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SUMMARYY AND DISCUSSION 
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Ass we engage in visual behaviours, like, for example, exploring a road map, our gaze is 
continuallyy moving about the visual image. Eye movements are necessary factors in visual 
perception,, as they bring relevant information to the high acuity region of the retina. Indeed, 
whenn we look at a road map the eyes typically move from one point to another in search of a 
specificspecific location on the map. Once this location is found, the eyes then saccade along a path 
thatt needs to be traced. Eye movements, however, also create a number of potential problems 
thatt the perceptual system must solve. For example, each eye movement sweeps the scene's 
projectionn across the retina, and thereby changes its representation in retinotopic areas of the 
visuall  cortex. Despite these changes, the scene appears stable. As introduced in chapter 1, 
visuall  attention is necessary for the selection and identification of an object, and in the 
guidancee of eye movements across the scene. Attention is also instrumental in the integration 
off  information during visual scanning. The present thesis provides new insights in the 
mechanismss of transsaccadic integration, and of visual attention. A curve tracing task was 
usedd to address a number of issues. First, how is information integrated across eye movements 
duringg such a contour grouping task, and what is the involvement of attention in transsaccadic 
integration?? Second, how do eye movements affect the retinotopic representation of an 
elongatedd curve in the primary visual cortex? Third, how are different cognitive operations 
suchh as visual search and curve tracing implemented in the visual cortex, and how are they 
coordinatedd in time? Fourth, how does attention shift from one object to another? And finally, 
whatt is the involvement of the frontal eye field during curve tracing. In the following section, 
II  will summarise the main findings and conclusions. I will conclude by discussing how the 
presentt findings might be applied in the context of reading a road map. 

7.1.. SUMMARY AND CONCLUSIONS 

Chapterss 2 and 3 
Thee studies described in chapters 2 and 3 investigated how information is integrated across 
eyee movements. Monkeys were trained to perform a curve tracing task by making a sequence 
off  two eye movements along a relevant, target curve. One or more distractor curves were also 
present,, and had to be ignored. During the first saccade. the course of the target curve could be 
changed.. By examining the influence of intrasaccadic stimulus changes on oculomotor 
performancee (chapter 2) and on neuronal responses (chapter 3), we determined the nature of 
thee information that is maintained across eye movements. The results from chapter 2 show that 
intrasaccadicc stimulus changes influence postsaccadic fixation times. These findings indicate 
thatt information from the presaccadic stimulus is maintained across a saccade and integrated 
withh postsaccadic information. We showed that transsaccadic integration during curve tracing 
iss based on attended information, since only changes that occur on the target curve influence 
postsaccadicc performance. Our results are consistent with theories that suggest that only 
attendedd objects are maintained in transsaccadic memory and integrated from one fixation to 
thee next. They further extend this notion by showing that transsaccadic memory may contain 
ann entire elongated object, rather than only the items located at the saccade goal. 
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Recordingss in the primary visual cortex also support this conjecture (chapter 3). The data 
showw that before a saccade is initiated, the entire target curve is labelled by an attentional 
responsee enhancement, even segments that are relevant to plan the second saccade. After the 
firstfirst saccade, the representation of the target curve is rapidly re-established. The early 
postsaccadicpostsaccadic attentional modulation thus provides direct evidence for the transfer of attended 
informationn across saccades; indeed, the postsaccadic responses reflect attentional processing 
off  information acquired during the previous fixation. We suggest that the fast restoration of 
attentionall  effects in area VI is probably mediated by feedback input from higher cortical 
areass that can rescue the objects' location and identity across saccades. We argue that this 
mechanismm is important for the integration of pre- and postsaccadic information in retinotopic 
coordinates.. During curve tracing, this would allow the subject to continue tracing after a 
saccade. . 

Chapterr 4 
Inn chapter 4, we investigated the neuronal implementation of a complex task, which requires 
visuall  search and curve tracing. The monkey had to trace a target curve presented along with a 
distractorr curve. In order to identify the location of the target curve, however, the monkey had 
firstt to find one of two colour markers positioned at the beginning of the each curve. We 
examinedd how these tasks are coordinated in time. While some theories hold that the processes 
requiredd to solve each task can take place simultaneously (Rumelhart, & McClelland, 1986), 
otherss claim that they occur serially (Miller, 1988; Newell, 1990). Both visual search and 
curvee tracing operations are implemented by an attentional enhancement of firing rate in area 
VI .. By measuring the time course of these attentional effects, we demonstrate that these tasks 
aree not solved in parallel. In other words, the attentional processes involved in visual search 
startt before those involved in curve tracing. Interestingly, however, the results show that these 
successivee attentional processes exhibit considerable temporal overlap, which argues against a 
strictlyy serial account for solving this complex task. We conclude that the temporal overlap 
betweenn different and successive attentional processes is important because it allows the 
transferr of information from one operation (search) to the next (tracing). 

Chapterr 5 
Inn chapter 5, we examined how visual attention shifts from one curve to another by recording 
inn area VI . The allocation of attention was manipulated by switching the identity of the target 
andd distractor curves during the course of a trial. This procedure requires that attention be 
directedd to a new target curve, while it is removed from a previously attended curve. The 
resultss show that attention operates by enhancing target information and by suppressing 
distractors.. Directing attention was associated with a rapid and strong enhancement of 
neuronall  responses to the newly attended curve, followed after 60 ms by a more gradual 
suppressionn of responses to the curve from which attention was removed. The difference in the 
timee course and magnitude of these attentional processes suggests that the selection of an 
objectt that suddenly becomes relevant occurs through a greater contribution of target 
facilitationn than of distractor suppression. 
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Chapterr 6 
Inn chapter 6, we studied the involvement of the frontal eye field (FEF) during curve tracing, 
andd compare the results to those previously obtained in area VI . We show that neuronal 
activityy in FEF reflects processes of visual selection as well as processes of oculomotor 
planning.. The discrimination between the target and distractor curve does not occur during the 
initiall  stimulus-evoked response. Instead, the response to the target curve is enhanced at a 
latencyy of 150 ms after the appearance of the stimulus, just as in area VI . This response 
modulationn is likely to reflect the allocation of attention to the target curve. These results are 
intriguingg because they show that the attentional response modulations at the output stages of 
thee cortex (area FEF) occur at latencies that are similar to those observed at the input stage of 
visuall  processing (area VI) . Whereas FEF appears to be involved in sensory-motor 
transformationn during a task that requires shifts of attention and eye movements, visual 
selectionn is carried out within a similar time course in widespread areas of the cerebral cortex. 

7.2.. How Do You GET FROM AMSTERDAM TO PARIS? 

Inn light of the present as well as previous work, we can now examine how a more elaborate 
andd natural task, like reading a road map, which involves tracing a path between two locations 
throughh a sequence of attention shifts and eye movements, is implemented in the brain. 

Imaginee the observer is looking at a road map, in order to determine the route from 
Amsterdamm to Paris (Fig. 1). Suppose that the first step is to search for the relevant arrival 
locationn on the map. Search is implemented in the brain by an enhancement of firing rate of 
neuronss that encode the attribute that is searched (e.g. Chelazzi et al., 1993, 1998, 2001). Once 
"Paris''' is found, it is also represented by an enhanced Firing rate of neurons that encode its 
locationn (Fig. 1A) (Motter, 1994a,b; Thompson et a!., 1996; Gottlieb et al., 1998; Bichot & 
Schall,, 1999; Sato et al., 2001). At a psychological level of description, labelling of the 
relevantt location by response enhancements corresponds to covert attentional selection (Cave 
&&  Bichot, 1999). Because eye movements are typically guided to the selected location (e.g. 
Hoffmann & Subramaniam, 1995; Kowler et al., 1995; Deubel & Schneider, 1996; McPeek et 
al.,, 1999), it is safe to assume that this location will be fixated, in order to improve visual 
resolution.. In our example, the observer puts his index finger on the attended location for 
futuree reference (Fig. IB). The location of the finger, which is easily retrieved, permits the 
removall  of the attentional label in order to reduce interference while the next task is carried 
out,, the search for "Amsterdam". Once its location is found, it is labelled by an enhancement 
off  neuronal responses and fixated (cross in Fig. 1C). As we have indicated in chapter 4, the 
attentionall  label at this location will provide a departure point for the subsequent curve tracing 
operationn in the direction of the index finger. 
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Mapp Search Pointing 

Searchh Curve tracing Saccade 

Tracingg a new path Saccade Curve tracing 

Figuree I Interpretation of a road map A. Visual search for the location of Paris This location is labelled by an 
attentionall  response enhancement (shading) B. The index finger points at the labelled location. C. Search for 
thee location of Amsterdam, whose location is labelled, and then fixated (cross). D. Curve tracing during this 
fixationn period The traced path is also labelled (thick trace) E. A saccade (arrow) is made in order to acquire a 
neww fixation position near the road intersection. F. The representation of the previousl) traced path is remapped 
afterr the saccade Tracing of a new path can start thereafter Here, the attentional label is removed from a 
sectionn of the previously traced path (grey) and applied to the new path. G. Saccade to a location close to 
anotherr intersection H. Curve tracing until the location of Paris is found 
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Curvee tracing starts by gradually spreading attention along collinear and connected line 
segmentss that are grouped together into a continuous path (Fig. ID) (Roelfsema et al., 2000; 
Scholtee et al., 2001; Houtkamp et al; 2003). We have shown in this thesis that such mental 
curvee tracing is reflected by an enhancement of neuronal responses to the traced curve (see 
also,, Roelfsema et al., 1998). When the tracing operation arrives at the road junction, a 
numberr of possibilities emerge. First, tracing may continue in the direction of Lille. Second, it 
mayy proceed in the direction of Brussels. Third, it may also proceed in both directions. At 
present,, we have no data about what happens in these situations. In our example, suppose that 
thee observer mentally traces the route through Brussels, but that the tracing operation stops at 
aa point where the route is obstructed. An efficient strategy to limit, and correct if required, the 
variouss interpretations concerning the direction of tracing, is to make a saccadic eye 
movementt to the location where the routes intersect, in order to improve visual resolution 
(arroww in Fig. IE). This eye movement does not challenge the labelling process, because the 
representationn of the traced curve is maintained in transsaccadic memory and remapped after 
thee eye movement, as discussed in earlier chapters. Note that the saccade might land on a 
specificc point on the traced curve, or it might even land near the curve. We believe that the 
landingg position of the saccade need not be precise, because the saccade target (i.e. the new 
fixationn position; cross in Fig. IE, F) is not taken as a starting point to continue tracing. 
Rather,, remapping of the spatial representation of the traced path in retinotopic coordinates 
afterr the saccade would serve as a reference to allow the observer to continue tracing. The 
findingss that attention is directed to relevant curve segments that are located after the endpoint 
off  the saccade, and that those segments are remapped after the saccade, support this notion 
(seee chapters 2 and 3). Note also that when the new fixation is acquired (cross in Fig. IE), the 
roadd section that was traced before the saccade (section between Amsterdam and the new 
fixationn position) is still represented by a response enhancement. However, we do not know at 
presentt whether this would really be the case or whether the representation of this section 
wouldd fade away after the saccade. Given that a few attended objects from previous fixations 
aree maintained in transsaccadic memory'along with the object-to-be-fixated (Hollingworth & 
Henderson.. 2001; Irwin & Zelinsky, 2002), leads us to favour the former interpretation. 

Afterr the saccade, in order to avoid the obstacle our observer starts tracing the route in the 
directionn of Lille. This implies that the attentional label has to be removed from the original 
roadd section and applied onto the new road section (Fig. IF). Such an operation involves 
directingg attention to the new selected path, and removing attention from the previously 
selectedd path. Physiologically, these processes do not occur simultaneously (see chapter 5). 
Thee attentional rate enhancement to the new path occurs before it is removed from the old one. 
Inn our example, based on the descriptions provided above, this new path is traced until another 
intersection,, followed by an eye movement (Fig. 1G). Finally, the continuation of this path 
leadingg to the index finger is mentally traced through covert attentional shifts, until the entire 
routee the Paris is labelled (Fig. IH). 

Inn conclusion, the example presented here outlines how a relatively complex task is 
achieved.. We focused mainly on the neuronal mechanisms of visual attention and 
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transsaccadicc integration. Placing visual perception and cognition in the context of a dynamic 

visuall  behaviour is an important approach in understanding the role of vision in a variety of 

taskss such as reading, searching and scene perception. 
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