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SPATIAL SPECIFICITY OF WORKING MEMORY 2

Abstract
Visual working memory interacts with ongoing visual processing in a stimulus-specific manner,
potentially through a common neural substrate supporting visual perception and working
memory maintenance. The spatial specificity of this effect, however, remains unknown. The
current study tested whether features in working memory influence perception in a spatially
specific or global fashion. Across four experiments, subjects performed perceptual
discrimination tasks on orientation or on contrast while concurrently holding an orientation in
working memory. Experiments 1 and 2 revealed that memory content boosted the perceived
contrast of the discrimination stimulus when the two matched in orientation, but only when the
locations of the memorandum and the discriminandum also matched. In turn, feature-based
influence on memory precision was also greater when locations matched. Experiments 3 and 4
demonstrated that the spatial specificity of this interaction was influenced by task demands.
When encoding of location was discouraged in Experiment 3, memory interacted with perception
in a global fashion, whereas when location was task-relevant in otherwise very similar
Experiment 4, the feature-based enhancement was again modulated by location. These results
suggest that context-binding demand is an important determinant of the spatial specificity of
memory-perception interaction and highlight the flexible configurability of working memory

representations.

Significance statement: This study demonstrated that context-binding demands determine the

spatial constraint of feature-based interaction between working memory and visual processing.
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SPATIAL SPECIFICITY OF WORKING MEMORY 3

Spatial Specificity of Feature-based Interaction Between Working Memory and Visual
Processing

Visual working memory refers to the temporary retention of a small amount of visual
information in an accessible state, for elaborative processing and/or the guidance of behavior.
Information held in visual working memory has been shown to interact, bidirectionally, with
ongoing perception. In one direction, nonspatial features maintained in working memory
influence attentional allocation to (Olivers et al., 2006; Soto et al., 2005), awareness of (Gayet et
al.,2013), and judgements about (Teng & Kravitz, 2019) subsequently perceived information. In
the other direction, processing visual distractors can bias working memory representations
(Rademaker et al., 2015; Teng & Kravitz, 2019). These behavioral findings are compatible with
recent neuroimaging findings that visual working memory storage recruits visual processing
areas, including during concurrent visual processing (Harrison & Tong, 2009; Rademaker et al.,
2019; Riggall & Postle, 2012; Serences et al., 2009). The goal of the present study is to delve
into mechanism by exploring how dependent these interactions might be on the relative location
in the visual field of remembered versus the perceived item (overlapping vs. “near” vs.
“distant”).

One possibility is that the interaction between feature-based visual working memory and
real-time perceptual processing could be spatially “global,” occurring regardless of the relative
proximity of the remembered versus the perceived item. This might be expected on findings that
working memory of visual patterns was not impacted by location changes of the stimuli between
encoding and probe display (Phillips, 1974) and that binding between nonspatial visual features

in working memory can be maintained independent of their location (Logie et al., 2011). A
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SPATIAL SPECIFICITY OF WORKING MEMORY 4

recent study by Ester et al. (2009) used fMRI (functional magnetic resonance imaging) and
MVPA (multi-voxel pattern analysis) to examine the spatial specificity of working memory
representation in visual cortex. They found no difference in decoding accuracy from contralateral
versus ipsilateral cortex, suggesting that the maintenance of a low-level feature in working
memory might recruit feature-selective neurons globally. Therefore, it is possible that working
memory is maintained with a mechanism similar to feature-based attention through a global
modulation of neural gain of attended feature channels (Saenz et al., 2002; Treue & Martinez
Trujillo, 1999). For our present question, such global activation of feature channels would then
be expected interact with the processing of subsequent sensory input, and thereby impact
behavior, regardless of the retinotopic location of that input.

An alternative possibility is that feature-based interactions between working memory and
perception could be modulated by relative proximity in the visual field. Location has been
proposed to hold a privileged role in working memory even when it is irrelevant to the task
(Kondo & Saiki, 2012; Olson & Marshuetz, 2005; Pertzov & Husain, 2014; Treisman & Zhang,
2006). Consistent with this possibility is evidence for a positional-specificity effect, whereby
behavioral performance, as well as the fMRI response to the recognition probe, are enhanced
when the probe location matches the location at which that trial’s sample had appeared (Postle et
al.,2013). Also relevant are the findings from a recent fMRI study that used multivariate
inverted encoding modeling (IEM) to reconstruct memorized orientation with models trained
with data that did or did not contain information about stimulus location. Reconstructions of
orientation were stronger when generated with location-dependent relative to location-
independent data, and only individual differences in the amplitude of former predicted the

precision of orientation recall (Cai et al., 2019). Although these findings don’t rule out the global
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SPATIAL SPECIFICITY OF WORKING MEMORY 5

representation of stimulus features, they do suggest an important role for the representation of
location context in nonspatial visual working memory and, for our present question, predict that
memory-perception interactions should be sensitive to location overlap.

In the current study, we carried out four behavioral experiments to assess the functional
relevance of location context in nonspatial visual working memory by examining the influence
of a feature held in working memory on perceptual sensitivity of ongoing visual processing. We
adopted a psychophysical discrimination task similar to the dual-task paradigm of Teng and
Kravitz (2019), adding a manipulation of spatial location. Subjects held an orientation in mind
while performing an interleaved discrimination task, and the congruity of location between
memorandum and discriminandum, as well as the congruity of their orientations, were
manipulated.

This design allowed us to evaluate several hypotheses:

A. The global account predicted that 1) the maintained orientation would facilitate the
contrast perception of a subsequently presented orientation-congruent stimulus, and the
degree of facilitation would not vary with location congruity; and 2) processing an
orientation-congruent stimulus would enhance the precision of the memory
representation. and the degree of enhancement would not vary with location congruity.

B. The location-specific account predicted that 1) the maintained orientation would facilitate
the contrast perception of a subsequently presented orientation-congruent stimulus to a
greater extent if the two were also spatially congruent; and 2) processing an orientation-
congruent stimulus would enhance the precision of the memory representation to a

greater extent if the two were also spatially congruent.
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SPATIAL SPECIFICITY OF WORKING MEMORY 6

In Experiment 1, we found initial evidence for a spatially specific influence from working
memory to the processing of the discriminandum. Experiment 2 ruled out an alternative
interpretation of these findings by replicating the results despite making the task demands of the
two tasks orthogonal. These findings raised the question of whether these observations of
sensitivity to spatial overlap reflected a process that was obligatory, or perhaps variable with task
demands. It has been suggested that spatial and nonspatial information could be represented
through separate mechanisms in working memory (Logie & Marchetti, 1991), and early
physiological studies also found engagement of different brain areas for spatial and
feature/object mnemonic information (Goldman-Rakic, 1996; Wilson et al., 1993; c.f., Rao et al,
1997). Given the existing evidence for both the global and the spatial-specific accounts, it could
be possible that the spatial component of working memory may be selectively engaged when
stimulus location is task relevant, and that the extent of spatial specificity of its interaction with
perception also depends on the task-relevance of stimulus location during memory encoding.
Task-relevance of spatial location has been shown to influence how working memory
representations flexibly handle location changes between sample and probe displays in a color
change-detection task (Woodman et al., 2012). Another relevant study used fMRI and a
paradigm similar to Ester et al. (2009), but made location task-relevant, and found that decoding
accuracy was higher for contralateral than for ipsilateral activity in early visual areas (Pratte &
Tong, 2014). This raises the possibility that context-binding demands may also modulate the
importance of spatial overlap for memory-perception interactions. In Experiments 3 and 4, we
directly manipulated the importance of context-binding demands by discouraging the encoding
of location (Experiment 3), and then by slightly modifying the procedure to make location

relevant for memory retrieval (Experiment 4).
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SPATIAL SPECIFICITY OF WORKING MEMORY 7

Experiment 1

Materials and Method
Participants

Using the data reported in Teng and Kravitz (2019), a priori power analysis indicated that
a sample size was 17 subjects was needed to achieve 90% power to detect an effect of Cohen’s d
= 0.84. Therefore, to ensure sufficient power, we recruited and tested 20 individuals (16 female,
average age 21.5 + 2.6 years) from the University of Wisconsin—-Madison community. All
reported normal or corrected-to-normal vision and were provided informed consent approved by
the University of Wisconsin—-Madison Health Sciences Institutional Review Board. All

participants were monetarily compensated for their participation.

Procedure and stimuli

All stimuli were created and presented using MATLAB (MathWorks, Natick, MA) and
Psychtoolbox 3 extensions (Brainard, 1997) on a 20 inch ViewSonic CRT monitor (ViewSonic
America, Brea, CA).

Subjects performed a dual-task paradigm in which a visual discrimination task was
embedded in a working memory task. Each trial began with the display of a white fixation dot at
the center of the screen (0.5 s), followed by the simultaneous display of two memory-sample
Gabor patches, one in each visual field, together with a central arrow indicating which of the two
would be tested at the end of the trial (0.5 s). After a 1-s inter-stimulus interval (ISI), during
which the arrow was replaced by the fixation dot, a discrimination Gabor patch was presented for

0.2 s, and subjects were instructed to report whether its tilt was clockwise or counterclockwise
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SPATIAL SPECIFICITY OF WORKING MEMORY 8

relative to vertical (left-hand key presses, “E” for counterclockwise and “F” for clockwise
responses) during the ensuing ISI of 2.3 s. Finally, recall of the cued sample was prompted by
the onset of an orientation wheel appearing at the same location as the cued sample (4 s). The
inter-trial interval (ITT) was 1 s.

Gabor stimuli (radius = 5°; contrast = 0.6; spatial frequency = 0.5 cycles/°; phase angle
randomized between 0° and 180°), could appear in two locations along the horizontal meridian:
8° to the right and left of fixation. The orientation of each memory sample was selected
independently from a fixed set of 6 values spaced by 30° (15°,45°,75°,105°, 135°, 165°), and
with a jitter ranging from 0° to 3° added to each. For the discrimination task, two noise patches
appeared at the same two locations, and one of the noise patches was superimposed by a Gabor
patch with a contrast that varied unpredictably from trial to trial between 8 values (0.04,0.12,
0.20,0.28,0.36,0.44,0.52, or 0.60%; so as to derive psychometric functions). On orientation-
incongruent trials, the orientation of the discriminandum differed from that of the cued sample
by 35° or 70°, randomly determined. At recall, subjects rotated the orientation wheel (radius =
5°) with right-handed key presses (left and right arrow keys), with each discrete click rotating the
wheel by 1°, and a steady press rotating it more quickly. The data were analyzed as a function of
the two conditions of interest: spatial congruity between the memorandum and the
discriminandum, and orientation congruity between the memorandum and the discriminandum.

Subjects completed 8 blocks of 80 trials, resulting in 640 trials in total, with location

congruity, orientation congruity, and the 8 levels of discriminandum contrast counterbalanced.

Results

Discrimination task
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Contrast thresholds were estimated by fitting each individual’s data to the Weibull

function through the Palamedes toolbox (Prins & Kingdom, 2018) in MATLAB:

p=y+ra-y-nx-el)
in which 1 represents the proportion of accurate responses discriminating the orientation of the
stimulus at contrast x; 7y is the lower asymptote of the psychometric function (guess rate) and was
fixed to 0.5; A is the lapse rate and was fixed to 0.01. o and {3 are the fit parameters where o
represents the threshold and 3 represents the slope of the psychometric function. For each
individual’s data, threshold values of about 82% discrimination accuracy were derived separately
for the four conditions (Figure 2A and B). Trials that did not have a response or had a response
time greater than 2 s were excluded.

Inspection of the derived contrast thresholds suggested that discrimination threshold was
lowered on orientation-congruent trials, but only when the discriminandum appeared at the
memory-cued location (Figure 2C). This was confirmed with repeated-measure analysis of
variance (ANOVA) which yielded a main effect of orientation congruity (F(1,19) =7.20,p =
0.007, partial *>= 0.325), no effect of location congruity (F(1,19) =2.42,p =0.136, partial *=
0.113), and an Orientation-congruity x Location-congruity interaction (¥(1,19) =4.47,p =0.048,
partial %#?>= 0.190). Follow-up pairwise comparisons demonstrated that when location was
congruent, the discrimination threshold was significantly lower on orientation-congruent trials
than on orientation-incongruent trials (#(19) = 3.02, p = 0.007, Cohen’s d = 0.674), but the same
was not true for location-incongruent trials (#(19) = 1.72, p =0.102, Cohen’s d = 0.384).
Working memory task

Recall precision, calculated as the inverse of the standard deviation of memory error, was

superior for orientation-congruent trials at both levels of location congruity, and was superior for
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SPATIAL SPECIFICITY OF WORKING MEMORY 10

location-congruent trials at both levels of orientation congruity (Figure 2D). Repeated-measure
ANOVA revealed significant main effects of orientation congruity (¥(1,19) =20.52, p < .001,
partial #?>= 0.519) and of location congruity (F(1,19) =4.71, p = 0.043, partial >=0.198), with a
higher precision for congruent locations than incongruent locations. The interaction between the
two factors was not significant (F(1,19) = 1.13, p = 0.30, partial *>= 0.056).

Discussion

This experiment tested the spatial dependence of the influence of the contents of working
memory on the contrast perception of a feature in a secondary task. We observed that when
subjects held an orientation in mind, their perception of a different orientation-congruent
stimulus was enhanced, as if the working memory representation boosted the contrast of the
discriminandum by approximately 13%, but only when the retinotopic location of the two was
the same (Figure 2A). In the other direction, the perceptual processing of discriminanda also
influenced the contents of working memory, in that incongruity of orientation or of location
degraded memory precision. Thus, although the effect of working memory on perceptual
discrimination was location-specific, the effect of perceptual discrimination on memory
precision was not.

Although the results from Experiment 1 reveal bidirectional influences between stimuli
being processed for visual discrimination and stimuli being held in working memory, they leave
uncertain whether these effects occurred at the level of stimulus representation per se, or,
alternatively, at a later stage. That is, because both tasks required guiding action based on
stimulus orientation, it is possible that the interaction occurred at a post-perceptual level, such as
decision making, or strategy. Therefore, we designed Experiment 2 to generate results that,

should they come out as predicted, would constitute less equivocal evidence for between-task
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SPATIAL SPECIFICITY OF WORKING MEMORY 11

interactions at the level of stimulus representation. The results of the additional experiment

would also provide additional data about the location specificity of these effects.

Experiment 2

In this experiment, although the interposed perceptual discrimination task entailed the
presentation of a Gabor stimulus, as it had in Experiment 1, the task required a response about its
contrast, rather than about its orientation (Figure 3A). We hypothesized that, even though the
orientation of the discriminandum was irrelevant for the contrast discrimination task, the
memory representation would automatically influence early processing of all features of this
subsequent sensory input, regardless of their task relevance. This would be conceptually similar
to the automatic capture of attention by task irrelevant distractors that match working memory
content in a visual search task (e.g. Olivers et al., 2006). Therefore, we predicted that the
perceived contrast of a discriminandum would be enhanced on trials when orientation and

location between it and the memorandum were congruent.

Materials and Method
Subjects

Experiment 2 was carried out over Amazon Mechanical Turk, which necessitated
collecting fewer trials per subject. A priori power analysis carried out with G*Power (Faul et al.,
2009) on the data reported in Experiment 1 (and taking into account the reduced number of
trials) indicated that we needed 36 subjects to achieve 90% power to detect a partial #*of 0.09
with a two-tailed alpha of 0.05. To be conservative, we collected data from 40 subjects (24

female, average age 43 + 11.3 years). All subjects reported normal or corrected-to-normal vision
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and were provided informed consent approved by the University of Wisconsin—-Madison Health
Sciences Institutional Review Board. All were monetarily compensated for their participation.
Procedure and Stimuli

All stimuli were created with customized JavaScript code and presented to subjects
through the PsiTurk toolbox (Gureckis et al., 2016).

The stimulus locations and characteristics were the same as Experiment 1, except where
noted. Each trial began with the onset of a white fixation dot that remained at the center of the
screen for the duration of the trial. Next, after 0.5 s, two Gabor patches appeared for 0.5 s at each
side of the screen, along with a centrally presented arrow designating which item was the
memorandum. Then after a 1 s ISI, one discrimination Gabor patch was presented briefly either
to the left or to the right of fixation (0.2 s), followed by a visual mask for 0.2 s. As quickly as
possible, subjects reported the perceived contrast of the discriminandum by adjusting the contrast
of a test stimulus to match the discriminandum through key presses. 0.5 s after this response, the
memory probe was presented, and subjects rotated the orientation wheel to match the orientation
of the memory sample. The ITI was 1 s (Figure 3).

The orientation of the memory sample was randomly selected from a fixed set of 6 values
(same as Experiment 1), spaced by 30°, with a jitter of 0-3° added. There were five levels of
contrast for the discriminanda (5,9, 17, 32, and 60%). As with Experiment 1, the two factors that
were key for implementing our hypothesis test were location congruity — whether the location at
which the memorandum had been presented overlapped with that of the discriminandum — and
orientation congruity — whether the orientation of the memorandum matched that of the

discriminandum. Each subject completed 5 blocks of 40 trials, resulting in 200 trials in total.
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Location congruity, orientation congruity, and the 5 levels of contrast of the discriminandum

were all counterbalanced.

Results
Discrimination Task

The reported contrast was plotted as a function of the presented contrast level, and
inspection of the results (Figure 4A and 4B) indicated that congruity of orientation between the
memory sample and the discriminandum increased the perceived contrast level of the
discriminandum when their locations were also congruent. When averaged over all contrast
levels for each condition (Figure 4C), the repeated-measures ANOVA revealed a main effect of
orientation congruity (F(1,39) = 6.87, p = 0.01, partial #>=0.15), no main effect of location
congruity was not significant (F(1,39) =0.27, p = 0.60, partial #>= 0.007), and a significant
interaction between orientation and location congruity (F(1,39) = 4.48, p = 0.4, partial »*>=0.10).
The difference between the orientation-congruent and -incongruent conditions was significant for
the location-congruent condition (#(39) = 3.43, p =0.001, Cohen’s d = 0.54) but not for the
location-incongruent condition (#39) = 0.59, p = 0.56, Cohen’s d = 0.09). Similarly, pairwise t-
tests for each contrast level found significant difference only for the location congruent condition
(Figure 4A), contrast of 5%: 1(39) =3.68,p <0.001, Cohen’s d =0.58; 9%: #(39)=2.12,p =
0.04, Cohen’s d = 0.34; 32%: 1(39) =3.31,p =0.002, Cohen’s d = 0.52.
Working Memory Task

Repeated-measures ANOVA on the precision of the working memory report revealed a
significant main effect of orientation congruity (F(1, 39) =4.66, p = 0.04, partial #*?=0.11), no

main effect of location congruity (F(1,39) =0.15, p =0.70, partial #>=0.004) and a significant
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location x orientation interaction (F(1,39) =7.51, p = 0.01, partial #>= 0.16) (Figure 4D). The
difference between orientation-congruent and -incongruent conditions was significant for the
location-congruent condition (#39) = 3.13, p =0.003, Cohen’s d = 0.50) but not for the location-

incongruent condition (#(39) = 0.62, p = 0.54, Cohen’s d = 0.10).

Discussion

In Experiment 2, we tested the spatial specificity of the influence of feature-based
working memory on visual perception with a design that orthogonalized the demands of the
memory and discrimination tasks. Despite the irrelevance of stimulus orientation for the
discrimination task, the perceived contrast of discriminanda was enhanced by orientation-
congruent memoranda when the location of the two also overlapped. This spatially specific effect
was further demonstrated in the opposite direction: orientation congruity modulated memory
precision on trials when the location of the two matched. Thus, these results replicate and extend
Experiment 1’s demonstration of spatial specificity of the interaction of perception with
concurrent working memory.

How can these findings be reconciled with those from previous studies that have found
that working memory content can influence visual processing at locations other than where the
memorandum was encoded (e.g. Gayet et al. 2017)? One possible explanation is differences in
task demand. In the studies that reported spatially global interactions, the memoranda were
individual, always presented centrally, and they never overlapped with the “visual” stimuli. In
Experiments 1 and 2, however, the location of the critical memory sample varied unpredictably
between two potential locations, it was always presented together with a second to-be-ignored

stimulus, and the interpolated “visual” stimulus could also appear, unpredictably, at the same
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location as had the critical sample. These differences may have resulted in a stronger tendency
for subjects in Experiments 1 and 2 to incorporate information about location in their mnemonic
representations of the sample. Indeed, it was demonstrated in Woodman et al. (2012) in a change
detection task that task demand of spatial encoding determines the interference of location
change on recognition performance, suggesting that visual working memory can flexibly adapt to
different task contexts. Therefore, to explore whether the spatial specificity of memory-
perception interactions can also vary with task demands, Experiments 3 and 4 explicitly

manipulated the relevance of stimulus location.

Experiment 3

Experiment 3 tested whether working memory interacts with perception in a spatially
global way when the relevance of the location of the item maintained in working memory is
minimized. The procedure from Experiment 1 was modified such that the memory sample was
presented alone, with no central arrow cue and no irrelevant stimulus in the opposite visual field,
and the memory probe always appeared centrally. The intent of the changes at encoding was to
deemphasize the role of location by not cuing it and by removing the competition for selection
between two items individuated by their location. The intent of the change at recall was to
deemphasize the role of location by removing the uncertainty of where the recall wheel would
appear, removing the factor of sample-to-recall overlap, and removing the possibility that the
location of the recall wheel might serve as a retrieval cue. We reasoned that the combined result
of these changes would be to reduce the processing of location information and, consequently,
allow for spatially global interactions of orientation processing in working memory and in visual

perception.
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Method
Subjects

To match Experiment 2, we recruited 40 individuals from Amazon Mechanical Turk (24
female, average age 53 + 11.2 years). All reported normal or corrected-to-normal vision and
were provided informed consent approved by the University of Wisconsin—-Madison Health
Sciences Institutional Review Board. All were monetarily compensated for their participation.
Procedure and Stimuli

All stimuli were generated with customized JavaScript code and presented to subjects
through the PsiTurk toolbox (Gureckis et al., 2016).

The stimulus locations and characteristics were the same as those from to Experiment 1,
with the following exceptions. During memory encoding, one orientation sample appeared for
0.5 s either to the left or the right of fixation. After the discrimination task
(clockwise/counterclockwise relative to vertical) the recall wheel appeared centrally (Figure SA).

Discriminanda had five levels of contrast: 5,9, 17, 32, and 60%, location congruity and
orientation congruity between the memorandum and discriminandum were manipulated, and
these were all counterbalanced across the five 40-trial blocks.

Results
Discrimination task

We estimated contrast thresholds fitting each subject’s data to the Weibull function
through the MATLAB Palamedes toolbox (Prins & Kingdom, 2018). The procedure and the
parameters were the same as Experiment 1. For each individual’s data, threshold values of about

82% discrimination accuracy were derived for the four conditions separately (Figure 6A and B).
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Inspection of the derived contrast thresholds suggested that discrimination threshold was
lowered on orientation-congruent trials, and this effect was not modulated by location congruity
(Figure 6C). The repeated-measure ANOV A confirmed this interpretation with a main effect of
orientation congruity (F(1,39) = 17.03, p <0.001, partial #>= 0.30), no effect of location
congruity (F(1,39) =0.12, p = 0.74, partial #>=0.003), and no orientation x location interaction
(F(1,39) =0.01, p =0.92, partial »*>< 0.001).

Working Memory Task

Repeated-measure ANOVA on the precision of the working memory report yielded a
significant main effect of orientation congruity (F(1,39) = 23.63, p < 0.001, partial #>*=0.38), no
main effect of location congruity (F(1,39) =2.90, p = 0.10, partial #*=0.07), and no orientation
x location interaction (F(1,39) = 0.66, p = 0.42, partial >= 0.02).

Discussion

In this experiment, we modified the procedure from Experiment 1 to render the location
of the memory item entirely task-irrelevant and to discourage the use of location information
during maintenance and retrieval. The facilitation of contrast perception by congruity with the
orientation of the memorandum did not vary as a function of location congruity. These results
suggest that when the binding of stimulus identity with its location context is discouraged, the
visual features held in working memory tend to be represented in a spatially global manner. To
further validate the idea that task demands determine the extent of spatial specificity of working
memory-perception interactions, in Experiment 4 we repeated the procedures from Experiment 3
with the exception that the location of the recall wheel (same or different from the sample)
determined the response that was required.

Experiment 4



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

SPATIAL SPECIFICITY OF WORKING MEMORY 18

To test the idea that task instructions can determine the location specificity of working
memory-perception interactions on two very similar variants of the same task, we modified the
task from Experiment 3 by unpredictably varying the location of the recall wheel, and requiring a
different response depending on its location relative to that of the sample: overlap required
reporting the orientation of the sample, but nonoverlap required a response that was rotated by
90° from the orientation of the sample (Figure 5B). Because memory for the location at which
the sample was presented is critical for this variant of the task, we predicted that, unlike for
Experiment 3, the enhancement of ongoing perception by a feature match with the contents of
working memory would be spatially specific.

Method
Subjects

To match Experiment 3, we recruited 40 individuals from Amazon Mechanical Turk (18
female, average age 49 + 8.2 years). All reported normal or corrected-to-normal vision and were
provided informed consent approved by the University of Wisconsin—-Madison Health Sciences
Institutional Review Board. All were monetarily compensated for their participation.

Procedure and Stimuli

The stimulus characteristics and timings were identical to those from Experiment 3, with
the exception that the recall wheel could appear, unpredictably, at either of the two possible
sample locations. On trials when the location of the recall wheel overlapped with that of the
sample, subjects reported the memorized orientation of the sample, on trials when the location of
the recall wheel did not overlap with that of the sample, subjects were to respond with an

orientation that was rotated by from that of the sample 90°.
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Congruity of orientation and of location and between memorandum and discriminandum
(the factors that have been critical for all four experiments), sample-recall overlap (the factor that
differentiated Experiment 4 from Experiment 3), and the 5 levels of contrast of the discriminanda
were all counterbalanced. Each subject completed six 40-trial blocks.

Results
Discrimination task

For each individual’s data, threshold values of about 82% discrimination accuracy were
derived for the four conditions separately with the Palamedes toolbox (Prins & Kingdom, 2018)
in MATLAB (Figure 7A and B).

Inspection of Figure 7C indicates that the discrimination threshold was lowered when the
orientation of the memorandum and the discriminandum was congruent, and that this effect was
modulated by location congruity. Repeated-measure ANOVA yielded a significant main effect of
orientation congruity (F(1,39) =19.11, p <0.001, partial >= 0.33) but not of location congruity
(F(1,39) =0.29, p = 0.59, partial #*=0.007), as well as a significant Orientation x Location
interaction (F(1,39) = 4.33, p = 0.04, partial #>= 0.10). Further pairwise comparisons showed
that orientation-matching memoranda lowered the discrimination threshold at both congruent and
incongruent locations (#(39) = 4.65, p < 0.001, Cohen’s d = 0.74; #(39) = 2.30, p = 0.03, Cohen’s
d =0.36).

Working Memory Task

Inspection of Figure 7D indicates that recall precision was markedly higher on trials
when the recall wheel appeared in the same location as had the sample, and that within these
sample-recall overlap trials, orientation congruity of (memorandum and discriminandum) only

boosted precision on location-congruent trials. Repeated-measures ANOVA with factors of
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orientation congruity, location congruity, and sample-recall overlap, indicated no main effects of
orientation congruity (F(1,39) = 1.93, p =0.17, partial >= 0.05) or of location congruity(F(1,39)
=0.04, p = 0.85, partial #>=0.001), but a main effect of sample-probe overlap (F(1,39) = 63.95,
p <0.001, partial %>= 0.62), the latter confirming that memory precision was markedly lower
when the recall wheel and sample did not overlap (and, of course, when a rotation of the
remembered sample orientation was required). The interaction between orientation congruity and
location congruity was significant (F(1,39) =4.93, p = 0.03, partial = 0.11), as was the three-
way interaction of orientation congruity, location congruity, and sample-recall overlap (F(1,39) =
4.26, p = 0.046, partial #?=0.10). None of the other interactions were significant (all F < 1.93,
all p > 0.17, all partial * < 0.05) (Figure 7D).

Based on the significant three-way interaction, we then conducted post hoc pairwise
comparisons between orientation-congruent and -incongruent conditions for each combination of
location congruity and sample-recall overlap (the four conditions on the x-axis in Figure 7D),
and found that the only significant difference was on trials when the memorandum and the
discriminandum were congruent in location and when the location of the recall wheel overlapped
with that of the sample (#(39) =2.46, p = 0.02, Cohen’s d = 0.39; for other comparisons all 7 <
0.79, all p >0.43, all Cohen’s d <0.13).

Discussion

When we modified the task from Experiment 3 to make it necessary to incorporate
location in the working memory representation, it had the effect of reintroducing location-
sensitivity into the interaction of orientation processing between working memory and
perception. Although orientation congruity enhanced sensory discrimination in a spatially

general way, this enhancement was greater at the congruent location. In the other direction, the
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influence of orientation congruity on memory precision was spatially specific. The fact that these
effects were only observed when the recall wheel overlapped with the location of the sample
may be due to the greater difficulty of non-overlap trials, itself likely due to the requirement on
these trials to respond with a rotation of the recalled orientation.
General Discussion

Across four experiments, we demonstrated that the extent of spatial dependence of
feature-based interactions between working memory and perception is itself dependent on the
task relevance of the location of the encoded feature. Experiment 1 showed that working
memory content influenced the level of contrast required for making a reliable orientation
judgement, and that this effect was dependent on the location congruity between mnemonic and
perceptual representations. Experiment 2 confirmed that the effect found in Experiment 1 was
driven by stimulus-specific interaction between working memory and perception, by showing
that the orientation held in mind influenced the processing of a subsequently presented Gabor
stimulus, even when orientation of this Gabor was irrelevant for the perceptual discrimination. In
this experiment the influence of spatial congruity on the working memory-perception interaction
was evident in both perceptual judgement and in the precision of memory recall. Experiment 3
and 4 explored the role that task demands might play in determining the spatial specificity of this
effect. When the task was structured to discourage the encoding of the location of the sample
(Experiment 3), memory-perception interaction exhibited a spatially non-specific pattern, but
when a record of sample location was needed to determine what kind of response to make
(Experiment 4), spatial specificity reemerged. Overall, these findings suggest that, for working
memory for a nonspatial feature, the extent to which subjects will incorporate location context

into their representation of that feature is largely dependent on the demands of the task.
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Mechanism of Feature-based Working Memory Effects

These results indicate that when location context is encoded in working memory
representations, that information will influence concurrent task performance. At the level of
mechanism, it may be that the need to represent the location at which a nonspatial feature was
presented enhances its neural representation in feature channels with spatial receptive fields that
overlap with that location. By this account, when subsequently presented sensory input matches
the mnemonic representation in both feature and location, the processing of this sensory input is
facilitated by the fact that the relevant feature channels are already strongly engaged by working
memory (c.f., Postle et al. 2013). Because of the location-specificity of this enhancement,
feature-matching channels with nonoverlapping receptive fields would not exhibit the same
degree of facilitation when feature-matching sensory input appears at a nonoverlapping location.
Thus, in Experiment 4, although there was a spatially global facilitation effect for orientation-
congruent processing, this facilitation was greater when discriminanda were also location-
congruent.

Our results also indicate that location-specific effects in nonspatial working memory are
not obligatory, because they are not observed when the role of location context is minimized. In
these situations, such as in Experiment 3, the effects of feature congruity are spatially global.
This could reflect an absence of any top-down spatial bias during the maintenance of the feature
information. Previous studies have also found that feature-based working memory can have a
spatially global influence on attention allocation and perceptual judgement (e.g. Olivers et al.,
2006; Teng & Kravitz, 2019). In such instances, context-binding demands are typically low,

most often because they involve only one memory sample always appearing at the same location.
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Functionally, such flexible configuration of working memory representations could be
beneficial for behavioral performance under different contexts. Oftentimes memory retrieval
depends on spatial context as the retrieval cue (especially when multiple items are encoded
simultaneously), and location-specific facilitation could serve to maximize performance, for
example, perhaps by reducing misbinding errors. In other situations, however, binding location
to memory for a feature might be detrimental, such as in feature-based visual search with varying
target location. In these cases, it would be advantageous to increase sensitivity to the target

feature across the entirety of the visual field.

Comparison with Previous Studies

Working memory. Behaviorally, it has been shown that recognition performance declines
when the memory probe appears in a different location from the location of memory encoding
(Hollingworth, 2006, 2007; Postle et al., 2013) or when the configuration of the probe display
changes (Jiang et al., 2000). Neurally, this location-specific effect is accompanied by an
enhancement in neural responses, in several visual regions, to location-matching probes (Postle
et al., 2013). Furthermore, this effect of encoding-to-probe change has been shown to be
modulated by task relevancy of location in nonspatial working memory tasks, in that location
change has been shown to have no effect on performance when location is entirely task irrelevant
(Woodman et al., 2012). Our current findings provide an important extension of these previous
findings by showing that the flexible incorporation of location context into nonspatial working
memory is even reflected in its interaction with perceptual processing.

The present results might help explain the seeming inconsistency between the

demonstration by Ester et al., (2009) of spatially global representation of (nonspatial) features
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being held in visual working memory, versus that of Pratte and Tong (2014) of spatially specific
working memory representation in early visual cortex. One critical difference between these two
is the importance of location context-binding: in Ester et al. (2009) the memory sample was
presented alone, and thus there was little need for feature-location binding; in Pratte and Tong
(2014), however, two memory items were encoded at two different locations and location
context was used to cue subsequent memory retrieval. From this perspective, these two sets of
neural evidence are consistent with our assumption that working memory-perception interactions
arise from the fact that the behavioral readout of visual working memory content relies, at least

in part, on representations in early visual cortex.

Feature-based attention. It has been proposed that working memory functions as internal
attention (Chun et al., 2010; Kiyonaga & Egner, 2013), and classic attentional effects such as the
Stroop effect can be elicited similarly with conflicts between internal and external
representations (Kiyonaga & Egner, 2014). Consistent with this idea is the suggestion from Luck
and Vogel (2013), that “visual working memory may not be a memory system per se, but may
instead be a general-purpose visual representation system that can, when necessary, maintain
information over short delays” (p. 394). The present results, however, may reveal one dimension
along which these constructs diverge: whereas feature-based attention is generally understood to
operate through a spatially global biasing of channels corresponding to the selected feature
(Saenz et al., 2002), attending to an “internally” represented feature (i.e., working memory) may,
depending on task circumstances, include a spatially constrained component. Assessing this
possibility will require head-to-head comparison of the influence of location context on feature-

based attention versus on working memory in carefully matched experimental conditions.
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Alternative Interpretations and Future Directions

One possible alternative interpretation of the present results is that the instances of
spatially specific interactions can be accounted for by the deployment of spatial attention to the
memory sample location. For example, might subjects not be engaged in attention-based
rehearsal (Awh & Jonides, 2001) of the location of the memory sample, or perhaps in perceptual
resampling (Woodman & Luck, 2007)? Arguing against these accounts is the fact that most of
our results did not show a general enhancement at the congruent location, which would be
predicted by a spatial attention account. Another possible concern relates to the predictability of
the orientation of the discriminandum. Although the orientation of the memory sample predicted
the orientation of the discriminandum on 50% of trials, this predictability cannot account for the
current findings because the same degree of facilitation was not seen at incongruent locations in
Experiments 1,2, and 4.

An important question for the future is whether memory-perception interactions also
occur with more complex visual stimuli, and if they do, whether they also demonstrate spatial
specificity despite the larger receptive fields in neurons that code for these stimuli. It will also be
important to determine the exact degree of spatial specificity required for these interactions. In
the current experiments the two locations were always on either side of the vertical midline, so it
is uncertain whether the spatial specificity that we observed is constrained to exact retinotopic
overlap, or whether presentation of memorandum and discriminandum to the same hemifield is
sufficient. Further studies with a close manipulation of the distance between the congruent
location and the incongruent location would be required to distinguish these possibilities. A final

outstanding question that we will raise here addresses the factors that underlie the flexibility of
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the spatial specificity effect. In the present experiments we manipulated context-binding
demands of the working memory task to influence the degree of spatial specificity, but this may
not be the sole determining factor. Other factors such as the configuration of the perceptual task
should be investigated to fully understand the conditions when memory interacts with perception

in a global or a spatially specific manner.

General Conclusion

These experiments demonstrated that the location specificity of visual working memory
representations varies flexibly with context-binding demands, and furthered our understanding of
the feature-based interaction between visual working memory and visual perception. We found
that when location and feature information are bound in visual working memory, the influence
from working memory on perception is modulated by their spatial overlap, as can be the
influence in the opposite direction. This spatial specificity disappeared when context-binding
was discouraged. Although this evidence is consistent with models of shared sensory
representation between working memory and sensory processing, it also points to a possible

difference between “internally” versus “externally” focused attention.

References
Awh, E., & Jonides, J. (2001). Overlapping mechanisms of attention and spatial working
memory. Trends in Cognitive Sciences, 5, 119-126. doi:10.1016/S1364-6613(00)01593-X
Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial Vision, 10,433-436.
https://doi.org/10.1163/156856897X00357

Cai, Y., Sheldon, A. D., Yu, Q., & Postle, B. R. (2019). Overlapping and distinct contributions of



SPATIAL SPECIFICITY OF WORKING MEMORY 27

596 stimulus location and of spatial context to nonspatial visual short-term memory. Journal of
597 Neurophysiology, 121, 1222—1231. https://doi.org/10.1152/jn.00062.2019

598  Chun, M. M., Golomb, J. D., & Turk-Browne, N. B. (2010). A Taxonomy of external and

599 internal attention. Annual Review of Psychology, 62,73-101.

600 https://doi.org/10.1146/annurev.psych.093008.100427

601  Ester, E. F., Serences, J. T., & Awh, E. (2009). Spatially global representations in human

602 primary visual cortex during working memory maintenance. Journal of Neuroscience, 48,
603 15258-15265. https://doi.org/10.1523/INEUROSCI.4388-09.2009

604  Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G* Power 3: A flexible statistical
605 power analysis program for the social, behavioral, and biomedical sciences. Behavior
606 Research Methods, 39(2), 175-191. doi:10.3758/BF03193146

607  Fougnie, D., & Marois, R. (2009). Attentive tracking disrupts feature binding in visual working
608 memory. Visual Cognition, 17,48-66. https://doi.org/10.1080/13506280802281337

609  Gayet, S., Guggenmos, M., Christophel, T. B., Haynes, J. D., Paffen, C. L., Van der Stigchel, S.,

610 & Sterzer, P. (2017). Visual working memory enhances the neural response to matching
611 visual input. Journal of Neuroscience, 37,6638-6647. doi: 10.1523/JNEUROSCI.3418-
612 16.2017

613  Gayet, S., Paffen, C. L. E., & Van der Stigchel, S. (2013). Information matching the content of
614 visual working memory Is prioritized for conscious access. Psychological Science, 24,
615 2472-2480. https://doi.org/10.1177/0956797613495882

616  Gureckis, T. M., Martin, J., McDonnell, J., Rich, A. S., Markant, D., Coenen, A., ... & Chan, P.

617 (2016). psiTurk: An open-source framework for conducting replicable behavioral



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

SPATIAL SPECIFICITY OF WORKING MEMORY 28

experiments online. Behavior Research Methods, 48, 829-842. doi:10.3758/s13428-015-
0642-8
Goldman-Rakic, P. S. (1996). Regional and cellular fractionation of working
memory. Proceedings of the National Academy of Sciences, 93(24), 13473-13480.
Harrison, S. A., & Tong, F. (2009). Decoding reveals the contents of visual working memory in
early visual areas. Nature, 458, 632—635. https://doi.org/10.1038/nature07832
Hollingworth, A. (2006). Scene and position specificity in visual memory for objects. Journal of
Experimental Psychology: Learning Memory and Cognition, 32, 58.
https://doi.org/10.1037/0278-7393.32.1.58
Hollingworth, A. (2007). Object-position binding in visual memory for natural scenes and object
arrays. Journal of Experimental Psychology: Human Perception and Performance, 33,31.
https://doi.org/10.1037/0096-1523.33.1.31
Jiang, Y., Olson, I. R., & Chun, M. M. (2000). Organization of visual short-term memory.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 26, 683-702. doi:
10.1037/0278-7393.26.3.683
Kiyonaga, A., & Egner, T. (2013). Working memory as internal attention: Toward an integrative
account of internal and external selection processes. Psychonomic Bulletin and Review,
20(2),228-242. https://doi.org/10.3758/s13423-012-0359-y
Kiyonaga, A., & Egner, T. (2014). The Working Memory Stroop Effect: When Internal
Representations Clash With External Stimuli. Psychological Science, 25(8), 1619-1629.
https://doi.org/10.1177/0956797614536739
Kondo, A., & Saiki, J. (2012). Feature-specific encoding flexibility in visual working

memory. PloS one, 7(12),e50962.



641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

SPATIAL SPECIFICITY OF WORKING MEMORY 29

Logie, R. H., Brockmole, J. R., & Jaswal, S. (2011). Feature binding in visual short-term
memory is unaffected by task-irrelevant changes of location, shape, and color. Memory &
Cognition, 39(1), 24-36.

Logie, R. H., & Marchetti, C. (1991). Visuo-spatial working memory: Visual, spatial or central
executive?. In Advances in Psychology (Vol. 80, pp. 105-115). North-Holland.

Morey, R. D. (2008). Confidence intervals from normalized data: A correction to Cousineau

(2005). reason, 4(2), 61-64.

Olivers, C. N. L., Meijer, F., & Theeuwes, J. (2006). Feature-based memory-driven attentional
capture: Visual working memory content affects visual attention. Journal of Experimental
Psychology: Human Perception and Performance, 32(5), 1243—-1265.
https://doi.org/10.1037/0096-1523.32.5.1243

Olson, I. R. & Marscheutz (2005). Remembering "what" brings along "where" in visual working
memory. Perception & Psychophysics, 67, 185-194. doi: 10.3758/BF03206483

Pertzov, Y. & Husain, M. (2014). The privileged role of location in visual working memory.
Attention, Perception, & Psychophysics. 76, 1914-1924. doi: 10.3758/s13414-013-0541-y

Phillips, W. A. (1974). On the distinction between sensory storage and short-term visual
memory. Perception & Psychophysics, 16(2),283-290.

Postle, B. R., Awh, E., Serences, J. T., Sutterer, D. W., & D’Esposito, M. (2013). The positional-
specificity effect reveals a passive-trace contribution to visual short-term memory. PLoS
ONE, 8,e83483. https://doi.org/10.1371/journal.pone.0083483

Pratte, M. S., & Tong, F. (2014). Spatial specificity of working memory representations in the
early visual cortex. Journal of Vision, 14,22-22. doi: 10.1167/14.3.22

Prins, N., & Kingdom, F. A. A. (2018). Applying the model-comparison approach to test specific



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

SPATIAL SPECIFICITY OF WORKING MEMORY 30

research hypotheses in psychophysical research using the Palamedes toolbox. Frontiers in
Psychology, 9, 1250. https://doi.org/10.3389/fpsyg.2018.01250

Rademaker, R. L., Bloem, I. M., De Weerd, P., & Sack, A. T. (2015). The impact of interference
on short-term memory for visual orientation. Journal of Experimental Psychology: Human
Perception and Performance, 41, 1650. https://doi.org/10.1037/xhp0000110

Rademaker, R. L., Chunharas, C., & Serences, J. T. (2019). Coexisting representations of
sensory and mnemonic information in human visual cortex. Nature Neuroscience, 22,
1336-1344. https://doi.org/10.1038/s41593-019-0428-x

Rao, S. C., Rainer, G., & Miller, E. K. (1997). Integration of what and where in the primate
prefrontal cortex. Science, 276(5313), 821-824.

Riggall, A. C., & Postle, B. R. (2012). The Relationship between Working Memory Storage and
Elevated Activity as Measured with Functional Magnetic Resonance Imaging. Journal of
Neuroscience, 32, 12990—-12998. https://doi.org/10.1523/JNEUROSCI.1892-12.2012

Saenz, M., Buracas, G. T., & Boynton, G. M. (2002). Global effects of feature-based attention in
human visual cortex. Nature Neuroscience, 5,631-632. https://doi.org/10.1038/nn876

Serences, J., Ester, E., Vogel, E. K., & Awh, E. (2009). Stimulus-specific delay activity in
human primary visual cortex. Psychological Science, 20(2),207-214.
https://doi.org/10.1111/j.1467-9280.2009.02276 .x

Soto, D., Heinke, D., Humphreys, G. W., & Blanco, M. J. (2005). Early, involuntary top-down
guidance of attention from working memory. Journal of Experimental Psychology: Human
Perception and Performance, 31, 248. https://doi.org/10.1037/0096-1523.31.2.248

Teng, C., & Kravitz, D.J. (2019). Visual working memory directly alters perception. Nature

Human Behaviour, 3,827-836. https://doi.org/10.1038/s41562-019-0640-4



687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

SPATIAL SPECIFICITY OF WORKING MEMORY 31

Treisman, A. & Zhang, W. (2006). Location and binding in visual working memory. Memory &
Cognition, 34, 1704-1719. doi: 10.3758/BF03195932
Treue, S., & Martinez Trujillo, J. C. (1999). Feature-based attention influences motion
processing gain in macaque visual cortex. Nature, 399, 575-579.
https://doi.org/10.1038/21176
Wheeler, M. E., & Treisman, A. M. (2002). Binding in short-term visual memory. Journal of
Experimental Psychology: General, 131, 48. https://doi.org/10.1037/0096-3445.131.1 .48
Wilson, F. A., Scalaidhe, S. P., & Goldman-Rakic, P. S. (1993). Dissociation of object and
spatial processing domains in primate prefrontal cortex. Science, 260(5116), 1955-1958.
Woodman, G. F., & Luck, S. J. (2007). Do the contents of visual working memory automatically
influence attentional selection during visual search?. Journal of Experimental Psychology:
Human Perception and Performance, 33,363-377. doi: 10.1037/0096-1523.33.2.363
Woodman, G. F., Vogel, E. K., & Luck, S.J. (2012). Flexibility in visual working memory:
Accurate change detection in the face of irrelevant variations in position. Visual

Cognition, 20(1), 1-28.



704

705
706
707
708
709
710
711
712
713
714
715
716
717

SPATIAL SPECIFICITY OF WORKING MEMORY 32

A
\
A\ ]
Memory sample ISI Discrimination stimuli ISI Recall ITI
05s 1s 0.2s 23s 4s 1s
Time
B

High contrast Gabor Low contrast Gabor

Figure 1. Paradigm and design of Experiment 1. A) Subjects first viewed the memory sample for
0.5 second and memorized the orientation of the Gabor patch indicated by the central spatial cue.
After 1 second of inter-stimulus interval (ISI), they perform a discrimination task on a new
orientation patch on one of the two sides and report whether the orientation is clockwise or
counterclockwise to the vertical orientation. The congruencies in spatial location and orientation
of the cued memory sample and the discrimination stimulus were manipulated. Subjects could
respond during the 2.5 seconds (0.2 s of stimuli display and 2.3 s of interval) between the onset
of the discrimination display and the onset of the memory probe. Then they perform the
continuous report during the probe period by rotating the oriented line to match the memory
orientation. B) The contrast of the Gabor patch was manipulated to derive the threshold of
reliably detecting the orientation. Left: example of a high-contrast Gabor; Right: example of a
low-contrast Gabor.
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Figure 2. Location congruity modulated feature-based interaction between working memory and
perception (Experiment 1). A) Accuracy in the discrimination task plotted as a function of
contrast of the discrimination stimuli for the location congruent condition. Orange and blue lines
are the fitted psychometric functions for the orientation congruent and incongruent conditions,
respectively. The threshold in stimulus contrast to reliably detect its orientation was significantly
lower when the orientations of the memory sample and the discrimination stimulus were
congruent than when they were incongruent. Note that the psychometric curves in this and all
following figures were fitted on the group-averaged value for demonstration purposes. B)
Accuracy in the discrimination task for the location congruent condition, plotted separately for
orientation congruent and incongruent conditions. When the location of the memory sample did
not match that of the discrimination stimulus, the difference between the contrast thresholds was
not significant. C) Contrast threshold plotted by location and orientation congruencies. Location
congruity modulated the orientation-based facilitation in contrast threshold. D) Working memory
representation was influenced by both location and orientation congruencies. Memory precision
was higher when location was congruent between the memory sample and the discrimination
stimulus. Congruent in orientation also facilitated the memory precision. For this and all
following figures: * p < 0.05; error bars represent normalized standard error (Morey, 2008).



737

738
739

740
741
742
743
744

SPATIAL SPECIFICITY OF WORKING MEMORY 34

Memory sample ISI Discrimination stimuli Mask Contrast report ISI Recall
05s 0.2s 0.2s Until response Until response

Time
Figure 3. Paradigm and design of Experiment 2. A) Subjects first viewed the memory sample for
0.5 second and memorized its orientation. After 1 second of ISI, they were briefly presented with
another Gabor patch with varying contrast, followed by a mask. Then they directly reported the
perceived contrast of this discriminandum by adjusting the contrast of the test stimulus to match.
At the end of the trial, they perform the continuous report on the memorized orientation.
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746  Figure 4. Working memory content influenced contrast perception regardless of task-relevancy.

747  A) When the memorandum matched with the high-contrast discriminandum in location, a match
748  in orientation between the two increased the perceived contrast of the discriminandum . B) When
749  the memory sample did not match with the discrimination stimulus in location, no difference was
750  observed between orientation congruent and incongruent conditions. C) Reported contrast was
751  averaged across all contrast levels and plotted by location and orientation congruity. Location
752  modulated the extent of orientation-based facilitation that the enhancement was only evident

753  when locations of the discriminandum and memorandum matched, not when location

754  mismatched. D) Working memory precision also demonstrated a location-specific effect: the
755  congruity in orientation enhanced memory precision, only when the location of the two matched.
756
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Figure 5. Sample displays for Experiment 3 and 4. A) Experiment 3 introduced low context-
binding demand by making location entirely task irrelevant. Memory sample was presented
along during encoding and the test probe was presented centrally during recall. Subjects
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performed the same discrimination task as Experiment 1 during memory delay. B) Experiment 4
created high context-binding demand by making location task relevant. The test probe appeared

at the same location as the memorandum for 50% of the trials and subjects reported the exact

memory orientation in this condition. For the other 50% of trials, the test probe appeared on the

opposite side of the screen and subjects reported the orientation that is 90 degree orthogonal to

the memorandum.
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Figure 6. Low context-binding demand lead to a global interaction between working memory
and visual processing. A) When the memorandum and the discriminandum were matched in
location, the contrast threshold in the discrimination task was significantly lower when the
orientations of the two were congruent than when they were incongruent. B) When the location
of the memory sample did not match that of the discrimination stimulus, the difference between
the contrast thresholds was also significant. C) Contrast threshold plotted by location and
orientation congruencies. There was a main effect of orientation congruity, but feature-based
facilitation was not impacted by location congruity. D) Working memory representation was
influenced by orientation congruity in that congruity in orientation facilitated the memory
precision regardless of location.
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Figure 7. Spatial specificity of the memory-perception in

teraction reemerged when location was

task relevant. A) In location congruent condition, congruity of orientation between the

memorandum and discriminandum lowered the contrast t

hreshold in the discrimination task. B)

When the location of the two did not match, there was also significant orientation-based
enhancement. C) In addition to the significant main effect of orientation congruity, the degree of
enhancement was further modulated by location congruity. The difference between orientation

congruent and incongruent conditions were greater when

their locations was congruent than

incongruent. D) A location specific interaction was observed in memory precision when the
memory probe was presented at the same location as the location where the memorandum had

been presented.



