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1. Introduction

Selective visual attention affects perception in that it controls the allocation of limited cognitive processing capacities, affects our ability to perceive, distinguish, and remember objects or features in the visual field.  Selective attention also affects motor control (i.e. saccades).  
Central issue about the role of attention in saccadic control: relationship between the selective filter that determines the effective target of a saccade and the attentional filter that serves perception.  “Does the same selective attentional filter that enhances perceptual processing also provide analogous signals to the saccade programming system, so that only information from the attended target determines the spatial parameters of the upcoming saccadic command? Or, alternatively, do saccades use a dedicated and independent filtering mechanism, one that has no links to perception?” (p. 1469).
Several dual-task studies have addressed this issue:

Previous results have not supported separate independent attentional filters for saccades and perception (e.g., Hoffman & Subramaniam, 1995; Kowler, et al., 1995; Deubel & Schneider, 1996).  These studies all found that identification of a target letter was more accurate at the intended goal of the saccade than elsewhere, implying that perceptual attention is allocated to the saccadic goal.
However, recent neurophysiological evidence has suggested a distinction between spatial attention and saccadic planning at the level of single neurons (Bisley & Goldberg, 2003; Murthy et al., 2001).

1.1  Saccadic sequences
Present study:  examined the links between attention and saccades executed as part of sequences of several eye movements, rather than as single eye movements programmed in isolation.  Because saccades executed as part of sequences may have different attentional requirements than saccades executed in isolation. Previous studies have shown that the latency of saccades in a sequence depends on both the number of targets in the sequence and on the ordinal position of the saccade within the sequence (Inhoff, 1986; Zingale & Kowler, 1987). “These findings imply that programs for the entire sequence can largely be prepared and stored in advance of sequence execution (Sternberg, Wright, Knoll, & Monsell, 1978). Such advance preparation may mean that allocating visual attention to the targets is important only before the execution of the entire sequence begins, when saccadic plans are prepared. Attention could become less relevant once the sequence is underway, when stored representations of the saccadic plans may contribute to the generation of each eye movement command.” (p. 1470).  Alternatively, if spatial parameters of saccades are not fully determined before the sequence, attention may be important.  The experiments in this paper will distinguish these possibilities.  
1.2 Outline of present study
“In the present experiments a visual task, contrast sensitivity for orientation discrimination, was used to infer patterns of the allocation of attention during the

execution of a sequence of saccades. Gabor patches with superimposed visual noise were presented briefly (91 ms) at various locations during randomly selected intersaccadic pauses while subject scanned in a triangular path around a display. Using relative contrast sensitivity as a measure of perceptual attention (e.g., Carrasco, Penpeci-Talgar, & Eckstein, 2000; Lu, Lesmes, & Dosher, 2002), it was possible to evaluate visual performance at: (1) the location that was target of the upcoming saccade, (2) locations that were targets of saccades subsequent to the very next one, and (3) locations that were non-targets. Comparison of performance at these locations with performance at equivalent locations during steady fixation will be used to evaluate the modulation in attention over space and time that accompanies the execution of sequences of saccades.” (p 1471).
2. Methods
2 participants: Jason & Sara- normal vision.

Eyetracking: right eye were recorded by a Generation IV SRI Double Purkinje Image Tracker (Crane & Steele, 1978).  Left eye was covered.
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Fig. 1. The sequence of frames. The first is the cue frame indicating starting fixation position (black cross, inside one of the boxes) and location of Gabor (small white square). Saccades to every other box began 100 ms after trial start. The Gabor+noise frames were presented during a randomly selected saccadic pause. The Gabor appeared superimposed on noise during the trial. The starting fixation position and Gabor location varied randomly on each trial. The boxes were 1_ on a side.

Dual Task:  Fixated the black cross before trial and pressed a button to start the trial.  A beep sounded to tell participants to start making saccades in sequence to every other box.  Subjects told to go at a steady pace and not to slow down.  The time of presentation of the Gabor was determined: after a random delay (0,150, 500, 1000 or 1500 ms relative to the signal to begin making saccades), a computer algorithm operating on incoming eye position data detected the occurrence of the next saccade. Then, sequence of seven critical frames (duration 91 ms) containing the interleaved noise and Gabor frames were presented at a randomly selected time, either about 10–20 ms after saccade offset (‘‘early’’) or 150 ms later(‘‘late’’). Subjects continued to scan the boxes for 3 seconds when the cue frame reappeared. The orientation report (right or left) was given by a button press. Feedback was presented after the response. The criterion for detecting the saccade on-line was determined empirically and verified by inspection and analysis of the recorded eye and stimulus traces.
Single Tasks:  Either did the saccade task or the Garbor-orientation discrimination task independently.
Results

Perceptual performance during steady fixation:  Is the orientation discrimination task sensitive to attention?

These thresholds will be baselines to compare to dual task.

[image: image2.emf]
Fig. 2. Contrast thresholds for orientation discrimination of the Gabor for two subjects during steady fixation in the presence and absence of cues indicating the location of the Gabor (SDs were about 20% of threshold). The gray level in each square corresponds to its threshold. The uppermost square represents the location of current fixation. In the experiment, fixation could have been at any of the six outline boxes when the Gabor was presented. Prior to any analysis, data were pooled across the different outline boxes and categorized according to the location of the Gabor relative to

the location of current fixation. This categorization was based on both the distance (measured in number of boxes) and the direction (clockwise or counterclockwise) of the Gabor relative to the current fixation position.

Saccadic performance

Subjects had no difficulty.
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Fig. 3. Sample eye traces (top: horizontal; bottom: vertical) during a trial. The series of Gabor/noise frames appeared either right after a saccade (Early) or after a 150 ms delay following saccade offset (Late). The middle trace is the event marker recording the start of the trial (at time¼0), the signal to begin scanning, and finally, the appearance of the frames containing the Gabor.

Perceptual performance during pauses between saccades

Thresholds higher in Fig. 4 than in Fig 2.
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Fig. 4. Contrast thresholds for orientation discrimination of the Gabor for two subjects during intersaccadic pauses (SDs were approximately 20% of threshold). Gabors appeared during a randomly selected intersaccadic pause. The gray level in each square corresponds to its threshold. The uppermost square represents the location of current fixation and the arrows show the directions of the next three saccades (counterclockwise). In the experiment, fixation could have been at any of the six outline boxes when the Gabor was presented. Prior to any analysis, data were pooled across the different outline boxes and categorized according to the location of the Gabor relative to the location of current fixation. This categorization was based on both the distance (measured in number of boxes) and the direction (clockwise or counterclockwise) of the Gabor relative to the current fixation position.
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Fig. 5. The ratio of thresholds obtained during intersaccadic pauses (Fig. 4) to thresholds obtained during steady fixation (Fig. 2). The redder the boxes the higher the ratio. The uppermost square represents the location of current fixation and the arrows show the directions of the next three saccades (counterclockwise). In the experiment, fixation could have been at any of the six outline boxes when the Gabor was presented. Prior to any analysis, data were pooled across the different outline boxes and categorized according to the location of the Gabor relative to the location of current fixation. This categorization was based on both the distance (measured in number of boxes) and the direction (clockwise or counterclockwise) of the Gabor relative to the current fixation position.

Statistical evaluation

Done to evaluate the significance of the differences between performance late in the intersaccadic pause and performance during steady fixation at each of the six locations in the display.  A likelihood value for each psychometric function at each location under each model was computed.  Likelihood defined as:
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N= # of trials for each contrast level i

K= # of correct trials

P= % correct predicted by the following Weibull equation
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Then, likelihoods obtained for both the constrained and unconstrained models for each location were then compared using chi-square:
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Results showed that the pattern of contrast thresholds for orientation discrimination during pauses between saccades, extrafoveal attention was preferentially allocated to the saccadic goal. Thresholds at the saccadic goal were comparable to those during steady fixation, given comparable cues. Thresholds at other extrafoveal locations, including the target of the second saccade in the sequence, were significantly higher.
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Fig. 6. Chi-square statistics and p-values computed for each location based on a comparison of performance during intersaccadic pauses and during steady fixation (see text for details). Thresholds were significantly higher during intersaccadic pauses at all but two locations (shown by dashed outline squares), the location of current fixation (top box) and the target of the next saccade (lower left-hand box).

Changing the saccadic pattern


Results so far show a clear attentional advantage for the target of the upcoming saccade and little advantage for the target of the second saccade of the sequence.  In order to examine the second saccade more closely, they had participants do a back and forth pattern between two locations.  Also, shows no advantage for second saccade.
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Fig. 7. Ratio of thresholds obtained during back-and-forth scanning to those obtained during steady fixation (Fig. 2). The redder the box the higher the ratio. The uppermost square represents the location of current fixation and the arrows show the directions of the next two saccades. In the experiment, fixation could have been at any of the six outline boxes when the Gabor was presented. Prior to any analysis, data were pooled across the different outline boxes and categorized according to the location of the Gabor relative to the location of current fixation. This categorization was based on both the distance (measured in number of boxes) and the direction (clockwise or counterclockwise) of the Gabor relative to the current fixation position.
Discussion


In natural settings saccades are made in sequences, so we must understand how attention is deployed during the execution of saccades in sequence.

4.1  Visual performance at the saccadic goal vs. visual performance elsewhere


Visual performance during intersaccadic pauses better at goal of upcoming saccade than other extrafoveal locations.  Location also influenced performance: visual thresholds at the current locus of fixation during intersaccadic pauses were the same as those measured during longer periods of steady fixation.    Not clear whether it’s because attention was unnecessary or because the fovea always has a bit of attention to allocate.
4.2 Intersaccadic pauses vs. steady fixation

Thresholds at extrafoveal locations other than target of next saccade were about 1.5-3 times higher during intersaccadic pauses than during steady fixation because attention was allocated to the saccadic target.  However, comparable changes in the pattern of attentional allocation had more modest effects during steady fixation, where removal of the pre-cue signaling the location of the Gabor produced thresholds elevations of less that 30% (Fig. 2, compare cue vs. no cue thresholds). 
Why were threshold elevations at extrafoveal, unattended locations so much larger during saccadic scanning?

One reason: a sub-optimal strategy of attentional allocation, in which more attention than needed was devoted to the target of upcoming saccade.


Another reason: attentional demands imposed by the saccadic task itself.  (This seems unlikely).  


Finally: saccadic suppression.

4.3 Comparison of triangular vs. back-and-forth scanning

In this study, attention enhanced the representation of only the very next saccadic target, and not subsequent targets; however, there was some perceptual advantage for the saccadic target early (during the first 100 ms) in the intersaccadic pause (Fig. 5). Finding that some attention is allocated to the saccadic target so early suggests that the critical neural events leading to the attention shift began during the previous intersaccadic interval. This result may indicate a link between memory and attention, in which imminent execution of one saccade triggers a retrieval process that brings attention to the next saccadic target and initiates preparation of the corresponding saccadic command.
4.4 Conclusions

During intersaccadic intervals, attention is allocated primarily to the current fixation pattern and the target of the next saccade.  Advantage to this strategy: increases the ‘‘attentional contrast’’ between the saccadic target and its neighboring locations, thus attenuating potential distractors and facilitating the programming of an accurate saccade.
Disadvantage: less attention remains for broad attentional surveys of the visual scene to find potentially useful places to look.  But broad attentional surveys may not be important.


Future research: explore other tasks requiring saccadic sequences to determine whether it is possible to induce more flexible attentional strategies without significant costs to either the accuracy or timing of the saccades, or, alternatively, whether the primary role of extrafoveal visual attention is to control the spatial parameters of saccades.

