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Summary	
	
In	Chapter	1	it	is	argued	that	attentional	priority	is	determined	by	the	

overall	 value	 that	 stimuli	 have	 for	 reproduction,	 survival	 and	wellbeing.	 This	
view	 is	 consistent	 with	 prominent	 models	 of	 visual	 selective	 attention	
explaining	 the	deployment	of	attention	 in	 terms	of	 stimulus-driven	and	goal-
driven	 attentional	 control	 (see	 Desimone	 &	 Duncan,	 1995;	 Posner,	 1980;	
Theeuwes,	2010).	Goal-driven	control	allows	us	 to	actively	and	 flexibly	select	
those	stimuli	 that	maximize	behavioral	outcomes	and,	even	though	stimulus-
driven	 control	may	 interfere	with	 these	 goals,	 it	 ensures	 that	 salient	 stimuli	
that	 potentially	 carry	 important	 information	 about	 danger	 or	 reward	 are	
automatically	 selected.	 However,	 to	 provide	 the	most	 efficient	 and	 relevant	
representation	 of	 the	 external	 world	 in	 order	 to	 plan	 adaptive	 behavior	 in	
terms	of	reproduction,	survival	and	wellbeing,	visual	selective	attention	needs	
to	 show	 typical	 learning	 effects	 to	 select	 those	 stimuli	 that	 increase	 the	
likelihood	 that	 the	 observer	 will	 survive	 and	 thrive.	 This	 indicates	 that	 in	
addition	 to	 stimulus-driven	 and	 goal-driven	 factors,	 visual	 selective	 attention	
should	be	sensitive	to	the	 learned	value	that	stimuli	have	acquired	over	time	
through	 experience.	 This	 view	 is	 supported	 by	 a	 growing	 body	 of	 literature	
(see	Anderson,	2013,	2015;	Awh	et	al.,	2012;	Chelazzi	et	al.,	2013;	Le	Pelley	et	
al.,	2016),	 including	the	experimental	chapters	 in	this	thesis,	 reporting	strong	
selection	 biases	 due	 to	 learned	 stimulus-reward	 associations	 that	 cannot	 be	
explained	 in	 terms	 of	 traditional	 stimulus-driven	 and	 goal-driven	 attentional	
control	processes.	

Over	the	course	of	evolution,	multiple	learning	strategies	have	evolved	
so	 that	 stimuli	 that	 have	 the	 highest	 overall	 value	 in	 a	 given	 context	 are	
selected.	 As	 outlined,	 attentional	 learning	 can	 most	 prominently	 be	
categorized	 in	 Pavlovian	 and	 instrumental	 learning,	 which	 both	 can	 lead	 to	
habitual	 and	 flexible	 deployment	 of	 attention.	 On	 the	 one	 hand,	 Pavlovian	
learning	 is	 controlled	 by	 the	 mere	 perception	 of	 stimuli	 regardless	 of	 the	
consequences	of	selection.	This	provides	significant	adaptive	advantages,	as	it	
allows	an	observer	 to	predict	 the	subsequent	onset	of	stimuli	 in	 the	external	
world	 and	 use	 these	 predictions	 to	 guide	 future	 selection	 and	 initiate	
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appropriate	 anticipatory	 behaviors	 (Pavlov,	 1927).	 However,	 as	 Pavlovian	
attentional	 learning	 is	 independent	 of	 the	 consequences	 of	 selection	 and	
following	behavioral	outcomes	it	can	quickly	become	habitual	and	overly	rigid.	
On	 the	 other	 hand,	 instrumental	 attentional	 learning	 is	 controlled	 by	
behavioral	 outcomes	 so	 that	 specific	 stimulus-selection	 patterns	 are	
strengthened	 or	 weakened	 depending	 on	 positive	 (i.e.,	 reward)	 or	 negative	
(i.e.,	punishment)	reinforcement	(Schultz,	Dayan,	&	Montague,	1997;	Sutton	&	
Barto,	 1998).	 As	 instrumental	 learning	 allows	 the	 observer	 to	 predict	 the	
consequences	 of	 an	 (covert	 or	 overt)	 action,	 it	 can	 lead	 to	 the	 flexible	
deployment	 of	 attention	 according	 to	 the	 goals	 of	 the	 observer	 to	 reach	
specific	behavioral	outcomes.	

It	 is	 evident	 that	 these	 different	 types	 of	 learning	 shape	 attentional	
priority	by	changing	value-based	stimulus	representations	 in	the	brain.	These	
value-based	 stimulus	 representations	 are	 updated	 by	 prediction	 eroors	 that	
are	encoded	by	the	dopaminergic	reward	system	in	the	striatum	and	midbrain	
nuclei	(i.e.,	substantia	nigra	and	ventral	tegmental	area)	(Schultz	et	al.,	1997).	
Given	 that	 dopamine	 neurons	 send	 dense	 projections	 throughout	 the	 brain,	
this	nicely	suits	the	idea	that	dopamine	enables	neural	plasticity	in	target	areas	
that	 represent	 the	 learned	 value	of	 stimuli.	 In	 addition,	 there	 seems	 to	be	 a	
dorsal-ventral	 gradient	 in	 the	 dopaminergic	 reward	 system	 that	 can	
respectively	account	for	updating	the	stable	and	flexible	value-based	stimulus	
representations	 (see	 Hikosaka	 et	 al.,	 2014).	 Through	 long-	 and	 short-term	
memory	 mechanisms,	 these	 stable	 and	 flexible	 value	 representations	 of	
reward-related	 stimuli	 affect	 visual	 selective	 attention.	 That	 is,	 when	 the	
value-based	memory	 representations	are	activated,	attentional	priority	 shifts	
in	 favor	 of	 those	 stimuli	 that	 have	 the	 highest	 overall	 value	 in	 the	 given	
context.	 Although	 the	 exact	 contribution	 of	 stable	 and	 flexible	 value	
representations	in	determining	the	overall	value	of	stimuli	in	a	given	context	is	
unclear,	evidence	from	the	decision-making	literature	suggest	that	this	largely	
depends	on	whether	behavior	is	planned	according	to	a	model-free	or	model-
based	strategy	(see	O’Doherty	et	al.,	2017).		

In	 addition	 to	 a	 recently	 emerged	 body	 of	 literature	 that	 described	
how	 reward	 learning	 shapes	attentional	priority	 (see	Chelazzi	et	al.,	 2013),	 it	
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was	already	recognized	that	the	knowledge	of	reward	availability	works	as	an	
incentive	 to	 enhance	 goal-driven	 attentional	 control	 (Berridge	 &	 Robinson,	
1998).	 That	 is,	when	 rewards	 are	 at	 stake,	 observers	 increase	 their	 effort	 to	
provide	 optimal	 behavioral	 performance,	mediated	 by	 increased	motivation.	
This	 reward-induced	 motivation	 enhances	 perceptual,	 attentional	 and	
cognitive	control	processes	in	order	to	obtain	the	desired	outcome	(see	Pessoa	
&	 Engelmann,	 2010).	 In	 Chapter	 2	 we	 investigated	 the	 effect	 of	 reward-
induced	motivation	on	attentional	deployment	in	a	typical	Posner	like	(Posner,	
1980)	 exogenous	 cueing	 task.	 We	 manipulated	 the	 motivational	 state	 of	
observers	 by	 informing	 them	 that	 they	 either	 had	 the	 chance	 on	 winning	
either	 a	 high	 or	 low	 reward	 at	 the	 start	 of	 a	 block	 of	 trials.	 Observers	
performed	a	target	discrimination	task	for	validly	or	invalidly	cued	targets	that	
were	 presented	 with	 short	 and	 long	 cue-target	 SOA’s.	 The	 results	 showed	
typical	facilitation	effects	of	the	exogenous	cue	on	initial	orienting	in	both	the	
high	and	low	motivation	condition.	However,	IOR	was	only	found	in	the	blocks	
when	high	reward	was	at	stake.	This	indicates	that	reward-induced	motivation	
had	a	clear	effect	on	the	goal-driven	reorienting	and	inhibitory	processes	that	
followed	 the	 initial	 capture	 of	 attention,	 but	 not	 on	 initial	 orienting	 that	 is	
considered	 to	 be	 stimulus-driven	 in	 nature.	 To	 support	 the	 idea	 that	
motivation	 affects	 the	 strategic	 deployment	 of	 goal-driven	 attention,	 we	
showed	 that	 reward-induced	 motivation	 and	 goal-driven	 attentional	 control	
interacted	 to	 improve	 behavioral	 performance,	 as	 signified	 by	 post	 error	
slowing.	 Moreover,	 the	 results	 showed	 that	 personality	 trait	 propensity	 to	
reward	 driven	 behavior	 (BAS-Drive	 scale)	 was	 related	 to	 reward-induced	
changes	 in	 late,	 goal-driven	 reorienting	 of	 attention,	 but	 not	 early,	 stimulus-
driven	 orienting	 of	 attention.	 Again,	 this	 suggests	 that	 reorienting	 processes	
later	in	time	are	under	voluntary	control,	whereas	stimulus-driven	attentional	
capture	 is	not	affected	by	reward	 induced	motivation.	Together	these	results	
indicate	that	the	prospect	of	reward	can	change	the	motivational	state	of	the	
observer,	which	has	a	large	impact	on	the	strategic	deployment	of	goal-driven	
attention.	

In	Chapter	3	we	utilized	a	similar	exogenous	cueing	task	with	targets	
that	 could	 follow	 a	 colored	 abrupt	 onset	 cue	 after	 short	 or	 long	 cue-target	
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SOA’s.	However,	 instead	of	manipulating	 the	motivational	 state	of	 observers	
for	a	whole	block	of	 trials,	we	associated	differently	 colored	exogenous	cues	
either	 with	 a	 monetary	 win,	 monetary	 loss	 or	 neutral	 outcome	 (i.e.,	 no	
monetary	 win	 nor	 loss),	 thereby	 manipulating	 motivation	 on	 a	 trial-by-trial	
basis.	In	addition	to	the	reward	induced	motivational	effects,	reward	learning	
processes	 could	 influence	 attention	 as	 the	 stimulus-outcome	 contingencies	
were	 consistent	 throughout	 the	 whole	 experiment.	 Reward	 delivery	 did	 not	
dependent	 on	 performance,	 but	 instead	 the	 specific	 exogenous	 cues	 were	
always	 followed	 by	 their	 corresponding	 outcome	 in	 a	 Pavlovian	 manner.	
Therefore,	 we	 referred	 to	 the	 cues	 as	 being	 appetitive	 (associated	 with	 a	
monetary	 win),	 aversive	 (associated	 with	 a	 monetary	 loss),	 or	 neutral.	 The	
results	 showed	 that	 all	 type	 of	 cues	 elicited	 facilitation	 effects	 on	 initial	
orienting,	however	at	long	cue-target	SOA’s	this	facilitation	effect	at	the	validly	
cued	 location	 remained	 present	 for	 appetitive	 cues	 while	 it	 reversed	 for	
aversive	cues.	The	results	of	a	control	experiment	confirmed	these	findings	by	
showing	that	both	neutral	and	aversive	cues	 initially	 facilitated	responding	at	
the	 cued	 location	 and	 that,	 at	 long	 cue-target	 delays,	 aversive	 compared	 to	
neutral	 cues	 elicited	 stronger	 reorienting	 away	 from	 the	 cued	 location.	
Together	 these	 findings	 indicate	 that	 all	 abrupt	 onset	 cues	 initially	 capture	
attention	 independent	 of	 their	 (positive	 or	 negative)	 reward	 outcome	
association.	Yet,	 if	 time	passes,	attention	 remains	 lingering	at	 the	 location	of	
appetitive	cues,	whereas	attention	 is	 released	and	 reoriented	away	 from	the	
location	of	aversive	cues.	This	shows	that	 the	prospect	of	a	monetary	win	or	
loss	can	differently	affect	goal-driven	processes	that	influence	the	deployment	
of	 attention	 late	 in	 time,	 but	 not	 stimulus-driven	 attentional	 processes	 that	
influence	the	deployment	of	attention	early	in	time.	In	addition,	compared	to	
neutral	 cues	 and	 independent	 of	 cue-target	 SOA,	 the	 results	 showed	 that	
reward	associated	 cues	 strengthened	 facilitation	at	 the	validly	 cued	 location,	
whereas	 aversive	 cues	 reduced	 this	 effect.	 These	 results	 suggest	 that	 in	
addition	 to	 reward-induced	 motivational	 processing,	 reward	 learning	
mechanisms	 modulated	 value-based	 stimulus	 representations	 of	 the	
exogenous	cues	such	that	appetitive	and	aversive	cues	respectively	enjoyed	an	
increase	and	decrease	in	attentional	priority.		

8 



	
	

	224	

In	Chapter	4	we	specifically	explored	the	effects	of	reward	learning	on	
attentional	 priority	 and	 oculomotor	 control	 by	 utilizing	 the	 global	 effect	
paradigm	(Coren	&	Hoenig,	1972).	The	experiment	consisted	of	 three	phases	
(i)	a	pre-training	phase	that	served	as	a	baseline,	(ii)	a	reward-training	phase	to	
associate	differently	 colored	 stimuli	with	high,	 low	and	no	 reward,	and	 (iii)	 a	
post-training	 phase	 in	 which	 rewards	 were	 no	 longer	 delivered,	 to	 examine	
whether	objects	that	were	previously	associated	with	a	high	reward	attracted	
the	eyes	more	 strongly	 than	 those	associated	with	 low	or	no	 reward.	Unlike	
most	 other	 reward	 studies	 described	 in	 this	 thesis,	 the	 differently	 valued	
objects	 directly	 competed	 with	 each	 other	 on	 the	 same	 trial.	 The	 results	
showed	 that	 in	 the	 initial	 pre-training	 phase	 (i.e.,	 the	 baseline),	 eye	
movements	 were	 not	 biased	 towards	 any	 particular	 stimulus,	 while	 in	 the	
reward-training	 phase,	 eye	 movements	 started	 to	 land	 progressively	 closer	
towards	stimuli	that	were	associated	with	a	higher	reward	value.	Even	though	
rewards	 were	 no	 longer	 delivered,	 this	 bias	 remained	 present	 in	 the	 post-
training	phase.	A	 time	 course	analysis	 showed	 that	 the	effect	of	 reward	was	
already	present	for	the	fastest	saccades	and	increased	with	increasing	latency.	
Although	 strategic	 effects	 for	 slower	 saccades	 cannot	 be	 ruled	 out,	 we	
suggested	 that	 fast	 oculomotor	 responses	 became	 habitual	 and	 were	 no	
longer	 under	 strategic	 attentional	 control.	 This	 implies	 that	 stable	 stimulus-
reward	associations	can	affect	oculomotor	competition	in	favor	of	stimuli	that	
were	 previously	 associated	 with	 a	 higher	 reward	 outcome,	 even	 when	 the	
stimulus-reward	contingencies	are	no	longer	in	place.	In	addition,	we	provided	
direct	 evidence	 that	 stimuli	 associated	with	 a	 higher	 reward	 enjoy	 increased	
priority	over	stimuli	associated	with	a	 lower	reward	by	 letting	them	compete	
for	selection.		

In	Chapter	5	we	eliminated	the	potential	influence	of	strategic	control	
on	 reward-driven	 oculomotor	 effects	 by	 instructing	 observers	 to	 make	 a	
saccade	to	a	predefined	target,	while	the	color	of	a	nearby	distractor	signaled	
whether	a	high	or	 low	reward	was	available	on	that	trial.	Crucially,	observers	
were	instructed	to	make	fast	saccades	towards	the	predefined	target	and	the	
distractors	never	served	as	targets.	The	results	showed	that	observers	indeed	
made	fast	saccades	towards	the	target.	However,	saccades	landed	significantly	
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closer	to	the	high	compared	to	the	low	reward	signaling	distractor.	This	reward	
effect	was	already	present	 in	 the	 first	block	and	 remained	stable	 throughout	
the	experiment.	Instead	of	landing	exactly	in	between	the	two	stimuli	(i.e.,	the	
classic	 global	 effect),	 the	 fastest	 eye	 movements	 landed	 closer	 towards	 the	
reward	 signaling	 distractor.	 Results	 of	 a	 control	 experiment,	 in	 which	 no	
reward	contingencies	were	present,	confirmed	that	the	observed	effects	were	
not	stimulus-driven	or	goal-driven,	but	reward-driven	in	nature.	In	addition	to	
these	 persistent	 reward-driven	 effects,	 we	 observed	 trial-by-trial	 reward	
priming	 effects	 on	 oculomotor	 control,	 with	 saccades	 landing	 significantly	
closer	to	the	high	but	not	the	low	reward	signaling	distractor	when	the	same	
distractor	was	presented	on	two	consecutive	trials.	These	results	suggest	that	
(distractor)	stimuli	that	signal	high	compared	to	low	reward	availability	attract	
the	 eyes	 significantly	 stronger.	 This	 indicates	 that	 learning	 about	 stimulus-
reward	contingencies	can	influence	attentional	priority	above	and	beyond	the	
strategic	deployment	of	goal-driven	control.	

	In	Chapter	6	we	investigated	whether	simply	correlating	stimuli	with	
reward	administration	(i.e.,	Pavlovian	learning),	rather	than	their	instrumental	
relationship	with	obtaining	reward	(i.e.,	instrumental	learning),	produces	value	
driven	 attentional	 capture.	 In	 two	 experiments,	 we	 ensured	 that	 associative	
reward	 learning	 was	 completely	 response	 independent	 by	 letting	 observers	
perform	 a	 task	 at	 fixation,	 while	 high	 and	 low	 rewards	 were	 automatically	
administered	 following	 the	 presentation	 of	 task-irrelevant	 colored	 stimuli	 in	
the	 periphery	 in	 Experiment	 1	 or	 at	 fixation	 in	 Experiment	 2.	 In	 a	 following	
non-reward	 test	 phase,	 using	 the	 additional	 singleton	 paradigm	 (Theeuwes,	
1991),	the	previously	reward	signaling	stimuli	were	presented	as	distractors	to	
assess	 truly	 task-irrelevant	 value	 driven	 attentional	 capture.	 The	 results	
showed	 that	 high	 compared	 to	 low	 reward	 associated	 distractors	 impaired	
performance,	 and	 thus	 captured	 attention	more	 strongly.	 This	 suggests	 that	
genuine	Pavlovian	 conditioning	of	 stimulus-reward	 contingencies	 is	 sufficient	
to	 obtain	 value	 driven	 attentional	 capture.	 Furthermore,	 the	 results	 of	
Experiment	 1	 showed	 that	 associative	 reward	 learning	 can	 occur	 for	
temporally	 and	 spatially	 task-irrelevant	 distractors	 that	 signal	 the	magnitude	
of	available	reward.	In	addition,	the	results	of	Experiment	2	showed	that	value	
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driven	attentional	capture	is	independent	of	training	spatial	shifts	of	attention	
towards	 the	 reward	 signaling	 stimuli.	 This	 confirms	and	 strengthens	 the	 idea	
that	 Pavlovian	 reward	 learning	 underlies	 value	 driven	 attentional	 capture.	 In	
addition,	 the	 results	 emphasize	 the	 perceptual	 nature	 of	 Pavlovian	 reward	
learning	 and	 that	 long-term	 attentional	 biases	 can	 be	 elicited	 by	 the	 mere	
exposure	 to	 stimulus-reward	 contingencies	 that	 are	 present	 in	 the	
environment	

In	Chapter	7	we	put	Pavlovian	reward	learning	to	the	test	by	ensuring	
that	neither	stimulus-driven	capture,	in	Experiment	1,	nor	strategic	goal-driven	
allocation	 of	 attention,	 in	 Experiment	 2,	 could	 play	 a	 role	 in	 this	 type	 of	
learning.	 In	 the	 training	 phase	 of	 Experiment	 1,	 the	 high	 or	 low	 reward	
signaling	stimulus	was	presented	in	the	periphery	simultaneously	with	another	
randomly	 colored	 stimulus,	 while	 observers	 performed	 a	 completely	 reward	
independent	fixation	task	at	the	center	of	the	screen.	As	the	reward	signaling	
stimulus	 competed	 with	 another	 (randomly	 colored)	 stimulus,	 it	 did	 not	
structurally	 capture	 attention.	 In	 Experiment	 2,	 observers	 performed	 an	
attentionally	 demanding	 RSVP-task,	 while	 the	 color	 of	 a	 task	 and	 response	
independent	stimulus	signaled	the	magnitude	of	the	available	reward.	As	the	
reward	signaling	stimulus	in	the	periphery	was	only	presented	during	the	RSVP	
stream,	 we	 assumed	 that	 observers	 were	 occupied	 with	 the	 cognitively	
demanding	 task	 at	 the	 center	 and	 had	 no	 attentional	 recourses	 left	 to	
strategically	 attend	 the	 reward	 signaling	 stimulus	 in	 the	 periphery.	 Both	
experiments	 showed	 value	 driven	 attentional	 capture	 in	 a	 non-reward	 test	
phase,	 indicating	that	the	reward	signaling	stimuli	were	imbued	with	value	in	
the	Pavlovian	reward	conditioning	phase.	The	results	of	Experiment	1	suggest	
that	 pure	 Pavlovian	 reward	 conditioning	 can	 occur	 when	 attention	 is	 not	
automatically	 allocated	 to	 the	 reward	 signaling	 stimulus	 in	 a	 stimulus-driven	
manner.	 The	 results	 of	 Experiment	 2	 suggest	 that	 pure	 Pavlovian	 reward	
conditioning	 can	 occur	 when	 attention	 is	 occupied	 by	 a	 attentionally	
demanding	 task,	 leaving	 little	 resources	 available	 to	 strategically	 direct	
attention	to	the	reward	signaling	stimulus	in	a	goal-driven	manner.	Moreover,	
we	observed	that	 the	value	driven	capture	effects	were	similar	 for	observers	
who	 were	 aware	 and	 unaware	 of	 the	 stimulus-reward	 contingencies,	
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emphasizing	 the	 automatic	 and	 perceptual	 nature	 of	 Pavlovian	 reward	
learning.	 These	 results	 provide	 insight	 in	 the	 conditions	 under	 which	 mere	
stimulus-reward	 contingencies	 in	 the	 environment	 can	 be	 learned	 to	 affect	
future	behavior.	

Conclusion	
	
The	experiments	in	this	thesis	contribute	to	a	body	of	literature,	which	

shows	 that	 learning	 about	 rewards	 has	 a	 large	 impact	 on	 the	 allocation	 of	
attention.	 Through	 Pavlovian	 and	 instrumental	 learning	 strategies	 we	 can	
assess	which	stimuli	are	predictive	of	or	associated	with	reward,	so	that	visual	
selective	attention	 is	biased	 towards	 them.	The	 idea	 is	 that	 the	activity	 level	
across	 the	 attentional	 priority	 map	 reflects	 the	 interplay	 between	 stimulus-
driven	 and	 goal-driven	 processing,	 which	 can	 be	 modulated	 by	 the	 learned	
significance	 or	 reward	 value	 that	 stimuli	 have	 acquired	 over	 time.	 These	
reward-driven	 effects	 seem	 to	 be	 automatic,	 resistant	 against	 strategic	 goal-
driven	 attentional	 control,	 and	 stimulus-driven	 in	 nature.	 Mechanistically,	
short-	 and	 long-term	memory	mechanisms	are	 responsible	 for	 the	activation	
of	 flexible	 and	 stable	 value-based	 stimulus	 representations	 throughout	 the	
brain	 that	 bias	 attentional	 priority	 in	 favor	 of	 stimuli	 associated	 with	 the	
highest	 overall	 value.	 This	 implies	 that	 learning	 about	 the	 reward	 value	 of	
stimuli	 can	 elicit	 short-lived	 effects	 on	 the	 flexible	 deployment	 of	 attention,	
but	also	 that	 reward-driven	attentional	processing	can	become	habitual	 such	
that	attention	remains	persistently	biased	towards	reward	associated	stimuli,	
even	 if	 those	 stimuli	 are	 no	 longer	 predictive	 of	 reward.	 A	 better	
understanding	 of	 the	 reward	 learning	mechanisms	 that	 lead	 to	maladaptive	
patterns	of	attentional	deployment,	may	be	 important	 for	our	understanding	
of	 clinical	 conditions,	 such	 as	 (drug)	 addiction	 (e.g.,	 Berridge,	 2012)	 and	
attention	 deficit/hyperactivity	 disorder	 (e.g.,	 Castellanos	 &	 Proal,	 2012).	
Future	 research	 should	 focus	 on	 how	 visual	 selective	 attention	 and	 reward	
learning	 jointly	 serve	 cognitive	 processing	 in	 order	 to	 maximize	 behavioral	
outcomes	in	terms	of	reproduction,	survival	and	wellbeing.		 	
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