2 	Data	Analysis		

To	capture	individual	differences	in	the	participants’	behaviours	in	the	

virtual	environment	we	used	different	metrics.	Variables	were	assessed	to	

measure	differences	in	explorative	tendencies,	but	also	to	investigate	for	

potential	confounding	effects	and	to	allow	for	a	comparison	with	data	from	the	

animal	literature.	Regarding	the	trade-off	between	exploration	and	exploitation	

the	most	relevant	measure	was	the	index	obtained	through	the	algorithm	

complexity	(Zenil	et	al.,	2015).	

Measure	I:	Number	of	changes	in	direction	for	each	participant		
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Similar	to	the	animal	model	study,	we	calculated	the	number	of	times	a	

participant	decided	to	switch	from	left	to	right.	For	instance,	the	sequence	L-R-L-

R-R	would	count	as	3	switches	and	the	sequence	L-L-L-L-R-L	would	count	as	2	

switches.		

Measure	II:	Proportion	(%)	of	left	turns		

		 	Similar	to	the	animal	model	study,	we	calculated	the	proportion	of	left	

turns	(expressed	as	percentage)	made	by	participants	in	the	virtual	

environment.		

Measure	III:	The	Algorithm	complexity		

To	capture	participants’	predictability	(randomness)	the	algorithm	

complexity	was	computed	through	the	Algorithmic	Complexity	for	Short	String	

(ACSS)	R	Package.	For	the	Block	Decomposition	Methods	(BDM)	(Zenil	et	al.,	

2015)	the	default	recommended	settings	were	maintained	(Block	size	=12,	Block	

Overlap=	0).		

	Measure	IV:	Average	deliberative	time	

		 Average	time	(in	seconds)	associated	with	the	decision	to	switch	direction	

and	average	time	(in	seconds)	associated	with	the	decision	to	stick	with	the	same	

direction.		

Measure	V:	Total	number	of	decisions	

Total	number	of	decisions	(either	left	or	right	turns)	that	each	participant	

undertook	in	the	virtual	environment	(“No.	of	Decisions	in	the	virtual	

environment”).	

To	allow	a	meaningful	comparison	across	domains,	in	the	rivalry	task	

(Study	3)	we	included	a	variable	named	“total	number	of	perceptual	decisions”.	
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That	is,	the	number	of	perceptual	decisions	made	during	the	rivalrous	task	and	

total	number	of	decisions	(either	an	instance	of	exclusive	dominance	or	mixed	

percept)	that	each	participant	undertook	in	the	binocular	rivalry	task	(“No.	of	

Decisions	in	Binocular	rivalry”).	For	example:	mixed,	red	grating,	green	grating,	

mixed,	counted	as	four	responses.	The	total	numbers	of	decisions	translate	the	

number	of	samplings	(of	the	virtual	environment	or	the	perceptual	space)	made	

by	each	participant.		It	is	worth	highlighting,	however,	that	perceptual	decisions	

in	binocular	rivalry	are	made	outside	awareness	and	currently	it	is	an	open	

question	whether	any	volitional	control	is	involved.		

11.3 	Results	

Measure	I:	Number	of	changes	in	direction	for	each	participant	

&	Measure	II:	Proportion	of	left	turns	

	 We	analysed	two	variables	typically	investigated	in	the	animal	literature.	

Namely,	the	number	of	changes	in	directions	(i.e.,	L-R-R	would	count	as	one	

switch)	and	the	proportion	of	turns	in	one	direction,	which	is	typically	used	to	

quantify	an	animal’s	stereotypical	behaviour	(van	Swinderen	&	Brembs,	2010).	

	 With	respect	to	the	number	of	changes	in	direction,	our	sample	showed	

some	degree	of	variability	(for	descriptive	statistic	see	Table	5).	Within	the	same	

person	the	tendency	to	change	directions	(often	or	sporadically)	appeared	to	be	

stable	across	the	task	as	the	number	of	changes	in	directions	in	the	first	part	of	

the	task	(the	first	was	five	minutes)	was	highly	correlated	to	the	number	of	

changes	in	directions	in	the	second	part	of	the	task	(last	five	minutes)	

r(205)=0.85,	p=<0.001.	
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	 	Next,	we	also	looked	at	the	relation	between	switching	behaviour	and	

personality.	An	increase	of	changes	in	direction	was	associated	to	higher	

Neuroticism	r(205)=0.13	p=0.04,	no	other	personality	traits	of	the	Big	Five	

correlated	with	the	frequency	of	change	in	directions.			

	

Table	5.	Descriptive	statistics	of	Change	of	Directions	in	the	virtual	environment		
	

	

	

	

	

	

	

	

	

	 In	respect	to	the	proportion	of	left/right	turns,	participants	typically	

explored	both	sides	of	the	virtual	environment	equally	(Figure	31).	There	was	no	

obvious	bias	towards	a	side	of	the	environment	and	the	distribution	resembled	

the	one	typical	displayed	in	an	animal	model.	For	example	wild-type	flies,	when	

performing	a	T-maze,	do	not	show	any	turning	preferences,	but	explore	the	maze	

evenly	(van	Swinderen	&	Flores,	2007).	

			 Changes	of	directions		

Mean		 	41.95			

Median		 	 37.0			

Std.	Deviation			25.31			

Variance		 	640.4			

Skewness		 	 0.88			

Range		 	122.0			

Minimum		 	10.00			

Maximum		 	132.0			
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Figure	30.	Distribution	of	left	directions	in	the	virtual	environment	
	

	Measure	III:	The	algorithm	Complexity		

	 Table	6	and	Figure	32	(below)	provide	the	descriptive	statistic	for	the	

complexity	index.	Overall	the	data	show	that	when	facing	identical	options	

people	adopt	strategies	with	different	levels	of	complexity.	It	is	worth	noting	that	

observers	were	not	asked	to	perform	in	a	random	way	and	were	provided	with	

minimal	instructions.		
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Table	6.	Descriptive	statistics	of	the	BDM	Complexity		
	

	

	

	

Figure	31.		Distribution	of	the	Algorithm	Complexity	index	(N=	205)		
	

	 With	respect	to	the	hypothesis	that	an	increase	of	exploration	would	be	

associated	with	a	higher	score	in	the	Openness	trait,	we	did	not	find	a	significant	

relation	between	the	two	variables	(p=0.99;	see	Figure	33,	left	panel).	Given	the	

exploratory	nature	of	the	study,	we	investigated	whether	any	other	personality	

traits	of	the	Big	Five	correlated	with	the	complexity	index	(the	full	correlation	

matrix	is	presented	in	Appendix	A).	To	adjust	for	multiple	comparisons,	a	false	

discovery	rate	(FDR)	calculated	according	to	the	Benjamini-Hochberg	procedure	

			 BDM	Complexity		

Mean		 	 220.5	 	

Median		 	 222.3	 	

Std.	Deviation			 65.85	 	

Variance		 	 4336	 	

Skewness		 	 -0.2590	 	

Range		 	 303.6	 	

Minimum		 	 66.60	 	

Maximum		 	 370.2	 	
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was	used	(Benjamini	and	Hochberg,	1995).	Corrected	p-values	are	presented.	

We	found	that	an	increase	of	complexity	was	associated	with	higher	

Conscientiousness	r(205)=0.15,	p=0.03	(see	Figure	33,	right	panel).	In	the	BFAS	

the	Conscientiousness	domain	is	divided	into	two	subfactors	(Industriousness	

and	Orderliness,	see	Section	2.8.)	and	the	Industriousness	subfactor	(capturing	

one’s	tendency	to	perseverate	in	goal-direct	behaviour)	had	a	stronger	impact	on	

the	correlation	with	the	complexity	index	r(205)=0.14,	p=0.05.	No	other	

significant	associations	with	personality	were	observed.		

	 	 	

Figure	32.	Scatter	plot	showing	the	absence	of	a	correlation	between	Openness/Intellect	and	
Complexity	(left	panel)	and	scatter	plot	showing	a	correlation	between	Conscientiousness	and	
Complexity	(right	panel).	Each	point	corresponds	to	different	participants	(N=205)	
	

	 Finally,	we	looked	at	differences	in	the	BDM	complexity	in	relation	to	the	

post-experiment	questionnaire	results.	In	order	to	investigate	whether	

individual	differences	in	complexity	might	be	influenced	by	the	emotions	

experienced	or	by	the	intent	or	mental	schema	that	guided	participants	while	

navigating	through	the	virtual	environment.			

	 In	respect	to	the	emotions,	the	five	emotions	reported	in	the	post-

experiment	questionnaire	were	feeling:	curious,	frustrated,	bored,	confused	and	
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indifferent.	When	dividing	participants	according	to	the	prevalent	emotions	

experienced,	no	difference	emerged	in	the	complexity	index	(one-way	ANOVA	F=	

0.35;	p=0.84;	see	Figure	34B).	With	respect	to	the	prevalent	emotions	

experienced	and	personality	traits,	the	only	correlation	which	emerged	was	

between	Extraversion	and	reporting	feeling	frustrated	r(205)=0.15,	p=0.03;	

although	this	result	would	not	survive	adjustment	for	multiple	comparison.	To	

adjust	for	multiple	comparison	the	study	used	a	false	discovery	rate	(FDR)	

calculated	according	to	the	Benjamini-Hochberg	procedure	(Benjamini	and	

Hochberg,	1995).		

	

	

Figure	33	A)	Percentages	of	the	feelings	reported	in	the	post	experiment	questionnaire	B)	BDM	
complexity	Mean	(±SEM)	divided	into	groups	according	to	the	feelings	reported			
	

	 In	respect	to	the	map	presented	in	the	post-experiment	questionnaire,	

participants	had	four	maps	to	choose	from.	Because	a	few	participants	wrote	on	
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the	post-experiment	questionnaire	that	none	of	the	maps	were	an	adequate	

representation	of	the	virtual	environment,	when	analysing	the	data,	we	added	a	

fifth	category:	none.	Two	maps	were	associated	with	the	idea	of	advancing	in	a	

meaningful	way	in	the	virtual	environment	(map	no.1	and	map.4),	while	the	

other	two	maps	were	associated	with	the	idea	of	moving	aimlessly	(map	no.	2	

and	map.	3).		

Half	of	the	participants	chose	map	no.3	(see	Figure	36A),	however	no	difference	

emerged	in	the	complexity	index	when	looking	at	all	maps	(one-way	ANOVA	F=	

0.68;	p=0.60;	see	Figure	9B)	or	when	comparing	maps	associated	with	the	idea	of	

advancing	in	a	meaningful	way	(map	no.1	and	map.4)	or	moving	aimlessly	(map	

no.1	and	map.4)	unpaired	t-test	t(188)=0.03,	p=0.9	(Figure	35C)	



	 247	

			 	
Figure	34.		A)	Maps	chosen	by	participants	in	the	post-experiment	B)	BDM	complexity	Mean	(±SEM)	
divided	into	groups	according	to	maps	chosen	in	the	post-experiment	questionnaire	C)	BDM	
complexity	Mean	(±SEM)	collapsed	in	two	groups:	Map	1+4	associated	with	the	idea	of	advancing	in	
the	virtual	environment	in	a	meaningful	way	and	Map	2+3	associated	with	the	idea	of	moving	
aimlessly.	
	

	

Measure	IV:	Average	deliberative	time		

	 To	investigate	whether	the	decision	to	change	direction	or	“stick”	to	the	

same	direction	was	associated	with	greater	decision	time,	we	looked	at	
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difference	in	time	of	deliberations	associated	with	both	actions.	However,	within	

the	same	individual,	deciding	to	change	directions	required	nearly	the	same	time	

(M=6.63,	SD=	3.33)	as	deciding	to	stick	to	the	same	direction	(M=	6.53,	SD=	2.36)	

(Figure	36).					

	
Figure	35.	Mean	(±SEM)	of	average	deliberation	time	of	participants	deciding	to	change	directions	
or	stick	to	the	same	one.	
	

Measure	V:	Total	Number	of	decisions	

	 As	a	final	analysis	we	looked	at	the	last	measure	(Total	number	of	

decisions)	that	simply	tallied	the	total	number	of	decisions	made	in	the	virtual	

environment,	irrespective	of	the	type	of	decision	(i.e.,	to	change	direction	or	to	

perseverate	or	to	turn	right	or	left).	Participants	displayed	variability	in	the	

number	of	decisions,	or	behavioural	sampling,	made	in	the	virtual	environment	

during	the	ten	minutes	task	(Table	7).		
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Table	7.	Descriptive	statistics	of	the	Total	number	of	decisions	in	the	virtual	environment	

	

	

	

	

	

	

	

	

	

	

Next,	we	assessed	whether	any	relation	existed	between	the	number	of	decisions	

made	in	the	virtual	environment	and	selection	in	the	rivalry	task.	Our	results	

showed	that	people	with	an	elevated	number	of	responses	in	the	virtual	

environment	also	tended	to	have	higher	number	of	responses	in	the	rivalrous	

task	(r(149)=0.20,	p=0.008;	Figure	37).	Following	this	result,	it	was	also	

investigated	the	relationship	between	number	of	responses	and	Openness	to	

experience.	The	correlation	between	number	of	responses	and	Openness,	

however,	was	not	statistically	significant	(p=0.12)	.	

	

	

			

Number	of	decisions	in	the	Virtual	

Environment	task	

Mean		 	 94.33	 	

Median		 	 96.0	 	

Std.	Deviation			 24.98	 	

Variance		 	 624.1	 	

Skewness		 	 -0.36	 	

Range		 	 134.0	 	

Minimum		 	 27.00	 	

Maximum		 	 161.0	 	
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Figure	36.		Scatter	plot	showing	the	relationship	between	the	numbers	of	decisions	in	the	virtual	
environment	and	perceptual	decisions	in	the	binocular	rivalry	task.	Each	point	corresponds	to	a	
different	participant	(N=149).	
	

11.4 	 Discussion		

	 In	everyday	life	people	face	a	multitude	of	decisions,	often	involving	

choices	between	very	similar	options	where	the	benefit	or	the	cost	associated	

with	each	option	is	not	always	clear.	In	the	current	study	we	investigated	two	

aspects	of	this	type	of	problem.	First,	what	might	be	the	key	aspects	of	decision	

making	in	the	absence	of	external	bias?	Second,	what	aspects	of	people’s	

personality	might	drive	any	individual	differences	observed	in	the	degree	of	

flexibility	between	exploring	or	exploiting	identical	options.		

	 We	hypothesised	that	higher	levels	of	exploration	and	flexibility	would	be	

associated	with	Openness	to	experience.	The	possibility	of	a	relation	grounded	in	

compelling	evidence	in	the	literature	pointing	to	people	high	in	Openness	

flexibly	exploring	information	and	willing	to	try	new	things	(both	from	a	

cognitive	and	perceptual	point	of	view)	(Costa,	1992;	King,	Walker,	&	Broyles,	

1996)	even	in	the	absence	of	reward	(DeYoung,	2013).	Thus,	deliberately	

engaging	with	behaviours	that	are	less	predictable	and	associated	with	higher	
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level	of	uncertainty/entropy	(DeYoung,	2015).	Furthermore,	Openness	reliably	

predicts	creativity	and	less	conventional	solutions	(for	example	Baer	&	Oldham,	

2006;	McCrae	&	Costa,	1987;	Silvia,	Nusbaum,	Berg,	Martin,	&	O’Connor,	2009).		

It	is	important	to	highlight	that	one	crucial	aspect	in	relation	to	the	

exploration	literature,	is	to	what	extent	an	investigator	can	confidently	consider	

the	behaviour	under	investigation	as	an	appropriate	example	of	exploration.	

In	the	current	task	exploration	was	formalised	as	a	flexible	behaviour	that	

“breaks”	from	the	history	of	an	agent’s	past	decisions,	such	that	it	is	

unpredictable	and	associated	with	the	experience	of	trying	something	new.	

Conversely,	the	opposite	behaviour	where	the	same	strategy	was	carried	out	in	a	

stereotypical	way	throughout	the	task	(i.e.,	keep	doing	what	you	are	doing)	was	

considered	an	instance	of	exploitation.	However,	our	hypothesis	was	not	

confirmed	by	the	present	findings.	

	 Before	turning	to	discuss	the	lack	of	relation	between	Openness	and	

exploration	in	the	virtual	environment,	it	is	worth	noting	two	important	

characteristics	of	our	study.		

	 First,	it	is	important	to	compare	our	data	to	the	data	available	in	the	

animal	literature.	Undoubtedly,	the	nature	of	the	cognitive	tasks	in	humans	and	

animals	are	qualitatively	different.	However,	our	current	understanding	of	the	

way	humans	deal	with	the	trade-off	between	exploration	and	exploitation	is	

heavily	grounded	on	the	animal	literature.	All	species	have	to	face	the	

exploration/exploitation	dilemma,	as	this	occurs	typically	in	relation	to	foraging	

behaviour	and	this	behaviour	occurs	naturally	without	requiring	prior	training.	

Any	conclusion	based	on	comparing	data	from	human	and	animal	models	are	

grounded	on	the	assumption	that	similar	principles	regulate	them.	To	carry	out	a	
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number	of	substantial	modifications	in	the	tasks,	especially	those	that	are	not	

necessary,	when	moving	between	the	two	models,	inevitably	also	add	more	

confounding	variables.	The	virtual	environment	task	was	carefully	designed	to	

allow	a	comparison	with	tasks	typically	used	in	the	animal	literature,	specifically	

with	the	optomotor	maze	used	with	the	fly	model	(van	Swinderen	&	Brembs,	

2010;	van	Swinderen	&	Flores,	2007).	To	the	best	of	our	knowledge,	no	studies	

looking	at	animal’s	behavior	had	used	the	algorithm	complexity	to	investigate	

randomness	in	the	absence	of	external	bias.	Typically,	studies	investigating	

rodents	or	flies	navigating	through	a	maze	focused	on	the	number	of	changes	in	

directions	to	quantify,	for	example,	the	level	of	stereotypy	in	an	individual’s	

behaviour.	Our	data	matches	the	data	reported	in	the	animal	literature,	where	at	

a	population	level	an	individual’s	behavior	follows	a	normal	distribution,	with	

just	a	limited	number	of	individuals	displaying	some	degree	of	bias.	In	our	data	

this	was	true	both	for	the	number	of	change	of	directions	(Measure	I:	Frequency	

of	change	direction	for	each	participant)	and	for	the	side	of	the	virtual	

environment	equally	visited	(Measure	II:	Proportion	of	left	turns).	Furthermore,	

in	the	virtual	environment	participants	maintained	a	similar	level	of	switching	

tendencies	throughout	the	task,	suggesting	that	this	might	be	quite	a	stable	

tendency.		

	 These	findings	are	encouraging	as	one	of	the	aims	of	the	thesis	was	to	

create	a	task	comparable	to	the	one	used	in	animal	research.	To	this	end,	we	

provided	participants	with	little	information	about	the	task	and	forced	human	

participants	to	“adapt”	to	a	task	typically	used	in	the	animal	model,	rather	than	

the	other	way	round.	Of	course,	it	has	been	extensively	shown	that	expectations	

and	belief	about	a	task,	which	clearly	would	differ	in	humans	and	animals,	have	
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an	impact	on	participants’	performance	(Alloy	&	Tabachnik,	1984).	However,	as	

previously	noted,	the	data	obtained	from	the	post-experiment	questionnaire	in	

the	current	study	suggests	that	the	internal	map	perceived	by	participants	had	

little	correspondence	with	their	behaviour.			

These	findings	demonstrate	that	it	is	possible	to	observe	individual	differences	

in	the	way	people	deal	with	the	exploration-exploitation	dilemma	in	the	absence	

of	external	bias.	This	is	not	a	trivial	assumption,	because	to	observe	any	

variability	in	the	data	appeared	nearly	impossible	in	the	pilot	versions	of	the	task	

or	when	looking	at	randomness	by	focusing	on	statistical	regularities,	rather	

than	complexity.	Of	course,	however,	it	remains	important	to	clarify	what	are	

those	factors	underlying	these	individual	differences.		

	 Second,	“exploration”	was	hard	to	quantify.	Investigators	need	to	choose	a	

measure	to	capture	exploration	and	the	decision	is	informed	only	by	those	

properties	that	we	assume	an	explorative	behaviour	should	have.	In	the	current	

study	we	assumed	that	an	explorative	behaviour	should	be	complex	and	

unpredictable.	The	investigation	of	complexity	in	people’s	behaviour	has	become	

progressively	pervasive	in	many	disciplines	(Zenil	&	Gauvrit,	2018),	such	as	

cultural	linguistics	(Kempe,	Gauvrit,	&	Forsyth,	2015),	neuropsychology	

(Jahanshahi,	Saleem,	Ho,	Dirnberger,	&	Fuller,	2006)	and	it	is	the	core	properties	

used	in	a	Bayesian	investigation	of	randomness	perception	(Gauvrit	&	Morsanyi,	

2014;	Gauvrit,	Soler-Toscano,	&	Zenil,	2014).	However,	the	data	available	in	the	

literature	are	still	relatively	limited	compared	to	the	plethora	of	studies	utilising	

well	investigated	models,	such	as	sequential	decision	making	models	relying	on	

reinforcement	learning	algorithms	(Dayan	&	Daw,	2008;	Dolan	&	Dayan,	2013;	
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Resulaj,	Kiani,	Wolpert,	&	Shadlen,	n.d.;	Sutton,	Barto,	&	Bach,	1998)	or	tree-

search	environment	structure	(Solway	&	Botvinick,	2015).	

		 Those	models	assume	an	“optimal	behavior”	where	the	agent	

progressively	reaches	a	final	goal,	thus	they	are	not	meant	to	apply	to	the	current	

task.	For	example,	it	is	worth	noting	that	the	level	of	complexity	of	the	behavior	

adopted	by	participants	in	the	virtual	environment	is	not	influenced	by	their	

internal	states	or	by	internal	representation	of	the	map	as	those	models	would	

predict.	When	looking	at	the	results	from	the	post-experiment	it	appears	that	to	

feel	curious	or	to	feel	bored	has	little	impact	on	the	complexity	of	the	behaviors	

adopted.	This	is	somewhat	surprising	as	one	may	expect	that	trying	to	figure	out	

what	is	happening	in	the	task	should	influence	one’s	behaviour	and	likely	

prompt	them	to	revise	their	current	strategy.		

It	is	worth	pointing	out	that,	the	post-experiment	questionnaire	did	not	

include	the	option	of	a	map	capturing	the	actual	layout	of	the	virtual	

environment.	To	do	so,	would	have	had	twofold	benefits.	First,	to	allow	

investigating	the	overall	impact	of	spatial	cognition	in	people’s	performance	in	

the	virtual	environment.	Second,	to	rule	out	the	possibility	that	the	high	number	

of	people	choosing	map	no.3	(Figure	30),	which	supposedly	captured	people’s	

feelings	of	moving	aimlessly	throughout	the	virtual	environment,	was	not	simply	

because	the	map	showed	junctions	very	similar	to	the	ones	experienced	in	the	

task.		

	 Several	potential	explanations	for	the	present	data,	which	did	not	support	

a	relation	between	flexible	exploration	of	the	virtual	environment	and	Openness	

to	experience,	will	now	be	examined.	The	most	straightforward	explanation	is	

that	the	definition	that	we	adopted	for	exploration	in	the	current	task	is	not	
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appropriate.	It	might	well	be	the	case	that	other	aspects	of	how	open	people	

performed	in	the	virtual	environment	would	have	successfully	captured	their	

inherent	drive	to	explore	and	likely	differentiate	the	way	they	performed	from	

other	less	open	people.		

	 Another	related	reason	might	be	that	the	complexity	algorithm	was	not	

capturing	“exploration”,	but	rather	“exploitation”.	This	is	a	substantial	limitation	

of	the	study,	future	studies	should	focus	on	refining	and	better	operationalize	

what	needs	to	be	considered	“exploration”.	

	It	is	interesting	to	note	that	in	our	data	the	personality	trait	correlated	with	

higher	complexity	is	conscientiousness.	People	scoring	high	in	this	trait	tend	to	

perseverate	and	“stick”	to	the	task	(Barrick,	Mount,	&	Strauss,	1993;	Hollenbeck,	

Klein,	O'leary,	&	Wright,	1989)	and	conscientiousness	is	one	of	the	best	

predictors,	together	with	cognitive	ability,	of	the	likelihood	that	people	will	reach	

a	high	performance	level	(Barrick	&	Mount,	1991).	Hence,	this	suggests	that	in	

the	virtual	environment	the	drive	to	“try	something	new”	might	be	influenced	by	

perseveration	rather	than	flexibility.	These	findings	are	noteworthy	for	two	

reasons.	First,	the	results	are	interesting	in	relation	to	an	influential	study	by	Le	

Pine	et	al.	(2000)	looking	at	flexibility	in	decision-making	following	an	

unexpected	change	in	the	task.	The	authors	hypothesised	that	both	Openness	to	

experience	and	Conscientiousness	will	have	a	positive	influence	on	people’s	

performance	(together	with	people’s	general	level	of	ability).	However,	only	

Openness	positively	impacted	people’s	performance	after	the	unforeseen	change	

in	the	task,	while	people	high	in	Conscientiousness	performed	worse.	The	

authors	interpreted	the	findings	as	being	consistent	with	the	line	of	study	

suggesting	that	scoring	high	in	Conscientiousness	might	not	always	be	an	
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advantage	to	one’s	performance	(Martocchio	&	Judge,	1997;	Tett,	1998).	The	

detrimental	impact	of	Conscientiousness	might	be	due	to	a	difficulty	in	both	

unlearning	a	rule	and	trying	something	new.	However,	the	current	findings	

highlight	the	benefit	of	separating	the	two	things,	suggesting	that	people	scoring	

high	in	Conscientiousness	in	some	instances	might	show	flexibility	to	unlearn	a	

rule.	For	example,	the	sequence	chosen	in	the	virtual	environment,	when	the	rule	

is	created	by	the	person	and	not	by	others.		

	 Secondly,	the	fact	that	in	the	current	task	“trying	something	new”	and	

engaging	in	a	flexible	way	with	different	solutions	was	not	associated	with	

Openness	might	simply	because	people	scoring	high	in	Openness	did	not	find	the	

task	interesting	enough	to	engage	with	it.	This	result	is	reminiscent	(although	in	

the	opposition	direction)	to	the	one	obtained	in	Study	1.	In	Study	1	in	line	with	

the	trait	activation	theory	(Allport,	1937;	Murray,	1938)	the	use	of	a	guided	

imagination	with	strong	perceptual	and	aesthetic	components	increased	in	open	

people	the	susceptibility	to	mixed	percept.	In	the	current	study	it	appears	that	

perhaps	the	monotony	of	the	task	might	have	had	a	negative	impact	on	open	

people.	For	example,	by	not	allowing	them	to	express	characteristics	of	

Openness,	such	as	the	need	to	find	unconventional	and	new	solutions	(Barrick	&	

Mount,	1991).	Although	no	clear	pattern	emerged	in	the	data	in	relation	to	

Openness	and	the	participants’	feelings	reported	in	the	post-experiment	while	

performing	the	virtual	environment,	it	is	well	accepted	that	that	a	strong	link	

exists	between	Openness	and	the	trait	curiosity	and	creativity	(Christensen,	

Cotter,	&	Silvia,	2018).	However,	characteristic	behaviors	associated	with	

personality	traits	to	be	expressed	require	trait-relevant	cues	(Kenrick	&	Funder,	

1988).	It	has	been	suggested	that	these	cues	need	to	display	an	optimal	balance	
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in	arousal,	consequently	they	should	not	be	too	strong	or	too	weak	(Ekehammar,	

1974;	Snyder	&	Ickes,	1985).	For	example,	it	might	be	difficult	to	find	variability	

in	aggression	in	a	religious	function,	where	aggression	is	inappropriate,	or	at	the	

other	extreme,	for	example	in	a	battlefield,	where	everyone	displays	high	levels	

of	aggression	(Monson,	Hesley,	&	Chernick,	1982;	Price	&	Bouffard,	1974).		

Finally,	we	found	within	the	same	subject	a	significant	positive	

relationship	between	the	number	of	behavioural	decisions	made	in	the	virtual	

environment	task	and	the	number	of	perceptual	nference	made	in	the	binocular	

rivalry	task.	Although	the	virtual	environment	task	was	timed	(i.e.,	10	minutes),	

participants	could	stop	sampling	the	environment	at	any	point.	That	means	that	

until	the	time	was	over,	they	could	stare	at	the	screen,	displaying	their	last	

decision.	Hence,	in	the	virtual	environment	there	were	not	only	two	options	(i.e.,	

to	turn	right	or	left)	but	a	participant	also	had	a	third	one:	decide	to	stop	

sampling	the	environment.	Of	course,	the	reasons	behind	participants’	decisions	

to	stop	advancing	through	the	virtual	environment	might	differ	across	

participants.	For	example,	to	stop	navigating	might	have	been	driven	by	a	sense	

of	helpless,	if	participants	felt	that	no	actions	caused	a	dramatic	change	in	the	

task.	

However,	in	the	decision-making	literature,	the	decision	of	a	participant	

to	defer	their	decision	it	is	rarely	taken	into	account,	or	rarely	provided	as	an	

option.	Studies,	however,	suggest	that	deferring	a	decision	is	more	frequent	

when	a	task	has	ambiguous	characteristics	or	if	equally	attractive	options	are	

provided	simultaneously	(Dhar,	1996).		

	 The	correlation	between	behavioural	and	perceptual	decisions	is	quite	

promising.	Suggesting	that	similar	mechanisms	might	account	for	variance	in	the	
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tendency	to	sample	the	environment,	both	from	behavioral	and	perceptual	

perspectives.	It	is	worth	recalling	that	our	data	shown	no	relation	between	

number	of	behavioral	decisions	and	Openness,	suggesting	that	other	internal	

factors	might	be	involved.	In	respect	to	what	potential	mechanisms	might	be	

involved,	further	research	is	required	to	investigate	the	possible	role	of	common	

neural	processes.	As	pure	speculation	however,	it	is	conceivable	that	

neurochemical	changes	or	other	brain-wide	changes,	may	influence	the	drive	to	

explore	in	a	way	that	impacts	both	cognition	and	perception	in	a	similar	manner.	

It	is	known	that	when	facing	ambiguous	information	the	brain	favors	exploration	

(Cohen,	McClure,	&	Yu,	2007).	Here	both	from	a	behavioural	and	perceptual	

point	of	views,	agents	are	dealing	with	a	mismatch	between	the	adequacy	of	

their	internal	model	and	feedback	from	the	environment.	In	the	virtual	

environment	task,	people	are	stuck	in	an	ambiguous	endless	number	of	

corridors;	while	in	the	binocular	rivalry	task	they	are	dealing	with	an	ever-

changing	ambiguous	perceptual	experience.	Irrespectively	to	what	the	source	of	

ambiguity	stem	from,	sampling	and	gathering	more	information	might	result	in	

the	most	adaptive	response.		

	 It	has	been	shown	that	noradrenaline	plays	a	key	role	in	signaling	the	

degree	of	uncertainty	of	the	current	model	and	promotes	exploring	and	

gathering	more	information	(Karlsson,	Tervo,	&	Karpova,	2012;	Nassar	et	al.,	

2012).	The	opposite	occurs	with	low	level	of	noradrenaline,	which	anchors	the	

current	behavior	(O'Reilly	et	al.,	2013).	This	would	likely	result	in	people	

stabilising	their	current	strategy	in	the	virtual	environment	or	their	perceptual	

experience	in	the	rivalrous	task.	Future	studies	will	need	to	directly	manipulate	

the	level	of	noradrenaline	however,	to	provide	causal	evidence	of	an	
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involvement	of	noradrenaline	and	that	exploration	in	behavior	and	perception	

would	be	affected	in	a	similar	way.		

	 In	conclusion	this	study	only	offers	an	initial	contribution	towards	an	

understanding	of	how	people	deal	with	the	exploration	and	exploitation	trade-

off	in	the	absence	of	external	bias.	However,	the	relations	emerged	between	the	

level	of	complexity	displayed	in	exploring	the	virtual	environment	task	and	

stable	personality	traits,	together	with	similar	frequency	in	sampling	physical	

and	perceptual	environments	suggest	that	using	unconventional	methods	to	

explore	this	area	of	research	may	be	a	new	fruitful	avenue.	
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Chapter	12: General	Discussion		

	
	 	This	thesis	aimed	to	examine	whether	perceptual	inference	shared	

significant	aspects	with	behavioural	decisions,	when	looking	at	how	people	deal	

with	trade-off	between	exploration	and	exploitation	in	response	to	near-

identical	options.	The	studies	conducted	were	motivated	by	a	disparate	body	of	

animal	and	human	research	that	provide	converging	evidence	suggesting	that	

both	types	of	decisions,	or	with	respect	to	binocular	rivalry	perceptual	selection,	

might	by	modulated	by	the	same	neurotransmitters	(Aston-Jones	&	Cohen,	2005;	

Bouret	&	Sara,	2005)	and	rely	on	similar	brain	regions	(Brascamp,	Sterzer,	Blake,	

&	Knapen,	2018).	This	previous	literature	hinted	towards	the	possibility	that	

similar	tendencies	might	be	found	across	both	perceptual	selection	and	

behavioural	decisions.	The	current	thesis	explored	whether	such	decision-

related	“tendencies”	were	associated	with	certain	personality	traits	in	humans.	

Specifically,	this	thesis	assessed	the	extent	to	which	individual	differences	in	

explorative	“information-seeking”	tendencies	could	explain	different	patterns	of	

decision-making	in	perception	and	behaviour.			

	 The	broad	hypothesis	being	tested	was,	when	examining	people’s	

decisions	to	explore	or	exploit	available	options	in	the	absence	of	salient	external	

influences,	that	people’s	dispositional	drive	to	explore	(or	exploit)	should	impact	

their	behaviours.	This	should	occur	irrespective	to	the	characteristics	of	the	task.	

Because	of	the	reduced	influence	of	external	bias,	we	posited	that	any	individual	

differences	observed	may	reflect	internal	factors,	such	as	personality	traits.	

Typically,	in	the	literature	the	exploration-exploitation	trade-off	is	examined	by	

manipulating	the	characteristics	of	the	options	provided.	Consequently,	the	focus	



	 262	

is	typically	on	the	external	variables,	rather	than	the	agents	who	make	the	

decisions.	To	understand	the	influence	that	external	variables	have	on	agents	is,	

of	course,	very	useful	for	the	advancement	of	the	exploration/exploitation	

literature.	However,	to	understand	the	full	range	of	factors	that	impact	people’s	

decisions,	it	is	equally	important	to	examine	the	extent	that	individual	

differences	exist	in	the	way	people	deal	with	the	trade-off	between	

exploration/exploitation,	irrespective	of	those	external	variables.		

	 As	previously	mentioned,	individual	differences	in	how	people	trade-off	

between	exploration/exploitation	have	been	examined	both	from	perceptual	and	

behavioural	perspectives.	Despite	the	obvious	difference	existing	between	tasks,	

people	are	typically	asked	to	make	similar	type	of	decisions,	or	selections:	To	

exploit	(i.e.,	keep	doing	what	they	are	doing)	or	to	explore	(i.e.,	switch	to	the	

other	option).	However,	the	findings	reported	from	different	domains	

(perceptual	and	behavioural),	are	not	typically	combined	into	a	single	

framework.	As	a	first	step	towards	addressing	this	need,	the	current	thesis	began	

by	reviewing	and	aligning	these	largely	independent	bodies	of	research	(Chapter	

1,	Chapter	2,	Chapter	3,	Chapter	4,	Chapter	10).	This	extensive	review	of	

different	lines	of	research	identified	binocular	rivalry	as	the	most	appropriate	

task	to	use	in	the	thesis	or,	as	in	the	case	of	the	behavioural	task	(the	virtual	

environment	task),	informed	the	design	of	a	new	one.			

12.1 	Summary	of	empirical	studies	

	 	Study	1	used	a	combination	of	psychophysical	methods	(binocular	

rivalry)	and	personality	measures,	together	with	a	manipulation	of	internal	

transitory	states	(mood).	The	focus	of	the	study	was	to	investigate	whether	a	

stable	tendency	captured	by	the	Openness	to	Experience	personality	trait	of	
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being	flexible	in	behavioural	and	cognitive	tasks	would	be	found	also	in	low-level	

perceptual	processing.	People	high	in	Openness	have	been	traditionally	

described	as	being	“flexible”	and	being	able,	metaphorically	speaking,	to	“see	

things	differently”.	Here,	we	were	able	to	demonstrate	that	people	scoring	high	

in	the	Openness	trait	might	literally	see	things	differently,	in	that	they	were	able	

to	identify	more	flexible	ways	of	combining	basic	visual	stimuli.	Furthermore,	

this	tendency	was	amplified	in	Open	people	following	a	transient	mood	

manipulation	to	which	Open	people	have	been	shown	to	be	susceptible.	In	Study	

2	we	investigated	the	influence	on	rivalry	dynamics	of	transient	emotional	states	

(i.e.,	emotional	arousal)	separate	from	personality.	We	predicted	that	high	

arousal	would	be	associated	with	an	increase	in	rivalry	alternations.	This	

prediction	was	based	on	two	considerations.	First,	it	has	been	suggested	that	an	

increase	in	arousal	would	likely	be	associated	with	faster	alternations	in	rivalry	

dynamics	(Carter	et	al.,	2007;	Nagamine	et	al.,	2007).	Secondly,	changes	in	

arousal	have	been	shown	to	have	a	measureable	effect	on	flexibility	both	from	

cognitive	and	perceptual	points	of	view	(Kuhbandner	&	Zehetleitner,	2011;	

Sheth	&	Pham,	2008).	However,	our	findings	did	not	show	a	specific	influence	of	

arousal	on	people’s	alternations	during	binocular	rivalry,	rather	a	broader	

influence	of	mood	in	general.	In	other	words,	changes	in	people’s	mood	appear	to	

have	a	clear	impact	on	the	way	the	brain	deals	with	the	trade-off	of	interpreting	

ambiguous	visual	information	and	exploring	equally	valid	solutions,	but	it	is	

unclear	which	specific	characteristics	of	mood	these	changes	are	associated	with.	

	 	Study	3	investigated	whether	slower	or	faster	alternations	between	

perceptual	solutions	in	a	binocular	rivalry	tasks	were	associated	with	stable	
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personality	traits.	The	results	revealed	that	slower	rivalry	alternations	were	

associated	with	higher	levels	of	determination	and	self-control.		

	 Deviance	from	normal	rivalry	dynamics	was	also	investigated	in	Study	4.	

The	broad	focus	of	the	study	was	to	determine	whether	similar	signatures	of	

abnormal	synaptic	plasticity	typically	associated	with	patients	with	

schizophrenia,	could	be	found	in	a	non-clinical	population.	Our	results	showed	

that	a	similar	reduction	in	plasticity	was	observed	in	people	scoring	high	in	

schizotypy	personality	measures,	which	capture	subclinical	levels	of	

schizophrenia-like	symptoms.		

	 In	Study	5	we	investigated	the	way	people	deal	with	the	trade-off	

between	exploration	and	exploitation	of	identical	options,	from	behavioural	and	

cognitive	perspectives,	using	a	series	of	eye	movement	tasks.	The	rationale	

behind	the	different	designs	of	the	eye-movement	tasks	was	to	capture	the	same	

basic	processes	assessed	in	tasks	used	in	the	animal	studies	assessing	the	

exploration-exploitation	behaviour.	The	piloting	process	identified	unusual	and	

unexpected	stereotypical	behaviour	in	participants.	This	lack	of	variability	in	

people’s	behaviour	was	interpreted	as	heavily	biased	towards	exploitation,	with	

a	total	absence	of	exploration.	However,	given	the	preliminary	nature	of	these	

findings,	caution	should	be	exerted	before	drawing	firm	conclusions.	This	

stereotypical	behaviour	disappeared	only	in	the	last	and	final	version	of	the	task,	

the	virtual	environment	task,	presented	in	Study	6.	In	the	virtual	environment	

task	participants	were	asked	to	choose	between	identical	options,	while	

(virtually)	navigating	through	identical	corridors.	Exploration	in	the	task	was	

defined	as	flexibility,	or	randomness,	in	people’s	behaviour	resulting	in	“trying	

something	new”.	It	was	predicted	that	people	high	in	Openness	would	show	
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higher	levels	of	exploration,	because	of	their	drive	to	flexibly	engage	with	new	

solutions,	even	in	the	absence	of	reward	(DeYoung,	2014).	However,	the	results	

showed	that	higher	levels	of	exploration	were	associated	with	high	levels	of	

conscientiousness,	thus	relying	on	qualities	such	as	industriousness	and	self-

regulation,	rather	than	flexibility.	Interestingly,	a	positive	correlation	emerged	in	

the	way	people	performed	in	the	binocular	rivalry	task	and	the	virtual	

environment	task.	This	suggests	that	similarities	exist	across	domains	in	the	way	

people	deal	with	the	trade-off	between	exploration	and	exploitation.	Namely,	

people	showed	across	tasks	a	similar	tendency	(high	or	low	frequency)	to	sample	

the	environment.			

	 As	the	empirical	studies	can	be	divided	in	two	separate,	but	related,	lines	

of	investigation	in	the	following	paragraph	the	results	and	their	implication	of	

these	studies	will	be	discussed	separately,	within	the	broad	exploration-

exploitation	theoretical	framework.	Although	considering	the	obvious	

differences	of	the	tasks	used,	an	attempt	to	integrate	the	implications	of	all	

results	will	be	provided	in	the	final	paragraph	together	with	the	limitations	of	

the	studies	and	possible	future	directions.	

12.2 		 How	do	individuals	face	the	trade-off	between	

exploration	and	exploitation	in	the	absence	of	external	

bias?	Implications	for	perception.	

	 How	people	deal	with	the	trade-off	between	exploration-exploitation	has	

been	widely	investigated	from	a	perceptual	perspective.	It	is	known	that	

individual	differences	in	perceptual	exploration	are	evident	in	“where”	(e.g.,	gaze	

movements;	Dorr,	Martinetz,	Gegenfurtner,	&	Barth,	2010)	or	“for	how	long”	

(e.g.,	fixation	duration;	Henderson	&	Luke,	2014)	an	observer	will	explore	a	
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visual	stimulus.	However,	our	findings	showed	that	individual	differences	exist	

also	in	“how”	different	perceptual	solutions	are	explored.		

	 An	important	practical	aspect	of	our	findings	is	that,	contrary	to	most	of	

the	studies	available	in	the	literature,	we	were	able	to	investigate	what	can	be	

considered	a	person’s	spontaneous	drive	to	explore,	without	the	impact	of	

confounding	variables.	For	example,	in	most	studies	observers	might	modify	

their	behaviours	to	respond	to	what	they	believe	is	the	aim	of	the	study.	

Consequently,	a	crucial	variable	to	account	for	might	be	the	impact	that	

instructions	or	general	information	provided	at	the	beginning	of	the	task	have	on	

people’s	drive	to	explore.	The	binocular	rivalry	paradigm	used	in	the	

experimental	studies	of	the	thesis	has	proved	to	be	a	very	useful	avenue	to	

overcome	those	potential	confounding	factors.	This	is	an	important	point	

because	in	the	literature	the	limited	number	of	studies	that	used	binocular	

rivalry	to	investigate	the	impacts	of	stable	traits	(personality)	or	transitory	ones	

(mood)	have	used	stimuli	that	convey	clear	emotional	cues	to	the	viewer	(e.g.,	

happy/sad	face).	Hence,	although	observers	are	asked	to	report	changes	in	their	

perceptual	experience,	with	no	reference	to	their	emotions,	it	is	extremely	likely	

that	they	would	wonder	(and	successfully	guess)	the	objective	of	the	task.	This	in	

turn,	compromises	the	value	and	interpretability	of	the	findings.	Here,	we	

investigated	the	impact	of	mood	using	basic	rivalrous	stimuli	(i.e.,	gratings	of	

different	orientations).	To	control	for	confounding	variables	the	instructions	

required	to	perform	a	binocular	rivalry	task	were	kept	relatively	simple	and	

aimed	to	clarify	how	to	correctly	report	the	perceptual	experience,	rather	than	

disclose	the	aim	of	the	task.	Second,	because	of	the	unusual	perceptual	

experience	occurring	during	rivalry,	observers,	especially	when	experiencing	
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rivalry	for	the	first	time,	tend	not	to	overthink	about	the	ultimate	goal	of	the	task.	

Accordingly,	in	Study	1	we	found	that	people	high	in	the	Openness	to	Experience	

trait	“explored”	in	a	flexible	way	the	ambiguous	stimulus,	as	shown	by	a	

significant	relation	emerged	with	mixed	percept—	when	neither	perceptual	

solution	is	fully	supressed.	This	finding	is	consistent	with	the	literature	

suggesting	that	open	people	actively	“seek”	information	and	process	stimuli	that	

are	typically	ignored	by	others	(Peterson,	Smith,	&	Carson,	2002).	Overcoming	

that	natural	aversion	that	people	have	for	ambiguity	and	uncertainty	(Fox	&	

Weber,	2002).	Previous	studies	employing	paradigm,	such	as	latent	inhibition	

(Peterson	&	Carson,	1999;	Peterson,	Smith,	&	Carson,	2002),	demonstrated	that	

Open	people	have	a	decreased	capacity	to	“screen	out”	irrelevant	stimuli.	

However,	those	studies	were	not	designed	to	show	whether	Open	people	also	

“engage”	with	those	stimuli	in	a	different	and	measurable	way	from	other	people.	

Hence,	our	findings	extended	our	current	understanding	of	the	unique	relation	

existing	between	Openness	and	perceptual	experience	to	low-level	visual	

processes,	which	has	not	been	previously	demonstrated.		

	 It	is	important	to	note	two	major	implications	of	our	findings	in	relation	

to	the	broad	link	between	exploration/exploitation	and	personality.	First,	our	

results,	as	discussed	above,	are	consistent	with	the	line	of	findings	pointing	to	a	

clear	link	between	the	Openness	trait	and	exploration	(DeYoung,	2014;	DeYoung	

et	al.,	2011).	Secondly,	our	findings	highlighted	that	the	link	between	

exploration/exploitation	and	personality	can	be	investigated	from	a	low-level	

perceptual	point	of	view.	This	is	in	line	with	those	studies	suggesting	a	link	

between	personality	traits	and	what	has	been	referred	as	“micro-behaviours”	

(Rauthmann	et	al.,	2012).	For	example	gaze	movements	(Matsumoto,	Shibata,	
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Seiji,	Mori,	&	Shioe,	2010),	an	investigation	which	has	been	largely	neglected	in	

the	personality	literature.	This	is	a	crucial	aspect,	because	despite	the	well-

recognised	biological	basis	of	personality,	a	very	limited	number	of	studies	have	

directly	tested	the	predictive	accuracy	of	models	by	using	psychophysics	

methods,	such	as	binocular	rivalry	paradigm	or	eye	tracking.			

Furthermore,	these	meaningful	relations	exist,	as	shown	in	the	studies	presented	

in	the	thesis,	above	and	beyond	the	impact	of	bottom-up	factors	(such	as	features	

of	the	stimulus)	or	well-known	top-down	factors	(such	as	the	content	of	

stimulus).		

	 Another	important	implication	of	our	findings	is	that	we	were	able	to	

show	from	a	perceptual	perspective	that	the	exploration/exploitation	trade-off	is	

susceptible	to	transient	emotional	states	(mood).	This	extends	the	current	

literature	suggesting	that	exploration	is	not	solely	stimulus-driven,	but	also	

transient	factors	(e.g.,	mood	and	current	need)	have	a	clear	impact	(Berger-Tal,	

Nathan,	Meron,	&	Saltz,	2014).	This	impact	is	well	recognised	both	from	a	broad	

perceptual	point	of	view	(e.g.,	the	stimulus	that	a	person	will	preferentially	

attend	to;	Kaspar	&	König,	2012),	but	also	within	the	rivalry	literature	

(Anderson,	Siegel,	&	Barrett,	2011).	We	were	able	to	demonstrate	that	the	

relations	between	transient	emotional	states,	stable	personality	traits	and	

exploration/exploitation	tendencies	are	more	complex	than	what	is	currently	

believed.	That	is,	transient	moods	do	not	simply	“turn	up”	one’s	explorative	

tendencies,	but	they	are	also	intermingled	with	specific	personality	traits.	For	

example,	as	previously	mentioned,	our	findings	(Study	2)	showed	that	a	general	

increase	in	people’s	emotional	arousal	did	not	increase	exploration.	On	the	other	

hand,	an	increase	in	exploration	was	observed	for	people	high	in	the	Openness	
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trait	following	a	specific	mood	manipulation	with	perceptual-aesthetic	

elements—to	which	Open	people	are	particularly	susceptible	(Study	1).	

	 One	important	methodological	aspect	of	our	studies	is	that	while	

investigating	the	impact	of	transient	emotional	states	on	the	trade-off	between	

exploration/exploitation,	we	also	differentiated	the	contribution	of	two	core	

properties	of	emotional	states:	valence	and	arousal.	The	need	of	this	clear	

differentiation	has	been	recognised	both	in	general	perception	(Kaspar	&	König,	

2012)	and	in	rivalry	literature	(Sheth	&	Pham,	2008a).	Previous	findings	showed	

that	arousal,	but	not	valence,	have	an	impact	on	some	properties	of	rivalry	

dynamics	(Sheth	&	Pham,	2008a).	However,	as	previously	mentioned,	we	were	

not	able	to	replicate	these	findings.	One	possible	explanation	for	the	lack	of	

agreement	with	previous	results	might	depend	on	the	type	of	visual	stimuli	used.	

In	Study	2	we	used	simple	stimuli	(grating	of	different	orientations).	Previous	

studies	used	more	complex	images,	which	limit	the	possibility	to	control	for	well-

known	impact	that	low-level	properties	of	the	stimuli	have	on	rivalry.				

	 It	is	also	worth	highlighting	that	our	findings	also	have	implications	for	

the	ongoing	debate	in	the	rivalrous	literature	emphasising	the	importance	of	

considering	individual	differences	in	rivalry	dynamics	(Bosten	et	al.,	2015;	

Brascamp,	Becker,	&	Hambrick,	2018;	Katyal,	He,	He,	&	Engel,	2019).	The	

investigation	of	systematic	deviances	in	rivalry	dynamics	have	been	useful	

especially	in	relation	to	specific	clinical	populations,	which	have	been	shown	to	

differ	in	a	significant	way	from	the	general	population	(e.g.,	Robertson,	Kravitz,	

Freyberg,	Baron-Cohen,	&	Baker,	2013;	Said,	Egan,	Minshew,	Behrmann,	&	

Heeger,	2013).	Our	findings	extended	this	line	of	research,	by	looking	at	

individual	differences	in	a	non-clinical	population.	Specifically,	we	demonstrated	
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a	relation	between	slower	rivalry	dynamics—	previously	shown	to	be	associated	

with	a	number	of	clinical	populations	(Miller	et	al.,	2003;	Xiao	et	al.,	2018)	—	and	

stable	personal	traits	(Conscientiousness).	Because	the	Conscientiousness	

personality	trait	captures	in	the	general	population	high-levels	of	self-discipline,	

our	findings	cast	doubt	on	the	hypothesis	that	those	similar	slower	rivalry	

dynamics	associated	with	clinical	populations	might	be	driven	by	low	

compliance—Rather	than	reflecting	a	true	association.	However,	to	validate	our	

claim	future	research	should	replicate	our	findings	in	clinical	populations.	With	

respect	to	clinical	populations	and	rivalry	dynamics,	our	findings	also	

highlighted	the	importance	in	accounting	for	the	impact	of	transient	emotional	

states	in	relation	to	changes	in	rivalry	dynamics,	especially	for	those	clinical	

populations	(e.g.,	bipolar	patients)	characterised	by	rapid	mood	swings.		

12.3 	 How	do	individuals	face	the	trade-off	between	

exploration	and	exploitation	in	the	absence	of	external	

bias?	Implications	for	cognitive-behaviour	tasks.	

	 The	second	line	of	investigation	pursued	in	the	thesis	examined	the	trade-

off	between	exploration-exploitation	from	a	cognitive-behavioural	perspective.	

To	this	end,	we	designed	a	task	(the	virtual	environment	task)	inspired	by	the	

animal	literature,	specifically	from	the	fruit	flies	(the	optomotor	maze;	van	

Swinderen	&	Flores,	2007).		The	general	benefits	of	extending	findings	coming	

from	the	animal	to	the	humans	have	been	presented	in	Chapter	9.	However,	the	

results	from	the	pilot	versions	of	the	virtual	environment	task	(Study	5)	strongly	

differed	from	the	ones	of	the	fly	model,	with	all	participants	presenting	a	strong	

stereotypical	response.	Hence,	the	stereotypical	behaviour	characteristic	of	a	

sub-group	in	the	fly	population	became	the	norm	in	our	(human)	sample.	What	
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are	the	theoretical	implications	of	this	lack	of	similarity?	Although	no	firm	

conclusion	can	be	made,	given	the	relatively	limited	number	of	participants	

tested	in	the	pilot	version	of	the	task,	two	main	theoretical	implications	can	be	

advanced.	First,	it	appears	that	with	respect	to	the	“natural	drive”	to	explore	

significant	differences	exist	between	the	animal	and	human	models,	with	

humans	being	extremely	conservative.	Consequently,	it	might	be	inappropriate,	

or	perhaps	misleading,	with	respect	to	the	trade-off	between	exploration	and	

exploitation	(when	no	external	bias	is	used),	to	assume	that	findings	from	the	

animal	model	can	be	generalised	and	applied	to	humans.	Furthermore,	these	

results	suggest	that	when	possible,	future	research	ought	to	directly	confirm	

whether	humans	and	animals	behave	similarly	by	using	similar	tasks	(either	

from	a	practical	or	theoretical	point	of	view).	

		 The	stereotypical	behaviour	emerged	in	the	pilot	versions	of	the	virtual	

environment	disappeared	when	the	task	design	truly	resembled	from	a	practical	

point	of	view	the	one	used	for	the	fly	(the	optomotor	maze).	Put	simply,	people	

behaved	similar	to	flies	only	when	they	faced	a	‘fly-like’	task	(to	navigate	an	

environment).	Therefore,	the	lack	of	variability	in	people’s	behaviour	emerged	in	

the	pilot	versions	of	the	virtual	environment	might	simply	be	because	the	task	

did	not	successfully	evoke	the	behaviour	it	was	designed	to	test.	In	other	words,	

concerns	lie	with	the	task	design	rather	than	with	the	behaviour	under	

investigation.		

Second,	our	findings	suggest	that	to	observe	a	“spontaneous”	drive	to	

explore	within	humans,	the	task	should	have	some	specific	characteristic.	For	

example,	our	findings	suggest	that	it	might	be	crucial	for	participants	to	feel	that	

they	are	“physically”	reaching	an	object	or	moving	towards	a	corridor,	to	show	
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some	variability	in	their	behaviours.	This	is	in	line	with	previous	studies	

demonstrating	a	clear	impact	of	the	task’s	characteristics	on	the	way	people	deal	

with	the	exploration/exploitation	trade-off.	For	example,	people	behave	

differently	when	choosing	between	identical	options	in	a	pen	and	paper	task	or	

between	routes	of	identical	length	on	a	map	(Christenfeld,	1995).		

	 	To	be	sure,	the	need	to	balance	exploration	and	exploitation	behaviours	

is	not	a	problem	that	only	humans	face.	Indeed,	our	current	knowledge	of	how	

people	deal	with	this	balance	heavily	grounds	on	findings	from	the	animal	

literature.	For	example,	it	has	been	shown	that	when	animals	are	faced	with	

multi-armed	bandit	problems,	they	behave	in	a	way	that	well	approximates	

“optimal”	solutions.	The	type	of	behaviours	is	predicted	by	those	normative	

models	which	are	typically	applied	to	humans	(Krebs,	Kacelnik,	&	Taylor,	1978).	

With	respect	to	the	optomotor	maze	(van	Swinderen	&	Flores,	2007),	the	turning	

behaviours	of	the	general	fruit	fly	population	(i.e.,	to	explore	new	areas	of	the	

maze	or	to	maintain	the	same	direction)	approximate	a	normal	distribution,	with	

only	a	limited	number	of	individuals	showing	extreme	stereotypical	behaviours.	

Although	that	line	of	studies	used	flies,	there	are	strong	reasons	to	believe	that	a	

similar	distribution	would	also	characterise	humans,	dealing	with	sequential	

binary	decisions.	However,	our	findings	strongly	suggest	that	we	might	need	to	

think	more	about	the	assumptions	of	the	animal	literature	and	the	benefits	of	

using	similar	animal	and	human	studies.	

	 That	is,	the	findings	from	the	pilot	version	of	the	virtual	environment	and	

the	final	version	of	the	task	highlight	that,	from	a	behavioural	and	cognitive	

perspective,	people	might	not	be	characterised	by	a	strong	drive	to	explore	—

even	when	no	clear	costs	are	involved.	These	results	also	contradict	most	models	
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available	in	the	literature,	assuming	that	a	strong	drive	to	explore	exists,	because	

of	underlying	biological	factors	or	theoretical	ones.	Consequently,	because	it	is	

assumed	that	all	individuals	show	this	drive	to	explore,	meaningful	differences	

across	people	could	be	observed	only	following	direct	manipulation	of	the	

external	stimuli;	for	example,	by	changing	reward	or	punishment	contingencies.	

It	is	commonly	believed	that	people	explore	in	order	to	not	miss	out	on	potential	

resources	in	the	environment	or	to	verify	whether	what	is	currently	known	

about	the	environment	holds	true.	However,	in	light	of	our	findings,	together	

with	the	work	of	Christenfeld	(1995),	it	should	be	acknowledged	in	the	literature	

that	these	assumption	have	no	direct	empirical	evidence	and	stereotypical	

behaviours	can	also	be	found	in	a	non-clinical	population.		

	 One	crucial	aspect,	which	is	worth	discussing	in	relation	to	the	

exploration/exploitation	literature,	is	to	what	extent	an	investigator	can	

confidently	consider	the	behaviour	under	investigation	as	an	appropriate	

example	of	exploration	or	exploitation	tendencies.	As	if	there	is	one	true	kind	of	

exploration/exploitation,	whereas	in	reality	it	may	be	the	case	that	there	are	

many	ways	to	operationalize	this	quite	abstract	concept.	It	is	important	to	

highlight	that	in	the	literature	there	are	a	number	of	variables	more	widely	used	

than	others	to	examine	exploratory	behaviours,	however	they	are	rarely	able	to	

capture	the	characteristics	of	the	specific	task	used.	Investigators,	hence,	need	to	

compromise	for	a	less	than	fully	satisfactory	solution.		To	overcome	this,	on	

Study	5	and	6	a	great	deal	of	work	was	undertaken	around	establishing	what	

should	be	considered	exploration	in	relation	to	our	specific	task,	grounding	on	

both	theoretical	and	data-driven	reasons.	This	entailed	critically	evaluating	the	

current	methodologies	used	in	the	animal	and	human	literature.	As	illustrated	in	
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Study	6,	clear	differences	between	people	emerged	in	the	sequence	of	decisions	

(i.e.,	to	turn	right	or	left)	made	in	the	virtual	task.	However,	to	interpret	solely	

people’s	sequence	of	decisions	as	an	instance	of	exploration	or	exploitation	

ultimately	strongly	relies	on	an	experimenter’s	subjective	judgement.	This	is	an	

issue	which	is	well	recognised	in	the	context	of	the	exploration/exploitation	

literature	(Mehlhorn,	Newell,	Todd,	Lee,	&	Morgan,	2015).	But	somewhat	

surprising	it	has	received	little	interest,	for	example	by	directly	comparing	

different	measures	examining	explorative	or	exploitative	behaviours	within	the	

same	task	(as	carried	out	in	Study	6).		

	 We	equated	exploration	with	high	levels	of	complexity	(unpredictability),	

in	line	with	how	exploration	was	defined	throughout	the	thesis	(i.e.,	to	try	

something	new).	Of	course,	as	will	be	discussed	in	the	following	paragraph,	it	

may	be	argued	that	other	aspects	of	people’s	behaviours	in	the	virtual	

environment,	rather	than	the	ones	investigated,	could	have	been	used	to	capture	

exploration	(or	exploitation).	However,	in	order	to	choose	the	most	appropriate	

measure,	it	is	important	to	consider	the	monotony	of	the	virtual	environment	

task:	People	could	only	turn	right/left	through	identical	corridors	and	the	result	

of	their	decisions	had	little	impact	on	the	task.	Consequently,	one	would	have	

soon	realised	that	in	the	virtual	environment	to	persist	with	a	strategy	would	be	

unsuccessful	(as	they	would	still	been	stuck	inside	the	virtual	environment).	

Hence,	there	was	no	general	optimal	policy	that	an	agent	could	carry	out	to	

balance	the	trade-off	between	exploration	and	exploitation	behaviours.	As	

previous	findings	suggested	(Tervo	et	al.,	2014),	when	dealing	with	situations	

where	finding	an	optimal	behaviour	requires	complex	computations	of	the	pay-
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offs	of	different	strategies,	for	example	when	dealing	with	a	stronger	competitor,	

to	adopt	stochastic	choices	is	a	simple	way	to	generate	exploration.		

12.4 		 Limitations	and	Future	directions.	

	 The	methodological	limitations	of	the	empirical	studies	have	been	

discussed	in-depth	within	each	individual	chapter.	The	aim	of	these	concluding	

paragraphs	is	to	summarise	the	overall	limitations	of	the	two	lines	of	

investigation	presented	(perceptual	and	behavioural/cognitive)	and	how	future	

studies	could	build	up	on	our	findings	to	shed	light	on	crucial	aspects	of	how	

people	deal	with	the	exploration/exploitation	dilemma.		

	 It	could	be	argued	that	both	binocular	rivalry	studies	and	the	virtual	

environment	tasks	use	subjective	criteria	to	define	what	should	be	considered	an	

instance	of	“explorative”	behaviours	in	the	tasks.	That	is,	for	the	rivalrous	task	

perceptual	exploration	was	associated	with	the	mixed	percept,	while,	as	

previously	discussed,	for	the	virtual	environment	exploration	was	associated	to	

levels	of	randomness	in	people’s	responses.	We	hope	that	a	sufficiently	strong	

case	was	made	to	justify	the	use	of	these	measures,	amongst	the	others	available.	

However,	we	recognise	that	other	parameters	could	have	been	chosen.		

For	example,	one	could	argue	that	with	respect	to	the	binocular	rivalry	

task,	exploration	might	have	been	considered	rivalrous	switching	rate	(i.e.,	how	

fast	an	observer	switches	between	exploring	perceptual	experiences).	However,	

in	the	thesis	we	were	interested	in	perceptual	exploration	specifically	in	relation	

to	the	Openness	to	Experience	trait.	That	is,	that	“active”	exploration	for	the	new	

and	the	different,	which	characterises	Open	people	(DeYoung,	2014)	and	it	is	

well	captured	by	the	mixed	percept.		The	central	idea	is	that,	because	Open	

people	are	characterised	by	inclusive	and	flexible	cognition	and	typically	develop	
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creative	and	new	solutions	when	facing	an	ambiguous	task	(e.g.,	a	divergent	

thinking	task)	similar	tendencies	might	be	observed	also	in	low-level	perceptual	

phenomenon.	During	the	mixed	percept,	elements	of	both	rivalling	stimuli	are	

combined	into	a	new	perceptual	experience,	completely	different	from	the	

retinal	input.	

On	the	other	hand,	the	typical	fluctuation	between	the	equally	valid	

perceptual	solution	characteristics	of	binocular	rivalry	was	considered	as	an	

instance	of	exploitation,	rather	than	exploration.	That	is,	the	observer	focuses	or	

“exploits”	one	solution	and	focuses	on	a	discrete	interpretation	of	the	sensory	

information	(i.e.,	periods	of	exclusive	dominance).	From	a	biological	point	of	

view	when	facing	ambiguous	information,	it	is	important	to	exploit	and	rely	on	a	

possible	interpretation	of	the	ambiguous	information.	This	would	allow,	for	

example,	some	stability	for	action	planning.		

However,	it	is	important	to	emphasise	that	this	is	only	one	interpretation	

of	the	rivalry	paradigm	through	the	lenses	the	exploration-exploitation	model,	

not	the	only	one.	Indeed,	it	would	be	interesting	to	investigate	in	future	studies	

whether	focusing	on	other	aspects	of	the	exploration/exploitation	trade-off	in	

both	tasks	might	lead	to	similar	patterns	of	results	or	other	relations,	for	

example	with	personality	traits	and	exploration	tendencies,	would	emerge.		

	 For	example,	one	interesting	result	from	our	findings	is	the	similar	trend	

of	correlation	found	across	tasks	(perceptual	and	behavioural)	when	looking	at	

the	number	of	decisions	(or	with	respect	to	binocular	rivalry,	selection)	made.	

That	is,	individuals	who	tended	to	sample	a	high	amount	of	information	in	the	

perceptual	environment	also	tended	to	gather	a	high	amount	of	information	

from	a	behavioural-cognitive	perspective	in	the	virtual	environment.	This	points	
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toward	a	role	for	common	underlying	characteristics	driving	these	more	specific	

individual	behaviours.		On	the	basis	of	these	results,	future	research	might	

consider	examining	the	trade-off	between	exploration	and	exploitation	by	

examining	people’s	behaviour	from	a	quantitative	perspective	(e.g.,	the	“number”	

of	actions	undertook),	rather	than	from	a	qualitative	one	(e.g.,	the	type	of	

strategies	adopted).			

	 It	is	also	wort	pointing	out	that	with	respect	to	the	aim	of	investigating	

simultaneously	the	trade/off	between	exploration	and	exploitation	from	a	

perceptual	point	of	view,	our	findings	suggested	that,	at	least	when	using	

binocular	rivalry,	exploration	and	exploitation	are	susceptible	to	different	

manipulations	and	influenced	by	different	personality	traits.	However,	future	

studies	should	further	examine	this,	for	example	by	using	different	perceptual	

tasks	(e.g.,	natural	scene	viewing	or	reward-guided	perceptual	task).		

Lastly,	it	is	important	to	remember	that	given	the	inherent	private	nature	

of	binocular	rivalry,	future	studies	should	focus	on	examining	whether	

observer’s	subjective	criteria	should	take	into	account	when	examining	rivalrous	

dynamics.	For	example,	when	reporting	an	ambiguous	experience,	such	as	the	

mixed	percept.	This	could	be	directly	investigated	by	using	a	modified	version	of	

a	rivalry	task.	For	instance,	observers	could	be	asked	to	report	their	perceptual	

experience	(exclusive	dominance	or	mixed	percept)	when	presented	with	

sequence	of	images	mimicking	the	rivalry	experience.	One	could	then	examine	

whether	the	expected	variability	existing	in	people’s	criteria	impact	the	data	in	a	

substantial	way.	This	was	not	directly	tested	in	the	current	thesis,	however,	our	

findings	may	provide	some	initial	indication	that	people’s	criteria	have	a	limited	

impact.	For	instance,	in	Study	2	the	relation	between	mixed	percept	and	
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personality	was	no	longer	maintained	when	using	larger	stimuli.	We	took	this	as		

evidence	that	the	findings	from	Study	2	were	influenced	by	personality	

(openness)	and	not	subjective	criteria.	As	larger	stimuli	increase	the	relative	

contribution	of	neurophysiological	properties	of	early	visual	cortex,	if	any	

response	bias	exist,	then	they	should	be	insensitive	to	stimulus	size	

	 An	important	limitation	of	our	studies	is	that	our	findings	cannot	shed	

light	on	whether	behavioural	or	cognitive	bias	towards	exploration/exploitation	

are	linked	to	individual	differences	in	perceptual	flexibility/stability.	In	Study	6	

we	predicted	that	people	high	in	Openness	to	Experience	would	perform	

“randomly”	in	the	virtual	environment	task.	Because	of	the	link	existing	between	

Openness	to	Experience,	creativity	and	flexible	cognitive	control	(Zabelina	&	

Robinson,	2010).	That	is,	Open	people	tend	to	“break”	from	previous	actions,	

adopt	less	conventional	solutions	and	actively	engage	with	unpredictable	

behaviour.	However,	our	predictions	were	not	confirmed,	and	Openness	did	not	

correlate	with	randomness.	On	the	other	hand,	a	relation	between	Openness	and	

exploration	was	found	for	the	perceptual	task,	with	Open	people	showing	more	

flexible	ways	of	combing	information	within	basic	visual	stimuli.	Should	this	be	

interpreted	as	evidence	that	Openness	to	Experience	might	play	a	key	role	in	

exploration	for	perception,	but	not	for	behaviour?		

	 As	previously	discussed,	we	speculated	that	the	lack	of	correlation	

between	Openness	and	randomness	in	the	virtual	environment	task	might	have	

been	linked	to	the	monotony	of	the	task	itself.	That	is,	the	task	did	not	provide	

the	minimum	threshold	of	interest	required	to	express	those	qualities	

characteristics	of	Openness	(e.g.,	creativity,	novelty-seeking,	and	actively	seek	

out	uncertainty).	A	similar	monotony,	however,	might	not	be	attributed	to	the	
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rivalrous	task.	Despite	the	constant	sensory	input,	perceptual	changes	occur	

during	the	task.	Both	the	binocular	rivalry	task	and	the	virtual	environment	task	

investigate	how	people	deal	with	the	trade-off	between	exploration	and	

exploitation	in	the	absence	of	external	bias.	However,	the	different	level	of	

interest	characterising	the	two	tasks	do	not	allow	a	direct	comparison	in	relation	

to	Openness	to	Experience.	Future	studies	should	investigate	alternative	tasks	to	

the	ones	used	to	allow	this	comparison	as	well	as	understand	the	contribution	of	

Openness	to	Experience	on	the	trade-off	between	exploration	and	exploitation	

from	a	behaviour-cognitive	perspective,	in	the	absence	of	external	bias.	

A	different	way	in	which	future	researchers	may	endeavour	to	extend	the	

findings	of	the	present	thesis	is	to	include	some	type	of	sparse	and	random	

rewards	in	the	virtual	environment	task.	It	is	reasonable	to	assume	that	

participants,	contrary	to	flies,	quickly	realised	that	their	actions	did	not	help	

advancing	or	‘escaping’	from	the	virtual	environment.		Hence,	participants	chose	

between	pursuing	explorative	or	exploitative	strategies	when	facing	nearly	

identical	option	in	the	absence	of	reward/punishment	but	also	in	the	absence	of	

a	goal.	However,	this	might	be	an	inadequate	operationalization	of	everyday	

real-world	scenarios	where	people	need	to	choose	between	exploring	(try	

something	new)	or	exploiting	(keep	doing	what	you	are	doing).	That	is,	even	if	

two	options	are	equal	in	every	relevant	aspect	(e.g.,	choosing	between	two	equal	

amounts	of	food),	both	options	would	lead	to	a	reward	(eat	the	food).	Hence,	

framing	the	distinction	between	exploration	and	exploitation	in	the	absence	of	a	

goal	might	be	artificial,	as	no	actions	without	a	goal	could	genuinely	be	qualified	

as	exploration/exploration	(for	a	thorough	discussion	on	this,	see	Gozly	&	

Dolcini,	2008).	The	use	of	sparse	and	random	rewards	in	the	virtual	environment	
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might	motivate	participants	to	search	for	‘something’	while	still	relying	on	their	

innate	preference	on	how	to	do	so	(exploring	or	exploiting).		

Lastly,	a	valuable	direction	for	future	studies	should	be	to	include,	

together	with	perceptual	and	behavioural	tasks,	some	measure	of	cognitive	

ability.	This	would	be	particularly	beneficial	for	Study	1	and	Study	6,	where	the	

impact	of	the	Openness	to	Experience	trait	was	one	of	the	main	key	variables	

under	investigation.	People	high	in	Openness	are	characterised	by	intellectual	

curiosity	and	the	tendency	to	flexibly	engage	with	possibilities,	two	abilities	that	

are	also	associated	to	higher	cognitive	performance.	More	importantly,	from	a	

point	of	view	of	investigating	separately	the	sub	traits	(Openness	and	Intellect)	

within	the	general	domain	O/I	(Openness/Intellect)	this	would	also	allow	

simultaneously	to	partial	out	the	contribution	of	Openness	over	Intellect	and	to	

control	for	the	shared	variance	of	Openness	and	Intellect.	Furthermore,	from	an	

individual	difference	point	of	view,	general	cognitive	abilities	are	one	of	the	most	

powerful	predictors	underlying	decision	making	competence.	People	with	higher	

intelligence	not	only	tend	to	be	more	flexible,	but	also	actively	seek	out	

opportunities	to	be	more	flexible.		

	 It	is	clear	that	further	research	will	need	to	be	carried	out	to	address	

these	limitations.	However,	in	relation	to	the	main	question	set	out	at	the	

beginning	of	the	thesis,	we	do	now	know	that	meaningful	individual	differences	

exist	in	the	way	people	deal	with	the	trade-off	between	exploration	and	

exploitation	in	the	absence	of	external	bias	(both	perceptually	and	

behaviourally).	Perhaps	the	most	obvious	difference	across	domains	is	the	

difficulty	in	observing	a	natural	“drive”	to	explore	in	the	behavioural	task.	This	

might	be	related	to	a	difficulty	in	truly	balancing	the	cost/rewards	from	a	
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behavioural	perspective	and	the	true	benefit	of	sticking	with	the	known	options.	

For	example,	repeated	exposure	is	paramount	in	developing	expertise.	Our	

findings	offer	little	direct	insight	into	whether	this	more	conservative	behaviour	

results	from	methodological	limitations,	or	if	it	reflects	true	differences	between	

modalities.	It	may	well	be	the	case	that	other	variables	contribute	to	the	

cost/benefit	associated	with	exploitation	and	exploration	in	behaviour	and	

probably	deserve	to	be	accounted	for.	However,	we	hope	that	the	work	

presented	here	illustrates	the	potential	benefits	of	attempting	to	draw	

comparisons	between	modalities	and	to	challenge	the	empirical	validity	of	long-

held	assumptions	in	the	literature.	

	 Every-day	we	are	faced	with	numerous	decisions.	Because	of	the	present	

fast-paced	society	it	is	likely	that	the	number	of	decisions	a	person	will	need	to	

face	will	considerably	increase	in	the	future.	It	is	critical	to	gain	a	better	

understanding	of	those	core	properties	(such	as	the	personal	natural	drive	to	

explore),	which	impact	the	way	people	deal	with	the	trade-off	between	

exploration	and	exploitation.	The	implications	of	these	findings	have	theoretical	

and	practical	implications	for	a	number	of	disciplines,	ranging	from	economy	to	

clinical	studies.	The	studies	carried	out	in	this	thesis	have	taken	the	first	steps	in	

this	direction.	Furthermore,	we	have	provided	clear	evidence	of	the	difficulties	in	

designing	appropriate	stimuli	to	observe	the	trade-off	in	the	first	place.	More	

importantly	our	findings	highlighted	how	crucial	aspects	of	the	trade-off	

between	exploration	and	exploitation	have	been	greatly	underestimated	and	

neglected	in	the	literature.	Specifically,	our	findings	speak	to	the	possibility	that	

important	common	mechanisms	may	be	shared	across	behavioural	and	

perceptual	domains,	in	relation	to	how	the	trade-off	between	exploration	and	
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exploitation	is	resolved	with	near	identical	options.	Notably,	our	findings	also	

highlighted	the	key	role	of	specific	personality	traits.		

	 Our	work	should	be	considered	as	a	first	step	in	the	literature	and	serve	

as	the	basis	for	future	work.	For	example,	the	pattern	of	failures	in	observing	any	

explorative	behaviours	that	emerged	in	the	pilot	versions	of	the	virtual	

environment	task	should	be	considered	informative	in	relation	to	those	methods	

that	are	not	worth	pursuing.	Because	of	the	complexity	of	the	topic	and	the	

limited	number	of	information	available	in	the	literature,	we	hope	that	this	thesis	

has	provided	convincing	arguments	in	favour	of	a	multidisciplinary	collaboration	

between	disciplines	(e.g.,	personality	and	perception).	Together	with	recognising	

the	importance	of	a	direct	comparison	between	data	coming	from	animal	and	

human	models.	Cognitive	psychologists	often	do	not	consider	the	possibility	of	

individual	differences	in	their	data,	or	the	role	that	personality	might	play	in	the	

phenomena	they	study.	Similarly,	personality	psychologists	still	engage	fairly	

minimally	with	these	kinds	of	cognitive	and	behavioural	paradigms,	which	could	

be	useful	for	testing	theories	about	the	processes	and	mechanisms	underlying	

these	traits.	Our	studies	show	that	it	can	be	fruitful	to	combine	these	low	level	

cognitive	and	perceptual	phenomena.	As	shown	in	this	thesis	this	multi-

disciplinary	approach	allows	investigation	of	the	question	from	different	

perspectives	and	more	importantly	brings	up	to	speed	our	current	

understanding	by	directly	challenging	underlying	assumptions,	which	might	

need	to	re-examined	and	revised.	The	need	for	an	interdisciplinary	approach,	for	

general	research	and	specifically	for	decision-making	literature,	is	now	well	

recognised	across	disciplines	and	it	is	an	exciting	area	of	research	that	I	am	

looking	forward	to	being	involved	with	in	the	future.			
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Appendix	A	(Study	1)	

	
	
Note	1		
Paragraph	2.1.3:	The	rival	targets	were	stationary	green	and	red	square	wave	
gratings	
	
Note	2	
Table	1	p.	17	:	The	correlations	were	corrected	for	multiple	comparison	using	
Benjamini	&	Hochberg’s	procedure;	false	discovery	rate	[FDR]=	0.2;	p<0.05	
(two-tailed).	
	
Note	3		
	
Procedure	(Study	1)		
Participants	firstly	underwent	the	rivalry	task.	They	then	completed	the	BFAS	
questionnaire.	
	
Procedure	(Study	1b_Control	and	Replication)	
Participants	firstly	underwent	the	rivalry	task.	They	then	completed	the	BFAS	
questionnaire.	
	
Note	4	
	
Page	18,	beginning	of	first	paragraph:	“On	the	other	hand,	no	significant	effect	of	
stimulus	size	on	mixed	percept	was	seen	within	Study	1b	(M=	0.27;	SD=	0.12).	
Although	the	predicted	susceptibility	of	open	people	to	mixed	percept	decreases	
in	function	to	rivalrous	stimuli	size,	no	difference	on	mixed	percept	was	found	
within	the	same	people	when	using	larger	stimuli.	The	results	is	interesting	on	
its	own	right	and	future	studies	should	be	conducted	to	better	understand	the	
relationship	between	mixed	percept	and	stimuli	size.”	
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Appendix	B	(Study	1)	

	Table	1:	Correlation	matrix	of	Mixed	percept	and	BFAS	for	Study	1.	
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Table	2:	Correlation	matrix	of	Mixed	percept	and	BFAS	for	Study	1b		
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 Table	3:	Correlation	matrix	of	Mixed	percept	and	BFAS	for	Study	2	(Neutral	condition)		
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Table	4:	Correlation	matrix	of	Mixed	percept	and	BFAS	for	Study	2	(Pleasant	condition)	
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Table	5:	Correlation	matrix	of	Mixed	percept	and	BFAS	for	Study	2	(Appetitive	condition)	
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Appendix	C	(Study	2)		

	
	
To	address	concerns	about	the	skewed	distribution	of	mean	dominance	
durations	in	rivalry,	statistics	were	rerun	using	the	median	durations	of	
dominance	duration	as	the	main	dependent	measure:		Appetitive	group	
(Mdn=1.72;	SD=	0.34);		Neutral	group	(Mdn=1.97;	SD=	0.36	);	Pleasant		group	
(Mdn=	2.04;	SD=	0.56).		It	is	important	to	note,	however,	that	using	the	median,	
rather	than	the	mean,	did	not	change	the	findings	of	any	of	the	findings	reported	
in	the	study.	
	
	
	

• Kruskal-Wallis	Test	was	conducted	to	examine	the	differences	on	rivalry	
alternations	according	to	the	type	of	mood	manipulation.	No	significant	
difference	H=2.37,	p=.30,	df=2	was	found	among	the	three	groups.		

	
	

• Kruskal-Wallis	Test	was	conducted	to	examine	the	differences	on	rivalry	
alternations	(when	mixed	is	removed)	according	to	the	type	of	mood	
manipulation.		A	significant	difference	H=8.04	,	p=.02,	df=2	was	found	
among	the	three	groups.		

	
• Pairwise	comparisons	of	the	three	groups	were	conducted	using	

Bonferroni	correction	for	multiple	test.	A	significant	difference	(p=	.01)		
was	found	between	the	Appetitive	group	(Mdn=1.72;	SD=	0.34)	and	
Neutral	(Mdn=1.97;	SD=	0.36	).	Similarly,	a	significant	difference	(p=.02	)	
was	found	between	the	appetitive	group	and	the	Pleasant	(Mdn=	2.04;	
SD=	0.56).	No	significant	difference	(p=.9)	emerged	between	the	neutral	
and	the	pleasant	groups.	
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Appendix	D	(Study	3)		

	
Note	1	
	“whether	a	similar	trend—increased	mixed	periods	co-occuring	with	slower	
switching	—exists	in	the	general	population”	
	
“whether	a	similar	trend—increased	mixed	periods	co-occuring	with	slower	
switching	—exists	in	specific	sub-groups	of	the	population	(e.g.	people	with	high	
schizotypy		scores)	
	
	
Note	2	
Spearman	Correlation	Coefficient	of	median	percept	duration	and	Personality	
Traits	measured	using	the	BFAS	and	O-LIFE	scales.	

	
*indicate	correlation	remaining	significant	after	Benjamini	&	Hochberg’s	
procedure:	false	discovery	rate	[FDR]=	0.2;	p<0.05	(Two-tailed).		
	
	
	
	
	

	
Scale	
	

Median	Percept	Duration	

	
BFAS	 Openness/Intellect	

	
-.09	

	 Openness	 -.04	
	 Intellect	 	.09	
	 Conscientiousness		 	.18	
	 Orderliness	 	.21		
	 Industriousness	 	.23*	
	 Extraversion	 -.08	
	 Enthusiasm	 	.12	
	 Assertiveness	 -.18	
	 Agreeableness	 	.05	
	 Politeness	 	.13	
	 Compassion	 	.18	
	 Neuroticism	 -.07	
	 Withdrawal	 -.19	
	 Volatility	 -.03	
	 	 	
O-LIFE	 Unusual	Experience	 -.12	
	 Cognitive	Disorganization	 -.12*	
	 Introvertive	Anhedonia	 -.94	
	 Impulsive	Non	Conformity	

	
-.19	
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Items	of	Conscientiousness	(Industriousness	and	Orderliness;	BFAS)	

	

	
	
	
Items	of	Cognitive	Disorganization	(O-LIFE)	
	
-	Are	you	easily	confused	if	too	much	happens	at	the	same	time?	
	
-	Do	you	frequently	have	difficulty	in	starting	to	do	things?	
	
-	Are	you	a	person	whose	mood	goes	up	and	down	easily?	
	
-	Do	you	dread	going	into	a	room	by	yourself	where	other	people	have	already	
gathered	and	are	talking?	
	
-	Do	you	find	it	difficult	to	keep	interested	in	the	same	thing	for	a	long	time?	
	
-	Do	you	often	have	difficulties	in	controlling	your	thoughts?	

Industriousness	 	
	 	
+	keyed	 Carry	out	my	plans.		
	 Finish	what	I	start.		
	 Get	things	done	quickly.		
	 Always	know	what	I	am	doing.		
	 	
–	keyed	 Waste	my	time.		
	 Find	it	difficult	to	get	down	to	work.		
	 Mess	things	up.		
	 Don’t	put	my	mind	on	the	task	at	hand.	
	 Postpone	decisions.		
	 Am	easily	distracted.		
	 	
Orderliness	 	
	 	
+	keyed	 Like	order.		
	 Keep	things	tidy.		
	 Follow	a	schedule.		
	 Want	everything	to	be	“just	right.”		
	 See	that	rules	are	observed.		
	 Want	every	detail	taken	care	of.		
	 	
–	keyed	 Leave	my	belongings	around.		
	 Am	not	bothered	by	messy	people.		
	 Am	not	bothered	by	disorder.		
	 Dislike	routine.	
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-	Are	you	easily	distracted	from	work	by	daydreams?	
	
-	Do	you	ever	feel	that	your	speech	is	difficult	to	understand	because	the	words	
are	all	mixed	up	and	don’t	make	sense?	
	
	Are	you	easily	distracted	when	you	read	or	talk	to	someone?	
	
-	Is	it	hard	for	you	to	make	decisions?	
	
-	When	in	a	crowded	room,	do	you	often	have	difficulty	in	following	a	
conversation?	
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Appendix	E	(Study	4)		

	
	
Note	1	
	
Section	2.2,	p.6,	first	paragraph	reads:	
	
“In	contrast	to	previous	findings	(Antinori	et	al.,	2016),	percept	duration	was	not	
significantly	correlated	with	the	SPQ	total	score	“		
	
However,	Antinori	et	al.,’	s	study	used	the	O-LIFE	schizotypy	scale	and	not	the	
SPQ.	The	text	should	have	read:	
	
	“In	contrast	to	previous	findings	(Antinori	et	al.,	2016),	percept	duration	was	not	
significantly	correlated	with	any	schizotypy	dimensions”.	
	
	
Supplemental	Methods	
	
Luminance	adaptation	paradigm	
	
On	each	trial	our	participants	viewed	an	adapting	pattern	that	essentially	
consisted	of	a	blurry	disk	divided	down	the	middle	into	a	dark	half	and	a	bright	
half,	shown	upon	a	gray	background	(35	cd/m2).	Specifically,	they	viewed	a	
Gabor	patch	created	by	presenting	a	sine	wave	grating	(Michelson	contrast	1;	
mean	luminance	same	as	background	luminance)	within	a	Gaussian	envelope.	
The	relation	between	the	grating’s	spatial	frequency	(0.25	cycles/degrees	of	
visual	angle;	dva)	and	the	Gaussian’s	standard	deviation	(1	dva)	was	such	that	
less	than	1	grating	cycle	was	visible,	resulting	in	the	half	dark,	half	light	
appearance.	The	afterimage	of	such	an	adapter	is	a	similarly	blurry	patch	that	
appears	bright	where	the	adapter	was	dark	and	vice	versa	(Supplemental	Figure	
1A;	‘b’	represents	a	subsequent	blank	screen,	and	‘ai’	stands	for	afterimage;	the	
reason	for	separating	‘ai’	from	the	participant’s	actual	percept	in	this	figure	will	
become	clear	momentarily).	The	strength	of	such	an	afterimage	can	be	assessed	
using	a	so-called	nulling	method,	in	which	the	display	after	adaptation	does	not	
revert	to	a	blank	field,	but	to	a	pattern	that	is	a	‘photo	negative’	of	the	afterimage	
or,	in	other	words,	a	low-contrast	version	of	the	original	adapting	pattern	itself	
(Supplemental	Figure	1B;	here	‘n’	represents	the	nuller).	The	goal	of	such	a	
nulling	procedure	would	be	to	find	the	nuller	strength	at	which	the	percept	
during	the	nulling	period	indicates	a	balance	between	the	nuller	and	the	
afterimage,	and	this	strength	would	then	be	taken	as	an	index	of	the	strength	of	
the	afterimage	(Brascamp	et	al.,	2010;	Georgeson	and	Turner,	1985;	Kelly	and	
Martinezuriegas,	1993;	Leguire	and	Blake,	1982).	In	the	specific	case	of	our	
Gabor	adapter,	a	conventional	approach	would	be	to	use	a	Gabor	patch	as	the	
nuller	stimulus	as	well,	and	vary	its	contrast	from	trial	to	trial,	asking	each	time	
which	half	of	the	stimulus	area	appears	brighter	during	the	nulling	period	
(Supplemental	Figure	1B).	An	observation	during	our	pilot	experiments,	
however,	motivated	a	further	twist	to	our	procedure.	In	particular,	even	though	
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participants	during	pilot	work	were	asked	to	report	appearance	during	the	
nulling	period,	a	substantial	proportion	had	trouble	focusing	on	that,	relatively	
weak	and	fleeting,	perceptual	impression	and,	instead,	reported	the	appearance	
of	the	adapting	image	itself,	resulting	in	unusable	data.	To	avoid	this	confusion	
during	the	actual	experiment,	we	modified	the	stimulus	used	during	the	nulling	
period,	to	achieve	a	percept	that	could	not	be	confused	with	the	adapting	Gabor	
patch.	As	illustrated	in	Supplemental	Figure	1C,	our	stimulus	during	the	nulling	
period	consisted	of	a	superimposed	combination	of	a	Gabor	patch	that	would	
conventionally	be	used	to	null	our	participants’	afterimages,	and	that	we	refer	to	
as	the	nuller,	and	a	second	Gabor	patch	that	was	similar	but	orthogonal	to	the	
nuller.	This	second	Gabor	patch,	which	we	refer	to	as	the	carrier	(‘c’	in	
Supplemental	Figure	1C),	had	a	strength	that	was	fixed	across	trials	and	it	played	
no	role	in	canceling	the	afterimage.	Instead,	as	illustrated	in	Supplemental	Figure	
1C,	the	inclusion	of	the	carrier	resulted	in	a	percept,	during	nulling,	of	a	type	of	
dipole	that	could	not	be	confused	for	the	adapting	Gabor	patch.	This	dipole	was	
characterized	by	a	dark	corner	and	a	bright	corner,	and	the	perceived	location	of	
the	bright	corner	(or,	equivalently,	of	the	dark	corner)	on	a	given	trial	was	now	
diagnostic	of	whether	the	nuller	overpowered	the	afterimage	or	not.	Accordingly,	
the	strength	of	the	nuller	was	varied	across	trials	and	observers	were	asked	to	
report	on	each	trial	which	of	four	corners	(top	left,	top	right,	bottom	left	or	
bottom	right)	appeared	brightest	during	the	nulling	period.	The	dissimilarity	in	
perceptual	appearance	between	adaptation	and	nulling	also	reduced	the	
possibility	of	other	types	of	cognitive	response	biases	associated	with	having	
seen	the	adapter.	Across	consecutive	trials,	the	adapting	stimulus	was	alternately	
oriented	vertically	or	horizontally	(i.e.	the	transition	that	separated	the	bright	
and	dark	half	ran	either	vertically	or	horizontally),	while	the	nuller	contrast	was	
chosen	quasi-randomly	out	of	6	different	values	(Michelson	contrasts	of	0,	0.12,	
0.24,	0.36,	0.48,	0.60,	counterbalanced),	and	the	carrier	contrast	was	always	
fixed	(0.3	Michelson).	In	addition,	the	contrast	polarity	(i.e.	which	half	was	bright	
and	which	half	was	dark)	of	both	adapter	and	carrier	were	independently	
randomized	across	trials	(the	polarity	of	the	nuller	was	yoked	to	that	of	the	
adapter).	We	note	that	this	design,	although	potentially	complicated	from	the	
perspective	of	experimenters	and	readers,	was	extremely	straightforward	from	
the	participants’	perspective,	because	neither	adapter	orientation	nor	adapter	or	
carrier	polarity	had	any	bearing	on	the	nature	of	their	task,	i.e.	to	report	the	
bright	corner	of	the	dipole	seen	during	the	nulling	period.	Central	fixation	of	gaze	
was	facilitated	by	a	circle	(radius	2.2	dva)	that	framed	the	stimulus	area	and	a	
circular	fixation	mark	at	its	center	(radius	0.15	dva).	
	
Orientation	adaptation	paradigm	
Our	adapting	stimulus	was	a	sine	wave	grating	(1.6	cycles/dva,	radius	5	dva,	
Michelson	contrast	of	1,	mean	luminance	same	as	background	luminance),	
oriented	at	20	degrees	(in	either	direction	away	from	vertical,	randomly	selected	
each	trial)	and	presented	on	a	gray	background	(35	cd/m2)	for	4	s	at	a	time.	The	
adapting	grating’s	phase	jumped	randomly	between	8	evenly	spaced	values	
every	0.02	s,	in	an	effort	to	provide	as	strong	an	adapting	stimulus	as	possible	
and	thereby	maximize	adaptation.	The	orientation	of	our	nulling	stimulus		varied	
randomly	from	trial	to	trial	(between	-1,	0,	1,	2,	3	and	4	degrees,	
counterbalanced	between	trials.	Here	0	degrees	means	physically	vertical	and	
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positive	numbers	indicate	tilts	in	the	direction	of	the	adapting	grating).	
Participants	were	asked	to	report	the	tilt	(clockwise	or	counterclockwise	from	
vertical)	during	each	nulling	period.	Central	gaze	fixation	was	again	facilitated	by	
presenting	stimuli	within	a	circle	(radius	5	dva)	and	with	a	circular	fixation	mark	
shown	at	the	center	of	the	display	(radius	0.15	dva).	In	order	to	discourage	
participants	from	reporting	the	appearance	of	the	adapting	stimulus	itself,	we	
again	took	measures	aimed	at	clearly	distinguishing	the	adapting	pattern	and	the	
nulling	pattern.	For	this	reason,	the	nulling	pattern	was	a	type	of	annulus,	formed	
by	presenting	a	grating	pattern	(of	the	same	spatial	frequency	as	the	adapter;	0.2	
Michelson	contrast;	mean	luminance	same	as	background	luminance)	within	a	
radial	Gaussian	envelope	(envelope	centered	on	ring	with	radius	3.1	dva,	with	a	
standard	deviation	of	0.73	in	the	radial	direction).	In	addition,	the	ring	
surrounding	the	stimulus	area	turned	from	white	to	green	at	the	moment	the	
nuller	stimulus	appeared.	Because	the	anticipated	absence	of	a	tilt	aftereffect	
during	baseline	trials,	nuller	tilts	during	these	baseline	trials	were	drawn	from	a	
different	range,	centered	on	vertical	(-2.5,	-1.5,-0.5,	0.5,	1.5,	and	2.5	degrees).	
	
Motion	adaptation	paradigm	
Analogous	to	the	cases	of	negative	afterimages	and	tilt	aftereffects,	the	visual	
system	can	be	exposed	to	a	moving	adapting	stimulus	to	give	rise	to	a	so-called	
motion	aftereffect:	illusory	motion	in	the	direction	opposite	that	of	the	adapting	
stimulus,	plausibly	reflecting	neural	adaptation	of	motion	sensitive	neurons	
(Anstis	et	al.,	1998;	Grunewald	and	Lankheet,	1996;	Hiris	and	Blake,	1992).	In	
our	case	the	adapting	stimulus	was	a	Gabor	patch	oriented	either	horizontally	or	
vertically	(sinewave	grating:	1	cycle/dva,	contrast	1	Michelson;	Gaussian	
envelope:	sigma	of	1.5	dva)	with	its	phase	shifting	by	a	quarter	period	every	0.05	
s,	corresponding	to	a	5	dva/s	translating	motion	along	a	cardinal	axis.	The	
adapting	stimulus	was	viewed	for	1.5	s,	followed	after	0.1	s	by	a	nuller	stimulus.	
In	some	experiments	that	use	a	stimulus	to	null	the	motion	aftereffect,	the	nuller	
stimulus,	analogous	to	the	above	cases	of	negative	afterimages	and	the	tilt	
aftereffect,	moves	in	the	same	direction	as	the	adapting	stimulus	and	is	aimed	at	
canceling	out	the	illusory	motion	of	the	aftereffect	(Hiris	and	Blake,	1992;	
Lankheet	and	Verstraten,	1995).	Pilot	experiments	suggested,	however,	that	
motion	aftereffects	that	can	be	measured	in	this	fashion	tend	to	require	fairly	
long	adaptation	times,	which	was	incompatible	with	our	experiment	design,	
which	required	participants	to	perform	a	battery	of	several	experiments	within	a	
reasonable	amount	of	time.	For	this	reason,	we	measured	motion	aftereffect	
strength	using	a	so-called	bistable	test	stimulus:	a	stimulus	in	which	the	
direction	of	motion	is	ambiguous,	and	perception	might	be	pushed	toward	one	
interpretation	or	the	other	depending	on	the	system’s	adaptation	state.	Evidence	
suggests	that	motion	aftereffects	can	be	measured	in	this	fashion	following	
considerably	shorter	adaptation	periods	(Culham	et	al.,	2000;	Kanai	and	
Verstraten,	2005).	Analogous	to	our	approach	for	negative	afterimages,	our	
display	during	the	nulling	period	consisted	of	a	superimposition	of	a	nuller	
stimulus	and	a	carrier	stimulus.	The	carrier	stimulus	had	a	spatial	layout	and	
movement	pattern	essentially	identical	to	those	of	the	adapting	stimulus	but	was	
oriented	orthogonal	to	it	and	had	a	lower	contrast	(0.5	Michelson).	The	nuller	
stimulus	had	the	same	spatial	layout	and	orientation	as	the	adapter	(but	lower	
contrast:	0.5	Michelson),	but	its	phase	shifted	by	steps	that	were	close	to	half	a	
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period:	close	to	twice	as	large	as	those	of	the	adapting	stimulus	(and	occurring	
half	as	often,	thus	corresponding	to	approximately	the	same	speed).	Because	a	
phase	shift	by	half	a	period	(180	degrees)	looks	the	same,	regardless	of	the	
direction	of	the	shift	(either	180	degrees	or	-180	degrees),	the	motion	direction	
of	this	type	of	nuller	is	ambiguous,	and	motion	adaptation	is	evident	as	a	
tendency	to	report	seeing	one	direction	more	than	the	other.	The	effect	of	
adaptation	can	be	counteracted	by	applying	phase	shifts	that	are	not	quite	180	
degrees,	but	rather	intermediate	between	the	adapter’s	phase	shift	and	a	full	180	
degrees.	In	particular,	for	phase	steps	that	are	short	of	180	degrees,	the	visual	
system	tends	toward	perception	of	motion	in	the	direction	corresponding	to	the	
shorter	phase	steps	(say,	175	degrees)	rather	than	assuming	larger	steps	in	the	
opposite	direction	(-185	degree	steps,	in	this	example).	Accordingly,	our	nuller’s	
phase	step	size	was	varied	across	trials	to	find	the	point	at	which	observers	
reported	either	motion	direction	equally	often	(between	47.25,	33.75,	22.5,	13.5,	
2.25	and	–11.25	degrees,	when	expressed	in	terms	of	the	deviation	from	a	180	
degree	phase	step,	with	positive	numbers	indicating	deviations	that	would	
counteract	an	aftereffect).	Because	of	the	addition	of	the	carrier	pattern,	the	
stimulus	during	nulling	appeared	as	a	kind	of	checkerboard	with	checks	that	
moved	diagonally	(the	combination	of	unambiguous	carrier	motion	along	one	
cardinal	axis	and	ambiguous	nuller	motion	along	the	other).	Observers	indicated,	
on	each	trial,	which	of	four	possible	directions	they	perceived	(top	right,	bottom	
right,	bottom	left,	or	top	left).	The	display	during	nulling	was	presented	for	a	
total	of	6	phase	shifts	of	the	carrier	grating	(3	of	the	nuller).	After	the	participant	
responded,	the	next	adapter	appeared	3	s	later,	and	participants	were	allowed	a	
self-paced	break	every	6	trials.	Participants	completed	a	total	of	12	trials	per	
nuller	condition	across	three	different	blocks.	The	orientation	of	the	adapter	
alternated	across	trials	between	horizontal	and	vertical	(thereby	reducing	
potential	across-trial	influences	of	adaptation	accumulated	during	the	previous	
trial),	and	the	directions	of	adapter	as	well	as	carrier	were	varied	randomly	
between	trials.	None	of	these	variables	influenced	the	nature	of	the	participant’s	
task:	to	report	the	diagonal	motion	direction	of	the	checkerboard	seen	during	the	
nulling	period.	
	
The	results	of	the	motion	adaptation	paradigm	were	not	included	in	the	main	
manuscript	because	of	low	reliability.	For	all	tasks	reliability	was	calculated	by	
separating	the	data	for	each	observer	into	two	non-overlapping,	balanced,	halves	
and	calculating	the	Pearson	correlation	coefficient	between	the	two	resulting	
data	sets.	These	correlation	coefficients	were	then	converted	to	reliability	values	
using	the	Spearman-Brown	prediction	formula.	For	all	tasks,	the	resulting	
reliability	coefficients	had	values	of	0.83	or	higher,	except	for	the	motion	
adaptation	paradigm,	which	had	a	reliability	value	of	0.38.	
	
Binocular	rivalry	paradigm	
Binocular	rivalry	occurs	when	a	participant	views	two	incompatible	images,	each	
shown	to	a	different	eye,	in	the	same	location	of	visual	space	(Blake	and	
Logothetis,	2002).	This	interocular	conflict	engendered	by	this	configuration	
results	in	an	unstable	perceptual	experience,	where	the	participant	alternately	
perceives	either	of	the	two	images	even	though	both	are	continuously	present.	
Perceptual	switches	between	the	two	views	are	often	theorized	to	come	about,	at	
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least	in	part,	as	a	result	of	adaptation	of	neurons	that	represent	the	currently	
perceived	image	(Alais	et	al.,	2010;	Wilson,	2007)	so	one	might	surmise	that	
differences	between	participants	in	the	rate	at	which	the	two	percepts	alternate	
are	reflective	of	differences	in	neural	adaptation	characteristics.	Participants	in	
our	binocular	rivalry	experiment	were	seated	in	front	of	a	mirror	setup	
(Brascamp	and	Naber,	2017)	that	allowed	each	eye	to	view	a	separate	computer	
monitor.	On	each	of	these	monitors,	and	in	the	same	spatial	location	from	the	
participant’s	viewpoint,	was	shown	a	sinusoidal	grating	(1.2	cycles/dva,	
Michelson	contrast	0.5,	mean	luminance	same	as	background	luminance).	
Gratings	were	presented	within	an	annular	aperture	(inner	radius	0.5	dva,	outer	
radius	of	1.25	dva).	Grating	orientation	(-45	deg	and	45	deg	from	vertical)	and	
color	(using	either	only	the	monitor’s	red	channel	or	only	the	monitor’s	green	
channel)	differed	between	eyes,	thus	resulting	in	interocular	conflict.	The	phase	
of	the	gratings	continually	shifted	to	achieve	a	diagonally	upward	or	downward	
translation,	orthogonal	in	the	two	eyes	(1.1	dva/s;	direction	alternated	between	
trials).	Background	luminance	was	31.8	cd/m2,	formed	by	blending	equal	
luminances	from	the	red	and	green	channel,	resulting	in	a	brownish	shade.	To	
ensure	proper	alignment	of	the	two	eyes’	lines	of	sight,	both	gratings	were	
presented	within	a	context	that	matched	between	eyes.	Specifically,	each	image	
was	surrounded	by	the	same	set	of	3	nested	square	frames,	the	same	in	both	
eyes.	The	outermost	frame	had	an	outer	diameter	of	12	dva	and	an	inner	
diameter	of	9	dva;	the	middle	frame	spanned	from	8.5	to	6.8	dva	and	the	inner	
frame	spanned	from	5.8	to	3.8	dva.	Each	frame	was	filled	with	a	black	and	white	
pattern	(1	Michelson	contrast):	a	coarse	square	wave	grating	for	the	outermost	
frame	(0.12	cycles/dva),	a	finer	square	wave	grating	for	the	middle	frame	(0.8	
cycles/dva)	and	random	pixel	noise	for	the	innermost	frame.	Finally,	participants	
were	instructed	to	fixate	their	gaze	on	a	round	fixation	mark	(radius	0.2	dva)	
shown	in	the	center	of	both	screens’	displays.	Stimuli	were	presented	for	a	total	
of	12	trials	of	45	s	each,	divided	into	two	sessions.	During	each	trial	participants	
used	three	keyboard	keys	to	report	their	first	perception	at	the	start	of	the	trial,	
as	well	as	all	perceptual	changes.	The	keys	indicated	the	start	of	all-red	percepts,	
the	start	of	all-green	percepts,	and	the	start	of	periods	during	which	a	mix	of	
both	colors	was	seen.	
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Supplemental	Table	1.	Correlations	between	schizotypy	and	visual	plasticity	
measures	after	removing	bivariate	outliers	(n	excl.,	number	of	bivariate	outliers	
excluded).	
	

		

SPQ	 SPQ	 SPQ	 SPQ	
Total	 Cognitive-Perceptual	 Interpersonal		 Disorganized	

	ρ	 p	 n	
excl.	 	ρ	 p	 n	

excl.	 	ρ	 p	 n	
excl.	 	ρ	 p	 n	

excl.	

Orientation	
Adaptation	
Strength	

		 		 		 		 		 		 		 		 		 		 		 		

				Relative	 -0.26	 0.01	 1	 -0.29	 0.01	 0	 -0.16	 0.12	 0	 -0.24	 0.02	 0	

				Absolute	 -0.22	 0.04	 0	 -0.16	 0.12	 0	 -0.14	 0.17	 0	 -0.22	 0.04	 0	

				Baseline	 0.03	 0.77	 2	 0.27	 0.008	 1	 0.03	 0.77	 2	 -0.04	 0.73	 2	

Luminance	
Adaptation	
Strength	

0.03	 0.79	 1	 0.16	 0.09	 0	 -0.02	 0.85	 0	 -0.07	 0.44	 0	

Binocular	
Rivalry	 		 		 		 		 		 		 		 		 		 		 		 		
					Mean	
Percept	
Duration	

0.15	 0.15	 3	 0.18	 0.08	 1	 0.08	 0.41	 2	 0.05	 0.61	 2	

					Mixture	
Proportion	 0.19	 0.06	 3	 0.15	 0.14	 2	 0.20	 0.05	 3	 0.11	 0.31	 3	
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Supplementary	Table	2	
	
Correlation	matrix	for	SPQ	factor	scores.	Values	indicate	Spearman’s	correlation	
coefficients.	
	

		
Cognitive-
Perceptual	 Interpersonal	 Disorganized	

Cognitive-
Perceptual	 		 		 		
Interpersonal	 0.53*	 		 		
Disorganized	 0.56*	 0.52*	 		
*	p	<0.001	

	
Supplementary	Table	3	
	
Correlation	matrix	for	O-LIFE	factor	scores.	Values	indicate	Spearman’s	
correlation	coefficients.	
	
		

Unusual	
Experience	

Cognitive	
Disorganization	

Introvertive	
Anhedonia	

Impulsive	Non-
conformity	

Unusual	
Experience	

		       
Cognitive	
Disorganization	

	.34**	 		     
Introvertive	
Anhedonia	

0.07	 	.39**	 		   
Impulsive	Non-
conformity	 .32**	 .45**	 0.15	 		

	
	*p<0.05,	**p<0.001	
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Supplemental	Figure	1.		
	

	
	
	
	
	
	

	
	

	
	
	
	
	
	

	
	

	
	
	
	
	
	

	
	
	
	
Schematic	depiction	of	our	particular	modification	of	the	afterimage	paradigm.	
Our	version	is	schematically	depicted	in	panel	C;	the	other	panels	break	down	
the	components	that	underlie	our	version.	A.	The	term	negative	aftereffect	is	
given	to	the	illusory	‘photo-negatives’	('ai')	that	observers	may	perceive	in	place	
of	a	blank	screen	('b')	following	prolonged	viewing	of	a	static	image	('adapter').	
B.	The	strength	of	these	illusory	percepts	can	be	estimated	using	a	‘nulling’	
procedure,	where	the	blank	screen	is	replaced	with	a	picture	(’n’	for	nuller)	that	
is	a	‘photo-negative’	of	the	afterimage	or,	in	other	words,	a	picture	that	is	a	low-
contrast	version	of	the	adapter	itself.	The	strength	of	the	afterimage	can	be	
inferred	by	varying	the	strength	of	the	on-screen	nuller	until	it	perfectly	cancels	
out	the	afterimage.	If	it	does,	then	an	observer	who	reports	whether	he/she	
perceives	the	afterimage	or	the	nuller	will	report	both	options	equally	often.	C.	In	
our	paradigm,	some	observers	had	trouble	complying	with	the	instruction	to	
report	perception	during	this	second	period,	when	the	nuller	was	on	the	screen.	
Instead,	they	reported	perception	of	the	adapter,	which	is	more	salient.	To	
discourage	this,	we	altered	a	conventional	nulling	paradigm	(B)	in	such	a	way	
that	perception	during	the	adapting	stimulus	could	not	be	confused	with	
perception	during	the	nuller	stimulus.	In	particular,	we	superimposed,	on	top	of	
the	nuller	grating,	a	second	grating	that	was	orthogonal	to	the	nuller	grating	(and	
also	to	the	adapter	grating	and	the	illusory	afterimage	grating).	This	second,	
carrier,	grating	(c)	altered	appearance	so	that	the	participant	did	not	perceive	a	
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grating	during	the	nuller	period,	but	a	type	of	‘dipole’	with	a	dark	corner	and	a	
light	corner	that	were	on	diagonally	opposite	ends	of	the	nuller	display.	
Accordingly,	observers	were	instructed	to	report	which	of	four	corners	was	
lightest.	As	illustrated	in	panel	C,	right,	the	answer	to	this	question	depends	on	
whether	the	nuller	outweighs	the	afterimage	or	not,	so	by	varying	the	strength	of	
the	nuller	(not	of	the	carrier)	one	can,	again,	infer	the	strength	of	the	illusory	
afterimage.	Note	that	the	adapter	stimulus	is	separated	into	two	halves	rather	
than	four	corners,	so	that	this	modified	nulling	paradigm	discouraged	
participants	from	mistakenly	responding	in	accordance	to	the	appearance	of	the	
adapter	image.	
	
Supplemental	Figure	2.	Distributions	of	SPQ	subscale	and	total	scores	in	
Experiment	1.	
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Supplemental	Figure	3.	Distributions	of	O-LIFE	subscale	and	total	scores	in	
Experiment	2.	
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