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ABSTRACT

Holm, L. (2007). Predictive eyes precede retrieval: Visual recognition as hy-
pothesis testing. Doctoral dissertation from the department of Psychology, 
Umeå University, SE-90187, Umeå, Sweden: ISBN 978-91-7264-347-5

Does visual recognition entail verifying an idea about what is perceived? This 
question was addressed in the three studies of this thesis. The main hypoth-
esis underlying the investigation was that visual recognition is an active proc-
ess involving hypothesis testing. Recognition of faces (Study 1), scenes (Study 
2) and objects (Study 3) was investigated using eye movement registration as 
a window on the recognition process. In Study 1, a functional relationship 
between eye movements and face recognition was established. Restricting the 
eye movements reduced recognition performance. In addition, perceptual re-
instatement as indicated by eye movement consistency across study and test 
was related to recollective experience at test. Specifically, explicit recollection 
was related to higher eye movement consistency than familiarity-based rec-
ognition and false rejections (Studies 1-2). Furthermore, valid expectations 
about a forthcoming stimulus scene produced eye movements which were 
more similar to those of an earlier study episode, compared to invalid ex-
pectations (Study 2). In Study 3 participants recognized fragmented objects 
embedded in nonsense fragments. Around 8 seconds prior to explicit recogni-
tion, participants began to fixate the object region rather than a similar con-
trol region in the stimulus pictures. Before participants’ indicated awareness 
of the object, they fixated it with an average of 9 consecutive fixations. Hence, 
participants were looking at the object as if they had recognized it before they 
became aware of its identity. Furthermore, prior object information affected 
eye movement sampling of the stimulus, suggesting that semantic memory 
was involved in guiding the eyes during object recognition even before the 
participants were aware of its presence. Collectively, the studies support the 
view that gaze control is instrumental to visual recognition performance and 
that visual recognition is an interactive process between memory representa-
tion and information sampling. 

Key words: declarative memory, face perception, object recognition, scene 
recognition, eye movements, visual awareness, recollection, familiarity





ACKNOWLEDGEMENTS

I want to express my gratitude to my supervisor Timo Mäntylä, for sharing 
your curiosity, enthusiasm, knowledge and culinary experiences with me dur-
ing my doctoral studies. Thanks for teaching me how to conducti scientific 
investigations and to report the results. Thanks also to Lars Nyberg, my reli-
able assistant supervisor who always gave good advice.
 Thanks to Robert Bjork and the cogfog at UCLA, for a splendid spring in 
2004 involving lots of donuts and stimulating science discussions.
 Thank you Johan Eriksson for valuable discussions throughout my univer-
sity studies, and to you, Erik Domellöf, for an excellent collaboration on the 
chocolate rockets. In brief, the Department of Psychology at Umeå University 
receives my gratitude.
 Thanks to Bruno Laeng, Jonas Persson, Linus Andersson and Matthias 
Kliegel for your comments on an earlier draft of this thesis.
 The foundations who supported my research during my doctoral stud-
ies also receive my gratitude; the Helge Ax:son-Johnson Foundation, the J. 
C. Kempe Foundation, the Knut & Alice Wallenberg Foundation and the 
Swedish Foundation for International Cooperation in Research and Higher 
Education (STINT). I would not have been able to have those international 
scientific experiences without you.
 Finally, my thanks to my family (they are too many to name) and foremost, 
Helena Pettersson. 
 Helena, your support and good advice during this period was instrumental 
to this accomplishment.

Umeå, June, 2007

Linus Holm



LIST OF PAPERS

This doctoral dissertation is based on the following articles:

I.  Mäntylä. T., & Holm, L. (2006). Gaze control and recollective experi-
ence in face recognition. Visual Cognition. 14, 365-386.

II.  Holm, L., & Mäntylä, T. (in press). Memory for scenes: Refixations 
reflect retrieval. Memory & Cognition.

III. Holm, L., Eriksson, J., & Andersson, L. (submitted). Looking as if you 
know: Implicit identification guides the eyes in object recognition.



CONTENTS

INTRODUCTION AND BACKGROUND .................................. 1
Visual perception and recognition.....................................2

Vision as implicit inference ......................................................2
Vision as a bottom-up process ...............................................4
Vision as a top-down process .................................................5
Visual acuity .................................................................................7

Eye movements and memory ...............................................8
Memory at a glance ...................................................................8
Eye guidance in declarative memory..................................10
Visual recognition as hypothesis testing ...........................14
Consistent eye movements and episodic memory .........15
Awareness in recognition .......................................................16
Dual components of recognition memory ........................17
Awareness of visual hypothesis testing .............................18
Approaches to investigate visual recognition ..................19

GENERAL METHODS .................................................................. 21
Eye movement registering .................................................... 21
Eye movement consistency ................................................... 21

RESEARCH OBJECTIVES ..........................................................26
EMPIRICAL STUDIES ..................................................................28

Study 1: Gaze control and recollective experience in 
face recognition ........................................................................28
Study 2: Memory for scenes: Refixations reflect re-
trieval ............................................................................................. 31
Study 3: Looking as if you know: Implicit identifica-
tion guides the eyes in object recognition ..................34

GENERAL DISCUSSION .............................................................37
Recognition as predictive coding ......................................... 41
Testing the predictive coding account.................................44

REFERENCES ..................................................................................47
Footnotes  .....................................................................................58





INTRODUCTION AND BACKGROUND

Visual recognition can be characterized as confirmation of prior expecta-
tions. On this account, recognizing a painting of Mona Lisa requires testing 
the idea that the painting is of Mona Lisa. For instance, consider that you 
probably first identified the painting as a painting when you approached it. 
Subsequently, you might have inferred that it is a famous painting from the 
crowds hanging around, producing an expectation for seeing a famous paint-
ing (e.g., Mona Lisa). Once you get sufficiently close to have a good look, 
you easily recognize Mona Lisa. In this way, the recognition task should be 
facilitated by expectations derived from your long term and short term ex-
periences. 

To the extent that the human cognitive system can encode, hold and 
retrieve regularities in its environment, and the environment is sufficiently 
stable, then predicting future impressions seems like a sensible thing to do 
in order to act fast and appropriately. Perhaps, confirming predictions is 
necessary for recognition. Because we clearly have memories, and the world 
remains fairly constant, it seems reasonable to assume that we face most 
situations with expectations derived from recent as well as past experience. 
For instance, you know reasonably well what view to expect when turning 
around a corner in your neighbourhood, and mostly your expectations are 
confirmed when you are walking on familiar grounds. From this perspec-
tive, recognition does not only involve matching a memory trace to sensory 
information. The very action of retrieving the memory trace implies certain 
interpretations, because expectations also guided your sensory information 
sampling.

This thesis will advance the idea that recognition entails hypothesis testing. 
Hence, recognition is considered a generative process, where prior knowl-
edge guides information sampling during recognition attempts. When a hy-
pothesis is confirmed, it produces recognition. Furthermore, the hypotheses 
of this generative process do not need to be conscious, whereas the output 
of confirmed hypotheses often seems to be explicit recognition. Specifically, 
you can be unaware of the process which preceded recognition, even though 
that process was governed by systematic information sampling in accordance 
with a memory trace.

�
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The empirical investigations reported in this thesis are limited to declara-
tive memory and visual recognition. Declarative memory refers to memory 
which we can access verbally or consciously. It involves episodic memory 
which is autobiographic memory and memories for events, as well as seman-
tic memory representing facts or knowledge.

Contrary to the majority of earlier studies of recognition memory, the 
studies reported in this thesis investigated how recognition is achieved. To 
this end, eye movements were used as a window on recognition processes, 
because eye fixations reflect visual attention (Deubel & Schneider, 1996; 
Kowler, Anderson, Dosher & Blaser, 1995) and focal vision provides superior 
acuity compared to peripheral vision and hence reflects visual information 
density (Hochberg, 1962; Najemnik & Geisler, 2005). More importantly, 
oculomotor behaviour would provide information about how visual informa-
tion is selected during the course of recognition. Specifically, gaze control, or 

“the process of directing fixation through a scene in real time in the service of 
ongoing perceptual, cognitive and behavioral activity” (Henderson 2003, p. 
498) was investigated in relation to recognition memory.
 Before the empirical investigations of the thesis are presented, a brief back-
ground in visual perception, eye movements and recognition memory is re-
viewed. Earlier studies relating eye movements to memory are summarized 
and an outline of a hypothesis testing account of visual recognition is derived 
at. Finally, the empirical strategies for investigating visual recognition memo-
ry on the hypothesis testing account are described. 

Visual perception and recognition

Vision as implicit inference

Several visual abilities we take for granted are formally impossible to solve 
unambiguously with our visual system. For instance, recovering the 3-D 
structure of the environment is an under constrained function given the 2-D 
representations on our retinas. Despite this fact, people generally perceive a 
stable 3-D environment, and indeed seem to cope with the world as if they 
actually knew three dimensions. 
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Helmholtz (1910) suggested that we solve visual ambiguities by making im-
plicit inferences, based on our prior knowledge. He stated that: “Die psy-
chischen Tätigkeiten, durch welche wir zu dem Urteile kommen, dass ein be-
stimmtes Objekt von bestimmter Beschaffenheit an einem bestimmten Orte 
außer uns vorhanden sei, sind im allgemeinem nicht bewusste Tätigkeiten, 
sondern unbewusste. Sie sind in ihrem Resultate einem Schlusse gleich, insof-
ern wir aus der beobachteten Wirkung auf unsere Sinne die Vorstellung von 
einer Ursache dieser Wirkung gewinnen, während wir in der Tat direkt doch 
immer nur die Nervenerregungen, also die Wirkungen wahrnehmen können, 
niemals die äußeren Objekte.“ (p.  )1. That is, visual perception is implicit in-
ference. The inference then would hinge on prior knowledge because the vis-
ual information acquired by looking provides insufficient information to for-
mally disambiguate the external environment. Furthermore, induction means 
that the conclusions reached are not necessarily true. The validity of percep-
tion is limited by our earlier experiences. For instance, experience might sug-
gest that when the distance between the ground and small objects changes, it 
is interpreted as if the small objects moved rather than the ground. However, 
that inference is not always accurate, as when “seeing” the sun set, instead of 
perceiving the motion of earth. Correspondingly Helmholtz (1910) argued 
that visual illusions exist exactly because perception is based on inference.

Craik (1943) extended Helmholtz reasoning in an information processing 
account of cognition where he emphasized the role of prediction in cognition; 

“If the organism carries a ’small scale model’ of the external reality and of its 
own possible actions within its head, it is able to try out various alternatives, 
conclude which is the best of them, react to future situations before they arise, 
utilise the knowledge of past events in dealing with the present and future, 
and in every way to react in a much fuller, safer, and more competent manner 
to the emergencies which face it” (Craik, 1943, p. 61). This theme was also 
emphasized by Neisser (1976) who suggested that perception is a function of 
the interaction between a schema (i.e., expectation), exploration in accord-
ance with that schema, and its sensory consequence. Neisser called this itera-
tive process the perceptual cycle. According to Neisser’s view, anticipation is 
central to perception. 
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Vision as a bottom-up process

Although the arguments for inferential processes in vision might seem valid, it 
is not evident from the structure of the visual system. The main visual projec-
tion from the retinas (i.e., the geniculo-striate pathway) is very hierarchical 
in that visual information progress a step at a time from the retina, lateral 
geniculate nucleus, on towards primary visual cortex and subsequently higher 
visual regions with increasing functional specificity. This structure is broadly 
summarized in Marr’s (1982) bottom-up computational model of object rec-
ognition. According to his model, the visual system first creates a raw sketch 
of the visual input, holding basic features of the input which in turn are 
grouped into a full primal sketch according to gestalt like laws. Subsequently 
the groups are aggregated into a 2½-D representation holding depth infor-
mation. Finally, a full 3-D representation is resolved by an analysis by com-
ponents approach of the extracted information, producing invariant object 
identification and representation (Marr, 1982). At this stage, the identity of 
the recovered object is matched against memory, and recognition take place.

Presumably, top-down reactions to sensory information implies long 
processing time in visual recognition, due to the large number of neurons the 
signal would have to go through and the slow transmission speed of the brain. 
Instead, experiments on human recognition performance suggest that we are 
capable of rapid identification of familiar objects. For instance, Potter and 
Faulconer (1975) showed that people can identify objects presented for only 
50 ms in rapid serial visual streams (i.e., one stimulus picture immediately 
follows the next). Even more impressive, event related potential (ERP) studies 
of visual recognition suggest that the brain activity related to object recogni-
tion begins around 150-200 ms after stimulus onset (Jeffreys & Tukmachi, 
1992; Thorpe, Fize & Marlot, 1996). For instance, Thorpe et al. (1996) pre-
sented complex scenes to their participants, who judged whether the scenes 
contained animals in a yes/no paradigm. The scenes were only presented for 
20 ms, but the participants performed almost perfectly on the task. More im-
portantly, ERP negativity differentiated between animal present and absent 
judgments after only 150 ms at frontal electrode sites. Together, these studies 
support the role of bottom-up processing in object recognition.
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Vision as a top-down process

 Despite rapid object recognition, there are good reasons to believe that top-
down processes originating in declarative memory are involved in recognition. 
For instance, schema consistent objects seem to be easier to identify than 
schema inconsistent objects (Biederman, Mezzanotte & Rabinowitz, 1982; 
Davenport & Potter, 2004; but see Hollingworth & Henderson, 1998). Fur-
thermore, even subliminal visual priming facilitates visual object identifica-
tion (Bar & Biederman, 1998). In addition, the early differentiation in ERP 
signals related to animal detection in Thorpe et al. (1996) might actually 
reflect the facilitating influence of declarative memory in the visual system.  
 Consider that the participants were always aware of the task at hand (i.e., 
they were prepared to judge whether an animal was present in the scene or 
not). Animal expectations could have sensitized animal representations and 
hence facilitated animal recognition top-down, and might actually explain 
the early ERP effects. Furthermore, the Thorpe et al. (1996) study resembles 
the situation in Summerfield, Egner et al. (2006) where participants decided 
whether an upcoming picture included a face or not. Summerfield and col-
leagues found that if participants were instructed to make a yes/no judgment 
for face presence, they had a specific signature brain activity preceding the 
trial, which was different from the blood oxygen level dependent (BOLD) 
pattern in the same stimulus condition, but with the task of deciding whether 
the picture contained a house or not. Summerfield and colleagues suggested 
that the participants recruited a “perceptual set” against which the stimulus 
was compared. This set seems to have enhanced the activity in face processing 
areas in the human brain. This finding is also consistent with a recent brain 
imaging study on episodic retrieval (Polyn, Natu,  Cohen, & Norman, 2005) 
showing that regions related to the semantic category from which an item 
is soon to be retrieved, has increased BOLD signal prior to explicit retrieval. 
Polyn and colleagues’ finding suggest that memory search is first restricted to 
specific semantic domains from which the item is thought to be found. 

Furthermore, some of the higher level visual regions are activated so fast af-
ter stimulus onset that they could potentially affect ongoing early level visual 
processing (Bar et al., 2006, see also Bullier, 2001). Specifically, Bar and col-
leagues showed that low spatial frequency information reach the prefrontal 
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cortex prior to the object processing assumed to take place in the fusiform 
cortex. In turn, the prefrontal cortex seems to project to the fusiform cor-
tex (i.e., prefrontal activation preceded fusiform cortex activation by around 
50ms). Bar and colleagues suggested that the prefrontal cortex constrains the 
interpretation alternatives of the high frequency information which enters the 
fusiform cortex through the early visual areas. Specifically, Bar et al. suggested 
that the prefrontal constraint is based on low spatial frequency information. If 
Bar’s and his colleagues’ findings are valid, they suggest that top-down influ-
ences are obligatorily recruited in visual recognition. Collectively, there seem 
to be good evidence that top-down processes originating in very high levels 
of the visual hierarchy (even declarative memory) affect visual recognition. 
Furthermore, in most of the recognition situations we face, we are somewhat 
prepared for the forthcoming stimulus, and hence we should have facilitated 
its identification.

Recent studies (Kersten, Mamassian & Yuille, 2004; Torralba, Oliva, Cas-
telhano & Henderson, 2006) suggest that visual perception can be faithfully 
modelled by Bayesian methods. According to these models, the perceiver 
weights sensory information in relation to prior knowledge about visual statis-
tics, to disambiguate visual perception. Furthermore, Friston (2003) suggested 
that pure bottom-up models cannot solve recognition problems because of the 
many-to-one mappings of sensory information. Instead, a generative model 
based on feedback connections would stand a better chance of recovering 
the objectively ambiguous structure of the sensory information. Specifically, 
Friston’s model entails predictions about the sensory information by biasing 
information processing in accordance with prior knowledge. This means that 
the visual system represents statistical features of the outside world, and that 
recruiting them results in more efficient and accurate perception than a pure 
bottom-up model would (see also Rao & Ballard, 1999). This ability extends 
to a generative model which predicts forthcoming impressions based on prior 
knowledge. It should be noted that top-down modulation of visual percep-
tion does not have to originate in declarative memory on Friston’s account. 
Extensive top-down modulation is assumed to take place between lower levels 
of the visual hierarchy (Friston, 2003; Rao & Ballard, 1999). Collectively, it 
seems reasonable to take the predictive account of perception (Friston, 2003) 
as a working hypothesis in investigating visual recognition.
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The findings of rapid visual recognition reviewed above (e.g., Potter & 
Faulconer,1975; Thorpe et al., 1996) might have been due to the rather un-
ambiguous and visually simple stimuli used in those studies. Such stimuli 
might have deemphasized the role of focal vision in identification, because 
accurate detail knowledge would not be necessary to resolve the identity. For 
instance, Oliva and Schyns (1997) suggested that spatial frequency informa-
tion is utilized flexibly in recognition tasks.  In simple visual recognition tasks, 
low spatial frequency characteristics, such as the overall shape of the stimuli, 
might have been sufficient to resolve identity in these simple stimuli. Low 
spatial frequency information does not require focal vision, whereas high 
frequency information (i.e., visual details) does. However, we often attempt 
to recognize visually complex and ambiguous events which require high fre-
quency information. In such cases, focal vision would be essential for the 
outcome of the recognition attempt. 

Visual acuity

Although the visual field encompasses approximately 200° horizontally by 135° 
vertically, acuity is highly variable over that area (Hochberg, 1964; Wandell, 
1995). The highest acuity is provided by the central 2 horizontal x 1vertical 
degrees of the visual field which corresponds to the fovea (Nelson & Loftus, 
1980). Acuity rapidly decreases towards the visual periphery. For instance, at 
a distance of only 5 degrees from the fovea, visual acuity is reduced to 50%, 
and 10% at 40 degrees eccentricity (Hochberg 1964). Furthermore, this re-
lationship seems at least in part to carry over to discrimination performance 
of complex objects. For instance, Nelson and Loftus (1980) showed that dis-
crimination performance for category changed objects in a forced choice task 
decreased as a function of object distance from the central visual field. Specifi-
cally, a large decrease in performance was found from 0 to about 2 degrees 
eccentricity. Detection performance in peripheral vision seems to deteriorate 
as a function of visual complexity. For example, Bouma (1970) showed that 
lateral masking of letters induced a steeper and non-linear decrease in identifi-
cation performance as a function of eccentricity, as compared to non masked 
letters, which showed a linear decrease as a function of eccentricity. Specifi-
cally, Bouma estimated that letter identification begins to fail when other let-
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ters are closer than half the eccentricity at which the target letter is presented. 
Therefore, access to high acuity visual information requires that we relocate 
the fovea to the region of interest, i.e., that we move our eyes.

Eye movements and memory

Memory at a glance

In stable environments and observers, human vision is characterized by sac-
cadic eye movements. Saccades occur with an approximate frequency of 3 Hz 
(Yarbus, 1967) and are fast (up to 900 degrees per second) ballistic movements. 
Saccadic eye movements provide easy access to high resolved visual informa-
tion, by placing areas of interest in the fovea. Furthermore, prior to fixating 
a region of space, attention is deployed at that region (Deubel & Schneider 
1996; Kowler et al., 1995, see also Godijn & Theeuwes, 2003, for a discus-
sion). Consequently, when the eyes arrive at their destination, both attention 
and high acuity visual information can be assumed to be accessible for infor-
mation extraction of that region. This also has consequences for encoding the 
region’s content. For instance, recently fixated objects are retained in short 
term memory, and show similar recency effects to those found in ordinary list 
learning (Hollingworth, 2004; Irwin & Zelinsky, 2002). 
 Irwin and Zelinsky presented a tabletop consisting of several objects to their 
participants and told them to memorize the objects. After a variable number of 
fixations, the tabletop was removed, and participants had to recall the identity 
of a specific object, indicated by a position cue. It turned out that participants 
were much better at recalling the three last fixated objects, compared to earlier 
fixated objects. Irwin and Zelinsky hence estimated visual short term memory 
to about three or four objects.  Hollingworth and Henderson (2002) showed 
that participants detected object changes introduced during saccades if, and 
only if, participants had fixated the objects before the change. Interestingly, 
change detection in Hollingworth’s and Henderson’s study did generally not 
occur until several fixations after object change, suggesting that memory for 
fixated objects was rather well preserved. Furthermore, Hollingworth (2004) 
found that participants could indicate object change in fixated regions, even 
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twelve minutes after seeing the objects, and while seeing 402 other objects dur-
ing the retention period. Hence, fixated objects are also retained in long term 
memory, and long term memory seems to hold accurate visual information. 

Although foveal vision is necessary to recover fine detail, the general iden-
tity of the scene context is available within the first glance (Intraub 1999; 
Potter & Faulconer, 1975) based on e.g., coarse information (Schyns & Ol-
iva, 1997). Therefore, it seems reasonable to assume that the visual system 
is informed about the general identity of the scene as it undertakes saccadic 
inspection of it. Furthermore, low spatial frequency information seems to be 
rapidly transmitted to the frontal cortex, from where it might influence object 
processing in temporal cortex (Bar et al. 2006). 

If complex visual stimuli are represented as context and associated sali-
ent details, then eye movements would be important in visual recognition, 
because foveal vision is necessary to recover detail. In turn, details provide 
diagnostic information regarding the stimulus identity in several recognition 
tasks. For instance, difficult visual recognition tasks such as identifying the 
office as my own rather than that of my colleagues’ might be expected to 
rely on fine detail information, because the overall structure of the offices are 
similar. Correspondingly, looking at more details should facilitate subsequent 
recognition performance, because the observer would then encode more di-
agnostic information. Indeed, Loftus (1972) found a positive correlation be-
tween number of fixations during encoding and subsequent scene recognition 
performance. This relation held even when fixation duration was controlled 
for, suggesting that number of fixations rather than exposure time constitutes 
the basic foundation of scene memory. Loftus specified this account in later 
studies (Loftus 1981; Nelson & Loftus, 1980) suggesting that an increase in 
number of fixations produces an increased probability of fixating memorable 
scene contents, and that additional fixations are only beneficial insofar as they 
are directed to new regions (Loftus, 1981, Nelson & Loftus, 1980). 

In line with Loftus’ account (Loftus, 1972, 1981, Nelson & Loftus, 1980), 
Henderson, Williams and Falk (2005) showed that eye movements are func-
tional in face recognition. Restricting the eyes during encoding reduced sub-
sequent recognition performance of the faces. Collectively, eye movements 
seem to be important indicators of visual memory, because fixations reflect 
attention, focal vision provide accurate visual information and fixated regions 
are often retained in memory. 
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Eye guidance in declarative memory

Considering that visual detail is retained in long term memory contingent 
on fixations (Hollingworth, 2004; Hollingworth & Henderson, 2002; Irwin 
& Zelinsky, 2002), and that scene memory can be built up across fixations 
(Loftus, 1972, 1981), reinstating that information by means of visuo-spatial 
memory during recognition seems like a reasonably way to acquire good evi-
dence for a recognition judgment. That is, declarative memory should influ-
ence eye movements in recognition. 
 Antes (1974) found support for this view by asking participants to judge 
the informativeness of scene regions. A second group of participants then 
looked at the scenes while their eye movements were registered. Antes found 
a strong correlation between informativeness ratings and eye fixation distri-
bution, suggesting that semantic content influenced eye movements. How-
ever, this correlation might also reflect perceptual characteristics of the scenes, 
rather than semantic memory. Furthermore, semantic content might influ-
ence eye movements at a later stage in scene perception (Henderson, Weeks, 
& Hollingworth, 1999). For instance, Mannan, Ruddock and Wooding 
(1997) found that eye movements are more similar between participants over 
the initial 1.5 s of viewing, as compared to the subsequent 1.5 s of viewing. 
One interpretation of their finding was that initial saccades were primarily 
influenced by perceptual rather than semantic factors, because semantic influ-
ence might be assumed to give rise to larger differences between individuals. 
Furthermore, Henderson et al. (1999) found that participants equally fast 
fixated schema consistent as schema inconsistent objects in scene perception. If 
schema has initial influence over eye movements, one might have expected 
a schema consistent priority. However, the targets in Henderson and col-
leagues’ study were rather difficult to see (line drawings with embedded target 
objects), making the targets difficult to discern within the first glance. Cor-
respondingly, semantic factors have been shown to influence attention and 
eye movement deployment very early when those targets are perceptually sali-
ent. For instance, Moores, Laiti and Chelazzi (2003) found that semantically 
related distractors attract initial saccades more than semantically unrelated 
distractors in visual search (see also Loftus & Mackworth, 1978). 
 The hypothesis that memory should be involved in eye guidance dur-
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ing visual recognition was explicitly addressed by Noton and Stark (1971a, 
1971b). Following Hebb (1949), Noton and Stark (1971a, 1971b) claimed 
that visual inspection gives rise to a scanpath, a repetitive sequence of eye 
movements, specific for the observer watching a particular visual stimulus. In 
Noton and Starks’ own words, “Just as each person develops his own char-
acteristic habits of behaviour for each situation with which he is familiar, so 
he may be expected to develop his own characteristic perceptual habits, his 
scanpath for each pattern he can recognize” (Noton & Stark, 1971b, p. 937). 
The scanpath is stored as a sensory and motor association called the feature 
ring. Recognition is characterized by the sequential reinstatement of the scan 
pattern. In other words, the sequential reinstatement of eye movements is a 
prerequisite for recognition; scanpath and recognition are mutually depend-
ent, because they are part of the same process. Noton and Stark (1971b) 
observed scanpaths as often as 65 % of the cases. Furthermore, the scan paths 
were initiated within the first fixations on repeated scenes. Therefore, Noton 
and Stark claimed that top-down gaze control is activated early. Their investi-
gation was however based on very few participants and a very limited number 
of stimulus pictures. 

One problem with the scanpath hypothesis is its exclusive reliance on cen-
tral visual processing. Parker (1978) suggested an alternative account of eye 
movements in scene recognition, based on the idea that eye movements are 
successively planned according to peripheral information. Hence, the con-
tent of peripheral vision is compared to stored information, and the outcome 
of that comparison guides the subsequent saccade towards a diagnostic area. 
Parker found that a conservative measure for an efficient visual field in terms 
of saccadic planning would correspond to approximately 6.5 degrees in his 
experimental setting. Although Parker defended a position where continu-
ous peripheral information evaluation guides eye movements during scene 
recognition, he actually received some support for the scanpath hypothesis. 
His participants displayed rather consistent and sequentially constrained 
scanning patterns across repeated exposures of the stimuli. In fact, the most 
common sequence through the six objects (e.g., a,b,c,d,e,f ) of his stimuli 
scenes explained 55% of all object transitions. When the opposite direction 
was included (e.g., f,e,d,c,b,a), these two paths accounted for an impressive 
75% of object transition paths. This should be considered in relation to the 
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120 possible paths connecting all objects in his stimuli. However, contrary to 
the prediction of the scanpath hypothesis, Parker found that in scenes with 
changed objects, participants consistently “jumped ahead” in their scan pat-
terns, reflecting evaluation of peripheral information. Furthermore, the se-
quential constraint Parker found might have been an artefact of his stimulus; 
the objects were rather well structured along horizontal lines in the pictures. 
This stimulus structure might have induced the reading like pattern expressed 
by the participants. In general, reliance on sequential order seems to be a 
problematic idea in the scan path hypothesis. Several studies have found sup-
port for the presence of idiosyncratic sequences of eye movements, yet they all 
failed to support the relation between recognition performance and sequen-
tial reinstatement (Locher & Nodine, 1974; Walker-Smith, Gale & Findlay, 
1977). Instead, a decrease in sequential eye movement dependency has been 
shown to relate to memory (Althoff, 1998; Althoff & Cohen, 1999).

Although the scanpath hypothesis in its original formulation has failed 
to receive empirical support (Locher & Nodine, 1974; Walker-Smith et al., 
1977), it has not been succeeded by any alternative theories of the functional 
relationship between eye movements and scene recognition. In fact there is 
some doubt about the meaningfulness in relating eye movements to recogni-
tion memory at all (Fisher, Karsh, Breitenbach, & Barnette, 1983; Melcher 
& Kowler, 2001). For instance, in Melcher and Kowler (2001), participants 
studied objects in various indoor scenes in preparation for a later recall test. 
Following picture presentation, participants recalled the scene objects. The 
pictures were repeated several times, and participants’ content recall increased 
as a function of scene repetition. Despite increased content recall perform-
ance over scene repetitions, there was no change in object fixation selection; 
participants were as likely to fixate new objects as to fixate objects fixated in 
a previous scene presentation. Melcher and Kowler’s finding might seem like 
evidence against memory influences on eye guidance. However, it is not clear 
what an optimal eye movement solution would look like in Melcher and 
Kowler’s task, given fallible scene content memory. For instance, revisiting 
objects fixated in earlier presentations might have supported retrieval of other 
objects in long term memory, and hence revisiting those objects might have 
constituted a reasonably efficient method of optimizing retrieval performance. 
Furthermore, it might have been more efficient to rely on visual properties 
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instead of recruiting long term memory, because the scenes were presented for 
a short time and content memory might operate on a longer time scale (see 
e.g., Ballard, Hayhoe, Pook & Rao, 1997).

Whereas the validity of the scan path account (Noton & Stark, 1971a, 
1971b) remains inconclusive, visual context memory has been shown to fa-
cilitate visual search (Brockmole & Henderson, 2006; Chun and Jiang 1998, 
2003). For instance, Chun and Jiang (1998, 2003) found that repeated pres-
entation of the same visual search display reduced search times. However, 
these studies did not involve eye movement recording.

A few studies also provided quantitative support for reinstatement of eye 
movements and memory, by showing a significant correlation between eye 
movements during visual perception and visual imagery (Brandt & Stark, 
1997; Laeng & Teodorescu, 2002). In addition, Laeng and Teodorescu found 
that restricting the eyes during retrieval (in the absence of the stimulus) re-
duced retrieval performance, insofar as the stimulus had been inspected with 
saccadic eye movements. However, retrieval in these studies followed only 
a few seconds after stimulus presentation, and the stimuli consisted of very 
simple block matrices (Brandt & Stark, 1997; Laeng & Teodorescu, 2002) 
or individual objects on a homogeneous background (Laeng & Teodorescu, 
2002). This design might have optimized conditions for eye movement rein-
statement and reflected short-term, rather than long-term, memory.

More compelling evidence for declarative memory effects in eye move-
ments was presented by Ryan, Althoff, Whitlow and Cohen (2000). After an 
initial presentation of photographs of complex scenes, participants observed 
modified pictures at test. Specifically, some pictures were edited so that indi-
vidual objects were added, removed, or switched location. Participants fixated 
manipulated regions more often, even if they could not explicitly detect the 
change. Interestingly, this effect was not present in amnesic patients, suggest-
ing that memory for location was related to declarative, rather than proce-
dural memory.

One interpretation of the findings of Chun and Jiang (1998, 2003) and 
Ryan et al. (2000) is that the eyes are directed towards regions of interest 
based on predictions elicited by context familiarity. In recognition tasks, one 
might assume that the eyes should be similarly directed to diagnostic regions 
in order to test hypothesis about the regions prior occurrence. 
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Visual recognition as hypothesis testing

Several empirical findings show that we anticipate upcoming events with our 
eyes. For instance, when preparing tea, we look ahead as we prepare for the 
subsequent action (Land, Mennie & Rusted, 1999). Furthermore, eye fixations 
generally precede grip position in reaching and grasping tasks (Abrams, Meyer, 
& Kornblum, 1990; Johansson, Westling, Bäckström & Flanagan, 2001) and 
has even been shown in cases where participants observe other people perform 
tactile manipulation tasks (Flanagan & Johansson, 2003). Furthermore, pre-
dictive eye movements have been found in language comprehension studies 
(Altmann 2004; Dahan, Magnuson & Tanenhaus, 2001), where initial pho-
nemes or sentence words (Dahan et al., 2001) affect where participants fixate 
in visual displays, before the whole word or sentence is pronounced. This 
predictive effect remain even if the visual targets are removed (Altmann 2004), 
suggesting that memory for target location can guide the eyes.

Eye movement anticipation is found in several visual tasks (Abrams, et al., 
1990; Johansson et al., 2001; Land, et al., 1999), and there seem to be compu-
tational benefits of predictive coding in perception (Friston, 2003). Therefore, 
it seems likely that visual recognition involves predictions, in which declara-
tive memory directs the eyes to diagnostic regions for confirmation. Such a 
model was implemented by Deco and Schürman (2000). They suggested that 
visual object representations are a function of the eye fixation distribution 
(with each fixation reflecting high acuity focal vision, and rapidly decreas-
ing resolution towards the periphery) and their associated spatial relationship, 
acquired from learning events. According to their model, recognition starts 
with an interpretation of the current visual impression. If this information is 
insufficient to resolve the identity or reject the item as new, more information 
is sampled in order to disambiguate between identity interpretations. The 
model selects the information which would confirm the most likely candi-
date interpretation of the impression. Information selection is modelled by 

“eyes movements” to the diagnostic region. Once sufficient evidence in favour 
of one identity interpretation is reached, the system recognizes the identity. 
Specifically, Deco and Schürman’s model is related to memory for specific 
instances or episodes, because memory is based on the perceptual associations 
from one specific encoding event.
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Consistent eye movements and episodic memory

A consequence of the hypothesis testing account by Deco and Schürman 
(2000) is that accurate perceptual reinstatement is to be expected in successful 
visual recognition. That is, successful retrieval should be related to similarities 
in eye fixation deployment between encoding and retrieval conditions. 

Indeed, several earlier investigations of episodic memory show that retriev-
al is facilitated when perceptual or conceptual conditions between encoding 
and retrieval attempt overlap (Godden & Baddeley, 1975; Morris, Bransford 
& Franks, 1977; Tulving, 1983; see also Smith, 1988). For instance, memory 
theories such as the encoding specificity principle (Tulving, 1983) and the 
transfer appropriate processing account (see e.g., Roediger, Weldon & Chal-
lis, 1989) stress that recollection is related to the presence of information 
associated with the encoding event. In the context of eye movements, transfer-
appropriate processing views on episodic retrieval might correspond to study-
test consistency in terms of eye fixations. From that perspective, two identical 
pictures are perceived as similar insofar as they are viewed in the same way. 
Only those fixations that are reinstated during retrieval provide functional 
retrieval information for recognition.

Tulving (1983) suggested that episodic retrieval is a function of retrieval 
cue efficiency. In recognition, there is generally extensive overlap of infor-
mation from the encoding event. Therefore, memory performance is gener-
ally better in recognition than in free recall tests. Furthermore, the definition 
of episodic memory entails overlap in processing between encoding and re-
trieval, because episodic retrieval is assumed to involve conscious recollection 
of an earlier event (Tulving, 1983). Specifically, episodic retrieval entails a 
conscious “re-living” of the initial episode. Therefore, directing the eyes to 
regions studied during the initial event should be related to successful retriev-
al, because revisiting those regions should support “re-experiencing” them. 
A further prerequisite is of course that the region was successfully encoded 
in the first place. Tulving further suggested that a special process underlies 
episodic retrieval called echpory. According to Tulving, ecphory is “the proc-
ess by which information stored in a specific memory trace is utilized by the 
system to produce conscious memory of certain aspects of the original event” 
(Tulving, 1976, p.40). Presumably, the process of directing the eyes toward 
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a region which provides retrieval support would constitute an expression of 
ecphory. Although the concept of ecphory hold a prominent role in Tulving’s 
model, the mechanisms underlying it are not well understood. One possibility 
would be that ecphory operates according to a bootstrapping function, in the 
sense that the rememberer actively retrieves information in a direction which 
increases familiarity (Jacoby & Craik, 1979). On this account, recognition is 
an active process involving information sampling according to guidance by a 
memory trace. Alternatively, memory is not actively involved in recognition, 
but only operates by reacting on the incoming information. From this latter 
perspective, reconstruction and hence recognition, would be incidental.

Awareness in recognition

As expressed in Tulving’s account of episodic memory above (1983), episodic 
retrieval entails conscious awareness of the initial episode. Ecphory on Tulvings 
account would reflect reconstruction of the previous event, and reconstruc-
tion in turn would be a necessary condition for conscious recollection. How-
ever, we sometimes recognize events as vaguely familiar, without autonoetic 
experience. For instance; you might not immediately recognise the clerk from 
the shop you visited yesterday, when meeting her in the city, although you 
may have a strong feeling that the woman is familiar. Alternatively, you might 
recognize her as the shop clerk you saw yesterday, and re-experience the event 
of seeing her in the shop (cf. Mandler, 1980). 
 Visual memory can be supported by holistic impressions as indicated by 
rapid recognition and indices of abstract scene representations (c.f., boundary 
extension, Intraub, 1999; Intraub & Richardson, 1989). These schematic repre-
sentations might not rely on fixation distribution, because low spatial frequency 
information might be sufficient to recover scene gist (Oliva & Schyns 1997). 
Instead, visual detail memory should rely on fixation distribution (e.g., Holling-
worth, 2004). One interpretation of the distinction between scene schema and 
scene detail memory, is that they reflect different representational qualities, so 
that holistic information might correspond to a rather vague familiarity with 
the scene, whereas specific detail representations provide source information. 
This interpretation is consistent with most dual-component theories of recogni-
tion memory (Jacoby, 1991; Mandler 1980;  Tulving, 1985; Yonelinas, 2002).
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Dual components of recognition memory

Consistent with the clerk example above, it has been suggested that two inde-
pendent processes are involved in recognition memory (Gardiner & Java,1993; 
Mandler, 1980; Tulving, 1985; Yonelinas 2002). This account is generally re-
ferred to as the dual component models of recognition memory. Specifically, 
recognition memory entails recollection and familiarity based processes. One 
approach to studying dual components of recognition memory is to have par-
ticipants introspect on the nature of the experience that accompanies a rec-
ognised event. Tulving (1985) introduced such a paradigm by distinguishing 
between two different descriptions of the subjective experience of recognition. 
At test, participants were instructed that if they had a vivid recollection of the 
previously studied event (typically a word), then they should reply “Remember.” 
Instead, if the test item was recognised in the absence of a detailed recollection 
from its prior presentation, but rather on the basis of a feeling of familiarity, the 
participant should reply “Know “ (see Gardiner & Java 1993, for a review).
 The underlying assumption is that conscious awareness reflects two dis-
tinct forms of recollective experience. This phenomenological distinction 
has since Tulving´s (1985) original work been used to functionally dissoci-
ate recollection from assessment of familiarity on several different variables. 
For instance, divided vs. undivided attention (Gardiner & Parkin, 1990) and 
perceptual change in repeated presentation of faces (Mäntylä & Cornoldi, 
2002) selectively influenced how well the items were consciously recollected 
whereas same vs. different modalities across study and test (Gregg & Gardiner, 
1994) selectively affected assessment of familiarity. Other studies have shown 
opposing effects on “Remember” and “Know” responses (Gardiner & Java, 
1990; Mäntylä, 1997). 
 In addition to behavioural evidence, the distinction between different 
states of awareness in recognition has been supported by functional magnetic 
resonance imaging (fMRI) studies (Eldridge, Knowlton, Furmanski, Bookhe-
imer & Engel, 2000; Henson, Rugg, Shallice, Josephs, & Dolan, 1999) relat-
ing state specific activation to different brain regions and neuropsychological 
studies (Blaxton & Theodore, 1997; Knowlton & Squire, 1995; Levine et al., 
1998) showing reduced memory functions related to focal brain lesions. Spe-
cifically, both patient lesion studies and fMRI studies suggest that hippocam-
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pus affects recollection rather than familiarity (Blaxton & Theodore, 1997; 
Eldridge et al., 2000; Henson et al., 1999; Knowlton & Squire, 1995; Levine 
et al., 1998). Instead, several regions outside hippocampus have been suggest-
ed to affect familiarity but not recollection (Eldridge et al., 2000; Montaldi, 
Spencer, Roberts & Mayes, 2006; Yonelinas, Otten, Shaw & Rugg, 2005). 
 According to an alternative account of recognition memory, Remember 
and Know responses reflect different response criteria based on one common 
trace strength dimension (Donaldson, 1996) rather than the output of differ-
ent systems or processes. On this account, Remember responses reflect more 
conservative judgments than Know responses. While this unitary perspective 
on recognition memory has difficulties explaining experimental dissociations 
between Remember and Know responses and differences in response-selective 
brain regions, at least Know responses (or familiarity) seem to be well mod-
elled by signal detection theory (Dobbins, Kroll & Liu, 1998; Wixted, 2006; 
Yonelinas 2002). One candidate to signal strength underlying recognition 
performance might be perceptual consistency across study and test. From 
this point of view, remember responses should be related to higher study-test 
consistency than know-responses, which in turn would be predicted to reflect 
a higher study-test consistency than misses.
 Collectively, the prediction that Remember responses should be associ-
ated with higher perceptual consistency across study and test is consistent 
with both the unitary view and the dual component models of recognition 
memory. 

Awareness of visual hypothesis testing

According to Tulving (1983), episodic retrieval requires entering a specific men-
tal state referred to as the retrieval mode. Implicit in this idea is the view that 
retrieval is an effortful, voluntary and conscious process. For instance, trying to 
remember what one had for breakfast yesterday seems like a fairly difficult task, 
involving cognitive control mechanisms. Would recollection in recognition 
tasks also require conscious processes? It seems not; previous episodes can pop 
up in our consciousness whether we consciously search for them or not, hence 
recollection in general does not seem to require conscious effort. Furthermore, 
recollection of pictures in recognition tests (as indicated by source processing) 
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can appear after as little as 400-800 ms after stimulus onset (Curran & Cleary, 
2003), which leaves very little time for conscious deliberation.
 Another line of evidence for implicit processes in recognition is that hip-
pocampus, a structure intimately related to episodic memory encoding and 
explicit recollection (Blaxton & Theodore, 1997; Eldridge et al., 2000; Hen-
son et al., 1999; Knowlton & Squire, 1995; Levine et al., 1998; Scoville & 
Milner, 1954), also support implicit context memory in visual search (Chun 
& Phelps, 1999) and implicit change detection (Ryan et al., 2000) as shown 
in non-amnesic controls, but not in amnesic patients. In addition, hippocam-
pus seems to be involved in attention deployment (i.e., eye movements; Ryan 
et al., 2000; Summerfield, Lepsien, Gitelman, Mesulam & Nobre, 2006). 
Therefore, it seems reasonable to assume that the process preceding recollec-
tion (i.e., the cue and memory trace interaction) in recognition can be im-
plicit. More specifically, ecphory would constitute implicit hypothesis testing, 
in the sense that contextual memory guides attention and precedes explicit 
target detection in visual search (Chun & Jiang, 2003). The hypothesis might 
be conscious on this account, but the hypothesis does not entail explicit rec-
ollection about its object. Conscious recollection is not achieved until the 
hypothesis is confirmed. 

Approaches to investigate visual recognition

In order to investigate recognition processes with eye movement registering, 
the time window within which the recognition judgments evolved had to 
be sufficiently large to allow for several eye fixations. To this end, two major 
approaches were pursued; using complex stimuli with high stimulus-distrac-
tor similarity in episodic recognition tasks, or by fragmenting the objects in 
semantic identification tasks.

Perceptual reinstatement in episodic recognition. While rec-
ognition memory for highly distinct complex visual stimuli can be extremely 
fast and accurate (Potter & Faulconer, 1975; Shepard, 1967; Standing, Con-
ezio & Haber, 1970; Thorpe et al., 1996), recognition performance deterio-
rates once the target and distractor sets are sufficiently similar, perceptually 
or conceptually (Goldstein & Chance, 1970; Olsson & Poom, 2005). Hence, 
high target-distractor similarity should require more specific visual informa-
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tion in order to differentiate between new and old items. In order to do this, 
the system requires more information, which often has to be highly detailed. 
Considering that the fovea provides the acuity necessary to recover such detail, 
and the peripheral field of view does not, moving the eyes should constitute 
a reasonable way of increasing information in these situations. Specifically, 
explicit recollection should demand accurate perceptual reinstatement and 
hence involve eye movements directed to regions that were studied at the 
earlier event. Encouraging the participants to recollect the visual stimuli by 
having them introspect on their recognition judgments should increase infor-
mation sampling during recognition, and hence involve more eye movements. 
Therefore, high target-distractor sets were used in Studies 1 and 2 of this the-
sis, and participants were instructed to make Remember/Know judgments at 
recognition test.

Ambiguous object recognition. The second approach to investigat-
ing visual recognition was in the context of semantic, rather than episodic 
memory. Because semantic identification can be even faster than episodic rec-
ognition, the recognition task has to be made difficult in order for eye move-
ments to serve as a window on the recognition processes. In this case, task 
difficulty would be increased by reducing diagnostic visual features through 
fragmentation. For instance, fragmenting the object should create a higher 
demand for constraining the visual interpretation. Therefore, increased task 
difficulty should increase the involvement of prior knowledge in object iden-
tification (Kersten et al., 2004). This approach was employed in the third 
study of this thesis. 

The diagnostic features are rather well defined in object identification. 
Consequently, eye movement deployment should be aligned with those fea-
tures prior to explicit object recognition. When the observer is testing the 
right hypothesis about the visual content, it should be reflected in systematic 
inspection of the object prior to explicit recognition. Specifically, the scan 
pattern prior to explicit recognition should resemble that elicited after explicit 
recognition, in object search and inspection. The general logic of this ap-
proach is similar to that for episodic recognition; instead of reconstructing the 
perceptual experience from a prior event (i.e., episodic memory) by guiding 
the eyes towards diagnostic regions, the eyes are now guided by general object 
class memory (i.e., semantic memory). Furthermore, if semantic memory in-
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fluences gaze control, specifying the object identity at a non-visual level (i.e., 
verbally) before the identification task should facilitate object recognition and 
eye guidance by limiting the object interpretation alternatives. 

GENERAL METHODS

The general approach to investigating visual recognition memory in this thesis 
was by registering eye movements. Eye movement registering and eye move-
ment data analysis are therefore discussed in the subsequent sections.

Eye movement registering

All the empirical studies of this thesis employed eye movement registering. 
The system used was an Eyelink I (SR research ltd.) eye tracker. It utilizes cor-
neal reflection to register eye movements. Specifically, the eyes are illuminated 
with Infra Red (IR) diodes positioned on a head-mounted arm. The corneal 
reflection (first Purkinje image) is registered with video cameras. An image 
processing algorithm determines the pupil and reflection distance. Because the 
reflection remains fairly constant under eye movements, it serves as an anchor 
point for determining the eye movement trajectory (as indicated by pupil mo-
tion). In order to determine fixation points in space, the system also includes 
a head camera directed towards four IR reference points positioned around 
the recording area (i.e., the computer screen). Head movements can then be 
taken into account when calculating point of regard on the screen. Despite 
the head camera, head motion still introduces registering error. Therefore, a 
chin rest was used to minimize head movements in all experiments reported 
in this thesis. The spatial accuracy of the system was around .5 degrees of the 
visual field, and eye movement events were sampled at 250Hz. 

Eye movement consistency

A central dependent measure in the studies of this thesis was eye movement 
consistency. However, different theories of recognition memory would sug-
gest different measures of consistency to reflect recognition performance.
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Following Loftus’ (1976) account, only the reinstatement of a salient subset 
of the scene regions should be related to recognition memory. In other words, 
recognition is successful insofar as discriminative scene features are reinstated 
at test. This account makes no assumptions regarding sequential reinstatement. 
Instead, consistency should be reflected in the reinstatement of a limited set 
of studied regions. Such an overlap could be expressed (in a recognition test) 
by the proportion of test fixations in regions fixated during the study event, 
irrespective of how many different study-areas are refixated (see example in 
Figure 1). Furthermore, if recognition entails hypothesis testing by moving 
the eyes to diagnostic regions, only encoded regions would provide guidance. 
In addition, some previously fixated content might have been forgotten. Re-
fixating forgotten regions would not provide retrieval support. Therefore, not 
all previously fixated regions would provide retrieval support. This account of 
eye movement consistency and recognition memory was tested by calculat-
ing the number of test fixations within 2° of any study fixation, producing 
the number of refixations. Number of refixations was then normalized with 
respect to number of test fixations, hence producing the overall proportion 
of refixations. Thresholding to the central 2° emphasizes the importance of 
focal vision in recognition, which was motivated by the steep decline in visual 
accuracy towards the periphery (Bouma 1970; Hochberg, 1964) as outlined 
in the discussions above.
 Another reasonable view is that retrieval cues are accumulated across fixa-
tions to different regions (Deco & Schürmann, 2000). Insofar as the scene 
representation is based on content and spatial relations between scene regions, 
recognition should be a function of accumulated evidence during test, and 
hence number of different areas refixated should be more indicative of rec-
ognition memory than total number of test refixations. Therefore, we also 
calculated a consistency measure based on the proportion of unique regions re-
fixated, in which a given test refixation of a specific study region was counted 
only the first time (and the remaining refixations of that region were excluded 
from the analysis). In order to investigate the degree of different study regions 
refixated during test, the study fixation data were first clustered using a nearest 
neighbour cluster algorithm, constrained not to cluster study fixations further 
than two degrees apart. Clustering study fixations to regions of interest made 
the measure more sensitive to refixations of different regions. For instance, if 
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Figure 1. Green dots reflect five hypothetical study fixations, and green ar-
rows indicate their sequential order (i.e., ABCDE). The radius of each green 
dot approximates 2° of the visual field in experimental conditions used in 
the thesis. Red dots indicate three hypothetical test fixations and their se-
quential order is indicated by red arrows. This example would have an over-
all proportion of refixations = 1.0, because all test fixations were within 2° 
of a study fixation. The unique proportion of refixations in this case would 
be = .67, because only two different study regions were refixated by the 
three test fixations. Finally, the string edit cost in this example would be one 
because it would take one operation to change the first or the last fixation 
of the test sequence into a fixation consistent with the study sequence (e.g., 
changing B:C:B into B:C:D). This would produce a levenshtein distance of 
.33, because there were three test fixations. Picture adapted and reprintedPicture adapted and reprinted 
with permission by artist Jane Wooster Scott.
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no clustering was made, two test fixations directed to almost the same region, 
might produce two study refixations, if there are two different study fixations 
close to each other, but each somewhat closer to different test fixations (albeit 
still within two degrees). Number of study regions receiving at least one test 
fixation within two degrees was summed and the sum was then normalized 
with number of test fixations. With four test fixations and a unique refixation 
value of 1, all test fixations would be within two degrees of different study 
fixation clusters.
 Finally, following Noton and Stark’s (1971a, 1971b) scanpath hypothesis, 
a sequential reinstatement should be associated with recognition performance. 
As noted earlier, if scene memory is based on the combination of sensory and 
motor information obtained during encoding, its sequential reinstatement 
should be related to scene recognition. Furthermore, sequential reinstatement 
would also be consistent with Koler’s view that “Recognition is achieved by 
virtue of the correlation between the operations carried out on two encoun-
ters with a stimulus event. The more similar the operations, the readier the 
recognition” (Kolers, 1973, p. 348). 

Comparing sequential patterns of fixations (which represents spatial in-
formation) is very difficult, but one rather straight forward method is string 
editing. However, this method is limited to one-dimensional data (e.g., let-
ter strings), therefore, the spatial information has to be compressed to one 
dimension. Reducing spatial information (i.e., 2-D) to one dimension of in-
formation might be a straight forward task when regions of interest are rather 
well defined as in face perception (e.g., eyes, nose, mouth and so on). How-
ever, in scene perception, that kind of assignment is more difficult, because 
scenes might not be unambiguously parsed into regions of interest. Therefore, 
additional methods are necessary to compress the 2-D data into a single di-
mension of regions. The current approach was to cluster the fixation data 
with non-hierarchical clustering methods. There are no optimal clustering 
methods, so data might be spuriously assigned to regions when using cluster-
ing algorithms and different algorithms might come up with different clusters 
for the same data set. In order to assess whether natural regions of interest 
could be assumed in a set of stimuli, several different clustering algorithms 
can be implemented and cross validated. If several different clustering algo-
rithms produce similar cluster solutions, it would suggest that the there are 
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natural regions of interest in the stimulus. Therefore, four different clustering 
algorithms were implemented from Johnson and Wicherin (2002); the single 
linkage (also called nearest neighbour), complete linkage (also called furthest 
neighbour), average linkage and Ward clustering algorithms. The first three 
algorithms were constrained in cluster assignment by a two degree criteria 
(i.e., 40 pxl. in the experimental conditions, see also Althoff 1998; Althoff 
& Cohen 1999) whereas the Ward algorithm had a constraint of 800 error 
of sums of squares, to emulate a similar criteria. Such criteria are necessary 
to stop assignment by the algorithm. According to Johnson and Wicherin 
(2002), all these algorithms are known to be robust against the inversion 
problem of clustering; i.e., that one observation might be reassigned to new 
clusters over iterations. This way, each fixation was described by a nominal 
cluster value (e.g., region B), and each sequence of eye movements (i.e., data 
from one specific trial) could be reflected in a string of nominal cluster values 
(e.g., B;C;B, see Figure 1).

Finally, the resulting strings were compared and the string edit cost was 
calculated. String editing was based on three different basic operations; inser-
tion, deletion and substitution (Brandt & Stark, 1997; Duda, Hart & Stork, 
2001). Because the strings were of different length, all permutations of ini-
tiation position for the comparison procedure were tested (i.e., the shorter 
string was shifted over the longer string, this operation was not reflected in 
edit cost). The lowest edit cost for transforming one string into the other was 
assessed and normalized with respect to the string length of the shortest string, 
which produces the Levenshtein distance.

Following Brandt’s and Stark’s (1996) method, consecutive fixations in 
the same region were aggregated into gazes before the string edit calculation. 
Cluster assignment for different cluster algorithms underlying the calculation 
were compared on data from 24 participants viewing complex scenes (i.e., the 
study phase data from Experiment 1 in Study 2). Levenshtein distance was 
essentially unaffected by underlying clustering algorithm as the correlation 
between the levenshtein distance obtained from the different clustering algo-
rithms was at least r < .98, p < . 01. Reported values in the empirical section 
below were based on the nearest neighbour algorithm.

Collectively, the different measures are hierarchically interrelated so that 
high sequential consistency entails a high proportion of unique refixations, 
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which in turn entails a high overall proportion of test refixations. Therefore, 
the sequential contribution to recognition performance could be assessed 
above the contribution of spatial overlap by statistically eliminating the ex-
planation offered by spatial overlap. If sequential overlap provides additional 
information above the fact that it entails reinstatement of fixated regions, 
then the levenshtein distance should still differentiate recognition perform-
ance when unique proportion of refixations is entered as a covariate. The same 
line of reasoning would hold for assessing the explanatory power offered by 
unique refixations above the overall proportion of refixations. 

RESEARCH OBJECTIVES AND HYPOTHESES

The primary research objectives of this thesis were:

1.  To establish a functional relationship between recognition mem-
ory and gaze control. Earlier studies remain inconclusive to the 
role of eye movements2 in recognition memory and this relation-
ship constitutes a prerequisite to the more specific objectives 
of this thesis. The functional relationship between recognition 
memory and gaze control was tested by restricting eye move-
ments in recognition tests. If eye movements are functional in 
visual recognition memory, restricting them should impair rec-
ognition performance. This hypothesis was tested in Study 1.

2.  To assess whether perceptual reinstatement is reflected in levels of 
awareness in recognition. Specifically, retrieving the source of a 
memory should entail encoding details because retrieving a spe-
cific memory also involves discriminating between many similar 
memory traces, whereas recognizing something as familiar should 
involve less such discrimination. Therefore, explicit recollection 
should be associated with more accurate perceptual reinstatement 
than familiarity based recognition. Recollective experience was 
assessed by employing the Remember/Know method, and relat-
ing eye movement consistency to recognition judgments. Recol-



�� ��

lection (as indicated by Remember responses) was assumed to 
involve greater eye movement consistency than familiarity based 
recognition (as indicated by Know responses) and false rejections. 
This hypothesis was addressed in Study 1 and Study 2.

3.  To assess the causal role of recognition memory on gaze con-
trol. Specifically, is reinstatement during recognition incidental 
to being in the same state and carrying out the same tasks as 
during encoding, or is reinstatement an active, predictive and 
reconstructive process directed by memory traces in a hypothesis 
testing fashion. The causal direction between reconstruction and 
recognition memory was tested by manipulating participants’ ex-
pectations prior to visual recognition tasks. Valid expectations 
should produce more consistent eye movements during recog-
nition, if a memory trace guides the eyes. This hypothesis was 
tested in Study 2. Furthermore, accurate semantic information 
should influence eye movements in recognition insofar as seman-
tic memory affects gaze control in recognition. This hypothesis 
was tested in Study 3.

4.  To investigate whether declarative memory is involved in gaze 
control prior to explicit recognition. On a hypothesis testing 
account of visual recognition, eye movements might be guided 
by memory before we become aware of an object’s identity. To 
elucidate the role of memory in object recognition prior to ex-
plicit recognition, fragmented objects were used in Study 3. Frag-
mented objects produce a very rapid transition from unawareness 
to awareness about their identity. If eye movements preceding 
explicit identification are aligned on the object in the same way 
as following explicit object identification, one would assume that 
eye movements were directed by implicit object memory. This 
would particularly be the case if the preceding eye movements 
were affected by prior semantic knowledge. 
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EMPIRICAL STUDIES

Study 1: Gaze control and recollective experience in 
face recognition

In order to assess the functional role of gaze control in face recognition, eye 
movements were registered during study and test in two experiments. Limit-
ed effects in earlier studies relating eye movements to visual memory might be 
due to assessment of overall recognition instead of its components of explicit 
recollection and familiarity, respectively. Therefore, the Remember/Know 
procedure was applied. Loftus (1972, 1981) suggested that active overt ex-
ploration of the scene should be important for scene encoding and hence sub-
sequent recognition performance. To test this assumption, eye movements 
were eliminated during study, test or both in Experiment 1, by instructing the 
participants to keep their eyes fixated in the middle of the stimulus faces. Spe-
cifically, we reasoned that elimination of eye movements during either study 
or test would reduce levels of explicit recollection as measured by Remember 
responses. In Experiment 2, we assessed whether perceptual reinstatement 
across study and test is reflected in recognition judgments, by comparing the 
consistency of eye movements. 

Faces constitute a special visual category in that people in general dem-
onstrate expertise effects in face processing (Diamond & Carey, 1986; Yin, 
1969). Specifically, this expertise is considered to emanate from holistic (Fa-
rah, Tanaka & Drain, 1995) or configural (Searcy & Bartlett, 1996) process-
ing. From this perspective, face processing is characterized by simultane-
ous processing of the relationship between facial components. Configural 
processing might constitute a powerful mechanism in distinguishing items 
and should hence be related to explicit recollection. One way of manipulating 
configural processing is by inverting the faces. In order to investigate whether 
configural information support explicit recollection, half of the faces in Ex-
periment 1 were presented upside down during study.

Eye movement occlusion and face inversion produced a tendency for re-
duced overall recognition. When analyzed in its specific components of recol-
lection and familiarity, explicit recollection as measured by frequency of Re-
member responses (F(3, 38) = 3.90, MSE = .06, p < .02), but not familiarity 
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based recognition (i.e., Know responses), was affected by inversion and eye 
movement occlusion.

In Experiment 2, participants freely inspected faces during study and test. 
Eye movement consistency across study and test was assumed to reflect differ-
ences in recollective experience. Specifically, consistency between study and 
test in terms of eye movements was assumed to characterize explicit recollec-
tion rather than familiarity.

Eye movement consistency across study and test was assessed with the 
proportion of refixations. One might assume that only eye movements prior 
to explicit recognition would be related to the recognition task. Therefore, 
only fixations prior to recognition judgment should be indicative of recogni-
tion processes. However, reaction times were not registered in Experiment 2, 
making it impossible to assess when explicit identification occurred. In order 
to compensate for this methodological limitation, eye movement consistency 
was analyzed as a function of test fixation index. To this end, the first ten test 
fixations were aggregated into three bins, indexed 1-3. One might assume 
that relatively early test fixations should be more indicative of recognition 
performance than later test fixations, because most participants would not 
yet have made their recognition judgment at an early stage. Indeed, the re-
fixation measure yielded a significant effect as indicated by a 2(study condi-
tion) x 2(response type) x 3(fixation index) repeated measures ANOVA. The 
analysis showed a significant interaction between fixation index and response 
type, F(1.45, 24.6) = 4.89, MSE = .020, p = .025. Specifically, the difference 
between response types was elevated at index 2 (see Figure 2).
 Together, these findings suggest that explicit recollection of faces is sup-
ported by active overt investigation mediated by gaze control (Experiment 1). 
Furthermore, eye movements provide access to diagnostic face details, which 
constitute efficient retrieval cues, as illustrated by the elevated study test con-
sistency associated with Remember responses in Experiment 2. 

Whereas Experiment 1 showed that eye movements contribute to episodic 
memory, an alternative interpretation is that the instruction not to move the 
eyes was confounded by increased attentional demand not present in the free 
viewing condition. Specifically, considering that visual stimulus might influ-
ence eye movements in a bottom-up, exogenous fashion (Trappenberg, Dor-
ris, Munoz & Klein, 2001), these overt responses would have to be inhibited 
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under the fixed condition and such inhibition in turn constitutes a working 
memory load. Furthermore, visual processing is naturally conducted in the 
context of active eye movements. Therefore, it might be improper to general-
ize the role of active vision in recognition memory beyond the experimental 
situations with limited eye movements.

In Experiment 2, Remember responses were associated with a higher con-
sistency between study and test, as measured by proportion of refixations. 
However, it is impossible to say whether the refixations proceeded or succeed-
ed explicit recollection, because it was not known at what time recollection 
occurred. Considering that the effect was present relatively early in test (i.e., 
after around four test fixations, see Figure 2) it seems likely that the refixa-
tions preceded recollection.
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Figure 2. Overall proportion of refixations as a function of test fixation in-
dex. Index 1 = testfixations 1-3, Index 2 = 4-6, Index 3 = 7-10.
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Study 2: Memory for scenes: Refixations reflect 
retrieval

The aim of this study was to corroborate and extend the findings of Study 1 
by assessing the relation between perceptual reinstatement and episodic rec-
ognition memory. Study 1 indicated that eye movement consistency is related 
to recognition memory, but its methodological limitations (particularly lack 
of reaction time registering) prevented strong interpretations of this finding. 
To remedy methodological concerns, Study 2 included reaction time register-
ing. Furthermore, number of fixations during study was controlled by a gaze 
contingent paradigm, constraining the number of study fixations. Study 2 
also investigated the causal influence of episodic scene memory on gaze con-
trol. Specifically, Study 2 investigated whether reinstatement during recogni-
tion is incidental to being in the same state and carrying out the same tasks 
as during encoding, or whether reinstatement can be an active, predictive 

Figure 3. Overall proportion of refixations as a function of response type 
(Exp. 1-2) and test condition (Exp. 3). Statistical significance indicated by * p 
< .05. Error bars indicate standard errors of the mean (SEM).
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and reconstructive process directed by memory traces in a hypothesis test-
ing fashion. To this end, eye movements were monitored in three scene rec-
ognition experiments. In Experiment 1, participants viewed complex scenes, 
while number of study fixations was controlled by using a gaze-contingent 
paradigm. Earlier studies (Loftus, 1972; 1981) suggested that number of 
fixations (rather than exposure time) is related to scene recognition perform-
ance. Therefore, number of fixations was controlled during study to eliminate 
the potential confound of fixation differences on recognition performance. 
At test, participants made Remember/Know judgments for each recognized 
scene. Three measures of eye movement consistency were assessed; sequential 
consistency as indicated by the levenshtein distance, the unique proportion 
of refixations and the overall proportion of refixations. Only overall propor-
tion of refixations reliably differentiated between recognition judgments (see 
Figure 3), F(2,28) = 3.43, MSE = .009, p = .046. Specifically, proportion of 
refixations was higher for Remember responses than false rejections, F(1,14) 
= 7.94, MSE = .015, p = .014. 
 Although the results of Experiment 1 suggested that eye movement con-
sistency is related to scene recognition, it remained unclear whether this con-
sistency could be attributed to episodic memory or idiosyncratic scene prefer-
ences consistent across scene repetitions (Mannan et al., 1997). For instance, 
a participant might have been inclined to direct his gaze towards the flowers in 
every picture, and hence increase the amount of refixations. Such idiosyncra-
sies might reduce the amount of variability left to be associated with episodic 
memory. In Experiment 2, effects of stimulus saliency were minimized by 
directing participants’ eye movements during study. Specifically, participants 
were instructed to follow a moving dot with their eyes (see Hollingworth, 
2004), as the dot moved between five different locations in the stimulus scene. 
At test, participants moved their eyes freely and made Remember/Know judg-
ments for each recognized stimulus scene. All three measures of consistency 
significantly differentiated between recognition judgments; all F(2, 30) > 8, 
MSE < .007, p < .001. Specifically, Remember responses were associated with 
more consistent study-test fixations than false rejections and know responses 
(see Figure 3). In order to assess the sequential contribution above that ex-
plained by spatial overlap, unique proportion of refixations was entered as a 
covariate to the levenshtein distance. This analysis failed to reach statistical 
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significance, F(2, 28) = 1.74, MSE = .0036, p > .19. Furthermore, when pro-
portion of refixations was entered as a covariate to the unique proportion of 
refixations, the analysis did not reach statistical significance, F < 1. 

A potential problem with Experiments 1 and 2 is that the instructions for 
the Remember response might have biased participants to base their responses 
on specific scene details which would hence increase the amount of refixations 
related to those responses. In Experiment 3, we examined gaze consistency 
and its causal relation to scene recognition by using an alternative strategy. 
Episodic information might contribute to reconstructive retrieval operations 
by guiding eye movements towards diagnostic regions of the test scene. Specifi-
cally, prior information about what scene to expect should reactivate some of 
the scene information encoded during the earlier study phase. If this episodic 
event information has a causal effect on gaze control, valid expectations should 
produce a higher degree of eye movement reinstatement than invalid expecta-
tions. In Experiment 3, we examined the causal role of gaze consistency on 
retrieval by manipulating participants’ expectations during recognition. After 
studying name and scene pairs, each test scene was preceded by the same or 
different name as during study. All consistency measures indicated that that 
valid expectations produced significantly more consistent eye movements at 
test; all t > 2.4, p < .03. However, when unique proportion of refixations was 
entered as a covariate to the levenshtein distance, there was no effect of se-
quential overlap left, F(1, 22) = 1.39, MSE = .006, p = .25. In addition, when 
proportion of refixations was entered as a covariate to unique proportion of 
refixations, there was no significant effect of spatial overlap; F < 1. 

Taken together, these findings suggest that explicit recollection is a func-
tion of perceptual reconstruction and that event memory influences gaze con-
trol in this active reconstruction process. Specifically, overall proportion of 
refixations yielded significant effects of recognition judgments (Experiments 
1 & 2) as well as scene expectation, whereas the other measures of consistency 
did not contribute any additional explanation to the variance. It seems like a 
very simple model of reconstruction is sufficient to account for the recogni-
tion performance in visual recognition. Specifically, it seems like we represent 
scenes in terms of overall gist and a few details. Reinstating those details sup-
port scene recollection.
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Study 3: Looking as if you know: Implicit identification 
guides the eyes in object recognition

The primary aim of this study was to investigate whether top-down processes 
in general, and declarative memory in particular, is involved in gaze control 
prior to explicit recognition. In other words, Study 3 investigated whether 
implicit recognition guides the eyes to diagnostic regions prior to explicit rec-
ognition. As outlined in the introduction of this thesis, hypothesis testing 
in recognition might be an unconscious process. Furthermore, if hypothesis 
testing is essential to recognition, information sampling during recognition 
attempts should be affected by semantic information about the target. In 
other words, declarative memory should influence information sampling. 

Earlier studies suggest that object recognition can be completed within 100-
200ms (Potter & Faulconer, 1975; Thorpe et al., 1996). This seems to imply 
that attention and recognition coincides, because recognition is literally solved 
within a single glance. Indeed, Grill-Spector and Kanwisher (2005) suggested 
that detection and identification are parts of the same process. However, these 
studies used rather unambiguous stimuli which would have facilitated rec-
ognition, and therefore might have confounded detection with recognition 
because the stimulus material was not sufficient to reflect the process involved 
in recognition. Instead one might assume that more ambiguous objects (for 
instance revealing fewer features by being embedded in complex backgrounds) 
would extend the processing demand and hence increase the time window 
within which recognition takes place. Specifically, increasing this time window 
to several seconds would constitute sufficient time for investigating the recog-
nition process with eye movement registering. Therefore, fragmented pictures 
of objects were used in two object recognition experiments (see top of Figure 
4). If attentive visual inspection precedes awareness of the object, this should 
be reflected in an increased probability of object fixation prior to conscious 
object recognition. Specifically, object recognition might be a function of im-
plicit inference (Helmholtz, 1910) involving predictive information sampling 
(c.f., Deco & Schürman, 2000; Friston, 2003) prior to explicit identification. 
If recognition is a function of confirmed predictions, then fixations preceding 
object recognition should look like the scan pattern following object recogni-
tion, because they were guided by the same hypothesis.
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Figure 4. The three stimulus pictures on top are overlaid with aggregated 
fixations from the ten participants who identified this particular item. Fixa-
tions are indicated by dots, with an equal number of fixations in each pic-
ture. The yellow and red outlines define the target and control regions, re-
spectively. Picture A illustrates fixations 16 to 9 before target identification. 
Picture B illustrates the 8 to 1 fixations preceding target identification, and 
picture C illustrates the 0 to 7 fixations following target identification. The 
graph illustrates target and control region fixation probability as a function 
of fixation index. Data is synchronized around identification (fixation index 
= 0). Error bars indicate SEM.
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In Experiment 1, participants identified fragmented pictures of animals 
while their eye movements were registered. Participants preferred to look at 
the target rather than a spatial control region in the opposite part of the 
stimulus even 25 fixations prior to explicit object identification (see Figure 
4). Furthermore, the final set of consecutive object fixations (i.e., last gaze) 
limited to the object prior to explicit recognition consisted of 9.2 fixations 
on average. The findings show that top-down attention is deployed to the 
object long before explicit recognition. This finding is consistent with a hy-
pothesis testing mechanism in visual recognition. However, it remains unclear 
whether this effect was due to complex visual characteristics attracting gaze, 
or whether it reflects the involvement of semantic memory.
 In Experiment 2 we investigated whether eye movements might be guided 
by semantic memory, rather than just perceptual saliency. To this end, partici-
pants were given verbal target cues of different levels of specificity prior to the 
recognition task. Prior to each stimulus picture, a cue was presented which 
specified the forthcoming object at the basic category level (e.g., monkey) or 
its superordinate level (e.g., animal). Participants altered their search behavior 
as a function of prior target knowledge. Specifically, participants obtained 
a more meticulous scanning strategy following less specific cues, suggesting 
that participants adapted to their identification sensitivity. For instance, first 
gaze towards the control region involved 2.46 fixations in the basic condition 
and 2.91 fixations in the superordinate condition, t(14) = 2.88, p = .012. 
Similarly, the final gaze on the object prior to recognition was 5.49 and 9.12 
fixations in the basic and superordinate conditions, respectively. The differ-
ence in number of fixations was statistically reliable, t(14) = 4.08, p < .001. 
The difference in search behavior might reflect a difference in use of semantic 
memory. For instance, when the basic level category was provided visual inter-
pretations would be more constrained. Instead, when only the superordinate 
category was provided, the domain of potential interpretations was greater, 
and retrieval of semantic categories to fit the visual information would have 
been more extensive. 

Collectively, explicit recognition seems to be preceded by implicit target 
detection, and semantic memory influences how information is sampled dur-
ing this unaware period. Therefore, one might assume that explicit recogni-
tion is preceded by implicit (i.e., tentative but unaware) object recognition.
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GENERAL DISCUSSION

The three studies presented in this thesis investigated the relation between 
visual recognition memory and gaze control. Overall, the studies showed that 
eye movements are functional in visual recognition. Restricting eye move-
ments during study, test or both, reduced explicit recollection (as indicated by 
reduced Remember responses) of faces (Experiment 1, study 1). This finding 
corroborates that of Henderson et al. (2005)2 and is similar to earlier studies 
showing that active interaction with objects during study facilitates subse-
quent recognition of those objects (Harman, Humphrey & Goodale, 1999). 

Eye movement consistency across study and test is related to levels of 
awareness in both face (Study 1) and scene (Study 2) recognition. Specifically, 
explicit recollections (as indicated by Remember responses) were related to 
higher consistency than familiarity based recognition (as indicated by Know 
responses) and false rejections. Consistency in this case would refer to the 
overall proportion of refixations. Contrary to overall proportion of refixations, 
neither sequential reinstatement nor unique proportion of refixations contrib-
uted additional differentiation between recognition judgments, once control 
for unique proportion and overall proportion of refixations was obtained, re-
spectively (Study 2). If explicit recognition is based on confirming the pres-
ence of a limited set of details, the overall proportion of refixations would be 
a more sensitive measure of recognition performance than the unique propor-
tion of refixations, which emphasizes overall scan pattern similarity. It seems 
that visual recognition, at least for complex scenes, is related to confirmation 
of a limited set of scene details, rather than reconstructing the entire percep-
tual impression from the study event. This view is much in line with Loftus’ 
suggestion (1972, 1976, 1981) regarding scene memory and the impact of 
salient details in recognition. In addition, it seems likely that we only encode 
a limited set of details (i.e., only a subset of study fixations produces last-
ing memories) because the alternative would be an untenably vast memory 
capacity. Therefore, only refixations of encoded regions (i.e., a limited set of 
regions) should provide retrieval support. One implication of this suggestion 
would be that false memories should be induced, if encoded details are rein-
stated at test, together with similar contexts including new details. Indeed, 
similar findings have been reported in change blindness studies, where al-
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tered details (even very large ones) go unnoticed (Rensink, O’Regan & Clark, 
1997). Specifically, changes remain undetected unless they were fixated prior 
to the change (Hollingworth & Henderson, 2002).

Remember responses were generally related to a higher study-test consist-
ency in terms of eye fixations, compared to Know responses and false rejec-
tions. Equating recollection with Remember responses and familiarity with 
Know responses might be controversial at this stage (see Wixted, 2006 for a 
discussion), but the pattern of results at least show that accuracy of reinstate-
ment is related to the nature of recollective experience in recognition. Fur-
thermore, Remember responses seem to reflect the output of source memory, 
because source memory and Remember responses are similarly affected by 
experimental manipulations and rely on similar brain structures (Cansino, 
Maquet, Dolan & Rugg, 2002; Eldridge et al., 2000; Henson et al., 1999; 
Ranganath, Johnson & D’Esposito, 2000). An alternative explanation to the 
dual components view on recognition memory is that only one dimension of 
trace strength underlies recognition. On this account, Remember responses 
reflect more conservative judgments than Know responses. Correspondingly, 
Remember responses are generally made with higher confidence than Know 
responses. If Remember responses really reflect the output of a different 
process than that involved in Know judgments, one might assume that eye 
movement consistency should differentiate between Remember and Know 
responses, even under comparable levels of confidence.

Although eye movement consistency differentiated between recognition 
judgments in Study 1 and Study 2, refixations were neither necessary nor suf-
ficient to produce recollection. Sometimes, participants made Remember re-
sponses despite no refixations, and sometimes participants failed to recognize 
stimuli, despite several refixations. Whereas this result limits strong interpre-
tations of refixations as a principal mechanism in visual recognition, it should 
be emphasized that eye movements in general and refixations in particular 
were only assumed to reflect one way of reconstructing visual impressions. 
For instance, a person with a foveal scotoma might still identify objects, but 
certainly not with focal vision. Instead, such a person might rely on low spa-
tial frequency information from a large part of the periphery, or covertly at-
tend and hence visaully attenuate a limited peripheral region. However, even 
in foveal scotoma, the basic mechanism of hypothesis testing should hold, but 
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might not be reflected in refixations. 
Declarative memory seems to influence gaze control in a hypothesis testing 

fashion during recognition attempts. For instance, prior expectations about 
the forthcoming scene guided initial saccades towards previously studied re-
gions in the final experiment of Study 2. Furthermore, participants made 
very systematic inspections of the fragmented object prior to identification in 
Study 3. Specifically, the eye movements were so well aligned on the target that 
it seems possible that the participants’ eyes were guided by semantic memory 
when recovering the fragmented objects’ identities. In addition, prior knowl-
edge about object identity affected the general pattern of eye movements in 
the second experiment of study 3 so that diagnostic object information was 
sampled more efficiently. Taken together, these results suggest a causal influ-
ence of memory on eye guidance in visual recognition. In other words, visual 
recognition can be characterized by an iterative hypothesis testing process, in-
volving testing memory trace by guiding the eyes towards diagnostic regions.

Gaze control preceding explicit episodic (Studies 1-2) or semantic (Study 
3) recognition, seem to be implicit but memory driven. For instance, scene 
expectation affected subsequent gaze control in a predictive way even though 
overt scene identification was not indicated until participants had made at 
least three fixations. Furthermore, the rapid transition in subjective awareness 
of the object’s identity in Study 3 was preceded by several consecutive fixa-
tions on the object, suggesting that the visual system had identified the target 
before the participant became aware of its presence. Although the partici-
pants in both of these studies might have had explicitly formulated hypoth-
esis about what they were looking at, such hypothesis would not be the same 
thing as conscious recollection (Study 2) or awareness of identity (Study 3).

Implicit guidance in recognition is also consistent with contextual cueing 
effects found in visual search. In contextual cueing experiments, targets are 
found faster in search displays as a function of display repetition, despite the 
fact that participants do not explicitly recognize the displays (Chun & Jiang, 
1998, 2003; Chun & Phelps, 1999). It is assumed that implicit display mem-
ory facilitates search by guiding attention to the targets in these search tasks. 
If this implicit memory holds spatial information about the target, contextual 
cueing constitutes support for implicit attention (and reasonably eye-) guid-
ance preceding explicit detection. Furthermore, if scene recognition hinges 
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on confirmation of a limited set of diagnostic features, recognition might be 
conceived of as reconstruction driven by implicit memory, directing the eyes. 

Interestingly, contextual cueing seems to involve declarative memory rath-
er than procedural memory. For instance, patients with hippocampal dam-
age, a structure related to declarative rather than procedural memory (Cohen, 
Poldrack & Eichenbaum, 1997; Poldrack & Packard, 2003) are impaired in 
contextual cueing (Chun & Phelps, 1999). Furthermore, Ryan et al. (2000) 
found that amnesic patients did not direct their eyes towards scene regions 
which had been changed across presentations, whereas non-amnesic par-
ticipants did. Importantly, non-amnesic participants directed their gaze to 
changed regions, specifically when they did not explicitly detect the change. 
Therefore, implicit spatial memory, related to single instances (i.e., individual 
scenes in the case of Ryan et al., 2000) seem to influence eye guidance, and 
recruit the same brain structures as episodic memory. Indeed, Cohen and 
colleagues (Cohen et al., 1997; Cohen et al., 1999) conception of relational 
or declarative, rather than explicit, memory seems to be a more consistent 
explanation of the memory phenomena presented in this thesis. Specifically, 
Cohen and colleagues argued that declarative memory entails memory for 
relations between items, such as remembering where and when one met a 
person. Retrieval on this account is a function of reinstatement of associa-
tions. Such memories do not have to be reportable; whether explicit or not 
is secondary to the ability to form and retrieve the mentioned associations. 
It seems conceivable then that the eye movements preceding explicit recol-
lection reflect retrieval from relational memory, which subsequently guides 
the eyes. Furthermore, explicit recollection in this sense might be seen as a 
threshold function depending on the amount of confirmation, as indicated 
by e.g., perceptual reinstatement in terms of refixations.

Collectively, the findings presented in this thesis suggest that gaze control 
is an important component in the visual recognition process. Specifically, they 
suggest that recognition is characterized by hypothesis testing, where memory 
traces constitute the hypotheses driving the eyes towards diagnostic regions 
for confirmation. Perhaps, recognition in general is a function of confirmed 
predictions? Subsequently, I will develop some interpretations of the empiri-
cal findings in terms of general theories of recognition memory. I will advance 
the idea that recognition is a function of confirmed perceptual predictions.



�0 ��

Recognition as predictive coding

Helmhotz (1910) suggested that we do not immediately perceive things in 
the world; we only make sense out of sensory stimulation, by inducing that 
they convey information about the world. Therefore, perception is a recon-
structive process. Furthermore, Helmholtz view suggests that perception is 
the result of confirming a perceptual hypothesis, which is sometimes wrong, 
thus producing illusions: “…aller Schein entsteht durch vorschnelle unre-
flektierte Induktionen, bei denen wir aus früheren Fällen Schlüsse auf neue 
Fälle ziehen” (Helmholtz, 1910, p. 26)3. Considering again the highly vari-
able acuity across the visual field, it seems reasonable for a predictive visual 
system to involve effector control (i.e., gaze control) for accurate testing of 
perceptual predictions. 
 An extension of this reasoning would be that the visual system represents 
sensomotoric relationships. O’Regan (1992) even suggested that “seeing con-
stitutes an active process of probing the external environment as though it 
were a continuously available external memory”(p. 484). That is, the visual 
system (re)constructs visual perception as needed. Acting out our memories 
by guiding the sensomotoric system in a hypothesis testing way also deem-
phasize the demand for accurate visual representations; we only need the 
memory for how we interacted with the environment in order to recognize. 
Generally, veridical visual perception is a function of learning the contingen-
cies between light stimulation and its cause (see also Helmholtz, 1910). These 
contingencies also involve the perceptual consequences of moving the eyes. 
O’Regan summarized this view in “I only perceive a lack in my memory of 
what I had for breakfast when I ask myself the question which I can’t answer, 
as for example which way the jam jar was facing. Remembering requires an 
active interrogation of the past” (p. 472). A central tenet in this position is 
that active exploration is essential to perception. O’Regan stated that “our 
feeling of ‘seeing’ comes not from what is on the retina, but from the result 
of using the retina as a tool for probing the environment” (p. 472). “What 
we see is not what is on these (retinotopic) maps, but rather what schematic 
(semantic) representations we construct on the basis of what the maps signal.” 
(p. 473). This notion is consistent with Marcel’s (1983) view that conscious 
perception first recovers the semantic content, and only later perceptual de-
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tails. Specifically, perception recovers the functionally most important infor-
mation first. In O’Regan’s terms, this amounts to the information we enquire 
for. On O’Regans account, perception of a complete and information rich 
field of view is an illusion, created by the ease of access we have to peripheral 
information by moving our fovea to those locations.

According to O’Regan, one might conceive of visual memories not as 
faithful, metrically perfect models of the world, but rather as very informa-
tion dense representations, only holding the information necessary to re-
cover the former impression “within a glance”. Considering that the visual 
hierarchy reflects the visual world when stimulated, and that visual long 
term memories are highly abstract and dense representations (see also e.g., 
Intraub, 1999), then retrieval of visual memories entails a reconstructive 
process. Specifically, recollection would amount to successful recovery of the 
former impression, by top-down reactivation of sensory processes, which im-
plies successful reinstated effector guidance. This view is similar to Marcel’s 
(1983) suggestion that “a conscious percept is obtained by a constructive act 
of fitting a perceptual hypothesis to its sensory source” (p.245). This view 
is also supported by several brain imaging studies, showing that retrieval 
entails reactivation of sensory regions activated during encoding (Buckner, 
Wheeler & Sheridan, 2001; Nyberg, Habib, McIntosh & Tulving, 2000; 
Nyberg et al., 2001). 

Several experimental investigations support the view that scenes are 
represented schematically (Friedman, 1979; Intraub, 1999). Overt atten-
tion seems to be necessary for encoding and recognition of specific details 
(Hollingworth, 2006; Hollingworth & Henderson, 2002). Furthermore, 
those details might be the cues to the specific source of information, or in 
Kanwishers terms, the information necessary for tokenization (Kanwisher, 
1987, 1991). In a similar line of reasoning, conscious recollection might be 
a function of confirmed memory traces. On this account, conscious recol-
lection follows when a memory trace regarding a particular scene feature is 
confirmed by a fixation of the predicted feature. Furthermore, after a certain 
amount of confirmed hypotheses (the amount needed depending on e.g., 
prior object knowledge, see Experiment 2 in study 3), the identity of a frag-
mented object is recovered.

Recognition as predictive coding outlined above seems to emphasize at-



�� ��

tentive and hence controlled processes. In contrast, some studies suggest that 
recognition does not involve controlled processes, because divided attention 
does not always reduce recognition memory performance (Craik, Govoni, 
Naveh-Benjamin & Anderson, 1996). However, when the secondary task is 
constructed to recruit central executive resources and the study session em-
phasize deep encoding, recognition accuracy and response speed suffers with 
divided attention during recognition (Hicks & Marsh, 2000). Furthermore, 
several studies indicate that response deadline reduce recognition performance 
(Gardiner, Ramponi & Richardson-Klavehn, 1999; Jones & Jacoby, 2001), 
and that memory accuracy as well as reaction time are affected by dividing 
attention at recognition, although to a less extent than dividing attention at 
encoding (Craik et al., 1996). Speculatively, increased processing time would 
permit more iteration between sensory information and long term memory 
comparison and guidance. Therefore, it seems reasonable to conceive of rec-
ognition as involving controlled processes.

Perhaps visual processing recruit controlled processes by necessity? For in-
stance, Glenberg, Schroeder and Robertson (1998) suggested that we disen-
gage from visual processing under high executive load, because visual process-
ing inherently relies on controlled processes. Similarly, concurrent executive 
demand has a strong impact on eye movements, producing longer fixation 
durations and shorter saccades (Loftus, 1972; Recarte & Nunes, 2000). One 
implication of these findings would be that recollection for visual stimuli 
should suffer under divided attention during test, because gaze control and 
memory access is reduced. 

Although recognition tasks are often difficult and should involve top-down  
processing, it is yet conceivable that for certain conditions (i.e., unambigu-
ous conditions) visual recognition operates strictly bottom up. For instance, 
Hochstein and Ahissar (2002) suggested that bottom-up recognition hap-
pens in single feature search, such as when searching a yellow flower among 
red distractor flowers (producing target pop-out). Contrary to Marcel (1983) 
there is no need for a top-down recovery of information in order to produce 
conscious visual perception in single feature search. However, if target iden-
tification requires combining low level visual information (e.g., conjunction 
search), top-down recovery is necessary. In a similar vein, Jacoby and Craik 
(1979) suggested that recognition has an automatic component in the sense 
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that the stimulus itself influences how it is processed. In addition to this 
automatic process, a more elaborative, reconstructive retrieval takes place in 
intentional recognition “We assume that such further processing is a “boot-
strapping” operation with the creation of very general, plausible contexts oc-
curring first; if one such general context is associated with an increase in 
recognition familiarity, then the reconstructive operations will be refined in 
this direction until either full recognition occurs or the reconstructive efforts 
lead to no further increase in familiarity”(Jacoby & Craik, 1979, p. 7). From 
this perspective, the rememberer actively reinstates the memory event in a 
reconstructive manner, guided by information acquired over the course of the 
recognition task. This interactive view on recognition is also consistent with 
cascade models in speech perception, where preceding phonetic processing 
affects subsequent phonetic treatment (McClelland, 1986, 1991).

If hypothesis testing constitutes an essential mechanism of recognition, it 
must hold for other modalities than vision. It seems conceivable that a similar 
process might be involved in haptic recognition. Consider for instance the 
task of recognizing the contents of your front pocket. Just as the fovea is di-
rected to diagnostic regions for visual recognition, the fingertips should be di-
rected to diagnostic object features for confirmation. That is, on a predictive 
account of recognition, the fingers would explore the objects in a systematic, 
hypothesis testing fashion. 

Testing the predictive coding account

A theoretical way of determining whether predictive coding is necessary for 
recognition or not, would be to eliminate top-down modulation of perception, 
and investigate whether recognition performance prevails. According to Mar-
cels (1983) view, there could be no visual perception with eliminated top-down 
recovery. According to Hochstein and Ahissar (2002), recognition for simple 
features should prevail. Testing these accounts carries some practical prob-
lems though; for instance, there must be no prior expectations regarding the 
stimulus. Furthermore, top-down modulation must be completely eliminated, 
which seems difficult considering that top-down influence emanate from sev-
eral locations along the visual system, and project to several levels of the early 
visual cortical hierarchy. Earlier studies of visual search trying to establish the 
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role of attention in single feature versus conjunction search found that apply-
ing single TMS pulses over parietal cortex briefly after stimulus presentation 
affected conjunction search, but not single feature search (Ashbridge, Walsh & 
Cowey, 1997; Walsh, Ashbridge & Cowey, 1998). The general interpretation 
of this finding is that single feature search does not rely on top-down modula-
tion, whereas conjunction search does. However, endogenous attention might 
still be relevant in single feature search, because participants are always in-
formed beforehand about what to search for. Therefore, participants anticipate 
what they are going to find, and anticipation constitutes top-down modula-
tion. Increasing the number of hypotheses would be one way of addressing 
this problem. For instance, the participant would be informed to search either 
for a yellow target or a red target (rather than e.g., just a red target), before the 
search display is presented. If an increased number of hypotheses affect search 
performance in single feature search, it would constitute support for predictive 
coding as a necessary mechanism in visual recognition. Alternatively, if atten-
tion is not involved in single feature search, then performance should not be 
affected by the number of different expectations the participant might have. 
So far, it seems an open question whether all recognition involve top-down 
modulation or in Marcels (1983) terms, recovery.

The results presented in this thesis are insufficient to provide clear evi-
dence for a predictive account of recognition. For instance, the systematic 
inspection of the fragmented objects preceding explicit recognition in Study 
3 might just reflect hypothesis testing for gestalt characteristics such as good 
continuation between fragmented lines. In order to prove that predictive cod-
ing reflect declarative memory, stronger evidence is needed. One empirical 
test would be to remove the fragmented objects after the initiation of system-
atic scanning. If participants still showed signs of initiated identification, as 
indicated in e.g., a forced choice test, it would support the predictive coding 
position. 

Sequential consistency in terms of eye movements did not provide any 
additional explanation above that indicated by spatial consistency in Study 2. 
However, presenting people with static pictures and constraining their body 
movements might have underestimated the impact of sequential reinstate-
ment. Consider instead the more likely recognition task, where participants 
move around in an environment, as they decide whether they have been there 
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before or not. Or the somewhat more constrained example of inspecting an 
object while simultaneously interacting with it, as they decide whether the 
object is familiar. For these dynamic cases, the sequence of processing should 
constitute more efficient retrieval support. Correspondingly, one might as-
sume that sequential consistency should be closer related to recognition per-
formance in those cases. Even a short video cut should pose a more ecologi-
cally valid stimulus to address this general objection to the approach made in 
this thesis. Therefore, a future study might investigate how sequential consist-
ency is captured in visual memory. Specifically, when we move around and 
the events in the world unfold, they generally do so in a lawful and system-
atic way. This consistency should support memory retrieval in that the views 
passed by en route to a destination are a function of traveling that route. The 
initial views should elicit retrieval support for subsequent views by priming, 
i.e., eliciting expectations. 
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Footnotes

1.  The psychic activities that lead us to infer that there in front of us at a 
certain place there is a certain object of a certain character, are gener-
ally not conscious activities, but unconscious ones. In their result they 
are equivalent to a conclusion, to the extent that the observed action 
on our senses enables us to form an idea as to the possible cause of this 
action; although as a matter of fact, it is invariably simply the nervous 
stimulations that are perceived, that is, the actions, but never the exter-
nal objects themselves. (Eng. translation, Gregory, 1970, p. 30).

2.  It should be pointed out that Henderson, Williams and Falk (2005) 
addressed this question in a rather similar way as we did (i.e., study 1, 
Mäntylä & Holm, 2006), and with a similar outcome. The Hender-
son et al. study was however not available when our study was written, 
hence this redundancy in scientific investigation.

3.  All Illusions originate from precipitous, implicit inductions, in which 
we generalize from earlier cases to new ones (author’s translation). 


