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Introduction

Recent results in visual short-term memory support a unified shared
memory resource.

We propose a probabilistic model of a finite capacity memory network,
capable of reproducing experimental psychophysical human data.

We assess how different population code representations are able to cope
with the multiplicity and multidimensional binding requirements of this
task.

Visual Short-term memory

Task [1]: remember colored oriented bars. Cue one bar with correct color,
should recall its orientation.

Sequential and simultaneous version of the task.

Obtain smooth decay of precision of recall as the number of items to
remember increases, incompatible with a slot model.

distribution of responses. We demonstrate how memory preci-
sion changes as new items are presented and how resources are
flexibly weighted to prioritize task-relevant items. Importantly,
we find that memory for sequentially presented objects is espe-
cially prone to corruption by features belonging to other items in
the sequence (misbinding). These observations provide impor-
tant constraints on the neural mechanisms underlying WM for
objects encoded sequentially by the visual system over time.

Materials and Methods
Participants
A total of 34 healthy volunteers (19 female, 15 male, age: 19 –34 years)
participated in the study after providing written informed consent to
procedures approved by the local ethics committee. All participants had
normal or corrected-to-normal visual acuity and reported normal color
vision. Nine volunteers [six female, age: 25.8 ! 5.3 years (mean ! SD)]
took part in experiment 1, eight volunteers (six female, age: 21.4 ! 3.1)
participated in experiment 2, eight (four female, 24.8 ! 2.5) in experi-
ment 3, and nine (three female, age: 25 ! 2.7) in experiment 4.

Experiment procedure
Experiment 1: Sequential presentation. A schematic representation of the
task is shown in Figure 1 A. Each trial consisted of a sequence of one to
five colored bars (2° " 0.3° of visual angle) consecutively presented on a
gray background on a 21 inch CRT monitor at a viewing distance of 60
cm. Each bar had a different color and orientation and all were presented
at fixation, at the center of the display. The sequence of colors in each trial
was produced by permutation of a random selection of five easily distin-
guishable colors. On each trial, participants did not know in advance how
many objects they would have to remember. Stimuli within the same
sequence differed by at least 10° in orientation, which was otherwise
random. Each stimulus was shown for 500 ms, followed by a blank screen
for 500 ms.

At the end of each sequence, recall for one of the items was probed by
redisplaying a bar of the same color with a random orientation. A circle
surrounding this probe item made it easily distinguishable from the to-
be-remembered items in the sequence. Subjects were instructed to rotate

the probe using a response dial (Logitech) to match the remembered
orientation of the item of the same color in the sequence— henceforth
termed the target. Note that we use the term “target” here simply to
distinguish from other objects in the sequence, or nontargets, that were
not probed. We emphasize that in this experiment, participants did not
know which item would be tested or how long each sequence would be
from trial-to-trial.

Each subject completed a total of 400 interleaved trials. There were 25
trials for each of the 15 combinations of sequence length (1–5) and serial
position of the target item within the sequence (375 trials in total). In
addition, there were 25 trials where a single item was followed by a longer
blank period of 3500 ms (equivalent in duration to a four-item se-
quence). These trials were presented interleaved with other conditions to
examine the pure effects of temporal delay on memory in the absence of
intervening objects.

Experiment 2: Simultaneous presentation. To compare WM precision
for items presented sequentially with objects displayed simultaneously,
we ran the task shown in Figure 1 B. Each trial started with a central
fixation cross displayed on a gray background. Once stable fixation was
established, one to five bars, each of a different color and orientation,
were presented simultaneously. The display settings, dimensions of the
stimuli, and the selection of color and orientation were as in experiment
1. Stimuli were displayed at random positions on an invisible circle of
radius 6°, with a minimum center-to-center separation of 3° of visual
angle. This memory array was shown for 1000 ms, followed by a 1000 ms
blank screen. Subsequently, one of the items in the array was probed by
color at central fixation and the participant had to indicate the remem-
bered orientation of the item, as in experiment 1. Each subject completed
500 trials. Eye position was monitored online at 1000 Hz using a frame-
mounted infrared eye tracker (SR Research) to ensure subjects main-
tained central fixation. Trials were repeated if gaze deviated #2° from the
fixation cross during stimulus presentation.

Experiment 3: Simultaneous versus sequential presentation at different
locations. In experiment 1, items were presented at the same spatial loca-
tion, which may confound the comparison with simultaneous presenta-
tion, where each item occupied a different location in space. Therefore,
we performed an additional experiment to distinguish the effects of se-
quential versus simultaneous presentation from the potentially confounding
effects of presenting stimuli at the same or at different locations. In experi-
ment 3, two, four, or six items were presented either simultaneously or se-
quentially, always at different locations, with a minimum center-to-center
separation of 3° of visual angle. All stimuli were presented at an eccen-
tricity of 6° for 500 ms, followed by a 500 ms blank screen. The dimen-
sions of the stimuli and the selection of color and orientation were
identical to the previous experiments. As in experiment 2, central fixa-
tion was monitored online using infrared eye tracking and trials were
repeated if gaze deviated #2° from the fixation cross during stimulus
presentation. At the end of each trial, one of the items was probed by
color at the center of the screen, as in the previous experiments. Each
subject completed a total of 480 trials consisting of four 60-trial blocks of
sequential and four blocks of simultaneous presentation. The order of
the eight blocks was randomized.

Experiment 4: Prioritizing one of the items in a sequence. To investigate
how WM resources are allocated to a prioritized (cued) item in a se-
quence compared with noncued objects, we investigated performance on
a variant of experiment 1. Here, a sequence of four items was presented
on each trial, using the same display settings, stimulus dimensions, and
durations as in experiment 1. Participants were instructed before the
experiment that items of one specified color were more likely to be tested.
This cue color was different for each subject and fixed throughout each
experimental session. There were two experimental conditions: the cue
present condition and the baseline condition. In the cue present condi-
tion, one of the four items on each trial was of the cue color. This item was
probed on a higher proportion of trials (62.5%, as opposed to 12.5% for
each of the other three items). In the baseline condition, the cue color was
not present in the sequence and all items were equally likely to be probed
(25%), and therefore equally task-relevant. The participant had to indi-
cate the remembered orientation of the target item using a dial to rotate
the probe bar, as in the previous experiments. Each subject completed a

A 

TEST

1st

2nd

Last

TEST

Sample

Sequential SimultaneousB

Figure 1. Experimental paradigm for sequential and simultaneous tasks. A, In experiment 1,
participants were presented with a sequence of colored bars, each with a different orientation.
A probe item of a randomly chosen color (in this case, blue) was then presented and subjects
adjusted the orientation of the probe item to that of the orientation of the item of the same color
shown in the sequence (in this case, the second item). B, In experiment 2, stimuli were shown
simultaneously, in an array, following which the orientation of one of the items (in this case,
blue) was probed and had to be reproduced from memory.
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where E is the target color value (in radians), Ê is the
reported color value, and + is the proportion of trials on
which the subject responds at random. 7A denotes the
circular analogue of the Gaussian distribution (the Von
Mises distribution) with mean of zero and standard
deviation A.

In this study, we propose an additional source of error: a
certain probability on each trial of misremembering which
item was at the probed location. On these trials, responses
are drawn from a Gaussian distribution centered on the
color value of one of the non-target items. The standard
deviation of this Gaussian will be the same as for

Figure 1. Precision of visual working memory in a color report task. (a) Subjects were brie!y presented with a sample array of 1–6 colored
squares; exposure duration was varied across trials (100–2000 ms). After a blank period (900 ms), a test array was presented in which
the location of a randomly selected sample item was highlighted. Subjects reported the remembered color corresponding to the
highlighted location by clicking on a color wheel. (b) Precision as a function of the number of items in the sample array (N). Precision is
de"ned as the reciprocal of the standard deviation of the error in subjects’ responses: zero indicates chance performance. Error bars
indicate SEM. The blue line indicates the best "t to the data of a power law relating precision to the fraction of resources available per item
(1/N). (c) Three models for the distribution of responses on the color report task, illustrated for a single trial with a sample array of two
items (one red, one green) and a test array that cues the location of the red item. Variability in memory for color alone would predict a
Gaussian distribution of responses centered on the actual color at the target location (top). In the model proposed by Zhang and Luck
(2008) (middle), a proportion of responses instead come from a uniform distribution in which colors are chosen at random (shown in
green). Alternatively (bottom), variability in memory for location may cause subjects to mistake which item was at the target location on
some trials, in which case a proportion of responses (shown in green) will come from a Gaussian centered on the non-target color.
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Model

Assume simple storage and recall processes, with different candidate population codes
for items representation.

Storage process as palimpsest: additive through time, decay and noise.

Recall process: infer orientation, given cued colour and memory state.
Strategy: recall correct item, amidst noise created by all other items (similar to [2]).

Implemented through Gibbs sampling, using a Slice sampler with MCMC jumps.

Marginalize over time/item identity, not a full recall paradigm.
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Trade-offs: coverage, scaling, correlation and feature binding.

Multiplicity can be resolved by mixed population

Feature-based population codes fail under multiplicity.

Conjunctive and wavelet codes do not reproduce experimental misbinding errors.

Simple solution: add conjunctive neurons to feature code, providing binding information.
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Experimental fits

inversely proportional to the precision of the representation; a

wider distribution is equivalent to a less precise representation.

The standard deviation is sensitive to any type of gradual decline

in the quality of the memory representation, including changes

in the breadth of the neural tuning, drifts in the averaged re-

membered value, and declines in the strength of the internal

memory activity. If the cued item is unavailable in working

memory, the response will be a random guess, leading to a

uniform distribution over trials. Because the observer some-

times remembers and sometimes fails to remember the cued
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Fig. 2.Results from the color (a) and shape (b) experiments, showing the probability distribution of the difference between the tested value and
the reported value (error bars represent standard errors), along with the fit of Zhang and Luck’s (2008) model (solid line). The width of the
central peak is inversely related to the precision of the representations, and the vertical offset (distance from the broken line) reflects the
probability that no information about the color or shape was available at the time of report.
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where E is the target color value (in radians), Ê is the
reported color value, and + is the proportion of trials on
which the subject responds at random. 7A denotes the
circular analogue of the Gaussian distribution (the Von
Mises distribution) with mean of zero and standard
deviation A.

In this study, we propose an additional source of error: a
certain probability on each trial of misremembering which
item was at the probed location. On these trials, responses
are drawn from a Gaussian distribution centered on the
color value of one of the non-target items. The standard
deviation of this Gaussian will be the same as for

Figure 1. Precision of visual working memory in a color report task. (a) Subjects were briefly presented with a sample array of 1–6 colored
squares; exposure duration was varied across trials (100–2000 ms). After a blank period (900 ms), a test array was presented in which
the location of a randomly selected sample item was highlighted. Subjects reported the remembered color corresponding to the
highlighted location by clicking on a color wheel. (b) Precision as a function of the number of items in the sample array (N). Precision is
defined as the reciprocal of the standard deviation of the error in subjects’ responses: zero indicates chance performance. Error bars
indicate SEM. The blue line indicates the best fit to the data of a power law relating precision to the fraction of resources available per item
(1/N). (c) Three models for the distribution of responses on the color report task, illustrated for a single trial with a sample array of two
items (one red, one green) and a test array that cues the location of the red item. Variability in memory for color alone would predict a
Gaussian distribution of responses centered on the actual color at the target location (top). In the model proposed by Zhang and Luck
(2008) (middle), a proportion of responses instead come from a uniform distribution in which colors are chosen at random (shown in
green). Alternatively (bottom), variability in memory for location may cause subjects to mistake which item was at the target location on
some trials, in which case a proportion of responses (shown in green) will come from a Gaussian centered on the non-target color.
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total of 300 trials, consisting of four blocks of 50 trials for the cue present
condition and two blocks of 50 trials for the baseline condition. The
order of the blocks was randomized.

Analysis
For each trial, a measure of error was obtained by calculating the angular
deviation between the orientation reported by the subject and the correct
orientation of the target bar in the preceding sequence. Precision was
calculated as the reciprocal of the SD of error across trials (1/�). As the
parameter space for orientation is circular, we used Fisher’s definition of
SD for circular data (Fisher, 1993), subtracting the value expected for
chance; therefore, a precision value of zero corresponds to responding at
random. This method of estimating the fidelity of recall of a visual stim-
ulus based on the distribution of error has previously been described for
orientation, location (Bays and Husain, 2008), and color (Bays et al.,
2009), but only for simultaneous displays where all objects to be remem-
bered were presented together.

Precision was calculated separately for each subject, set size and con-
dition. Hypotheses regarding the effects of experimental parameters
(number of items, order in sequence, cueing condition) on precision
were tested by ANOVA and t tests (see Results, below).

Additionally, to assess the effects of prioritizing items (cued objects) at
different serial positions in experiment 4, we calculated, for each serial
position in the sequence, the fractional difference in precision between
the cue present and baseline conditions as (PC � PB)/(PC � PB), where PC

is the precision in a cue present sequence and PB the precision in a
baseline sequence. For this analysis, we pooled data across subjects, in-
creasing the number of trials on which each precision calculation was
based.

To quantify the contribution of different sources of error to overall
precision estimates in each experiment, we applied a probabilistic model
introduced previously by Bays et al. (2009). This model, building on an
earlier proposal by Zhang and Luck (2008), attributes errors on the re-
production task to three sources, as follows: (1) Gaussian variability in
memory for the target orientation; (2) a certain probability on each trial
of misreporting one of the other nontarget orientations in the sequence;
and (3) a certain probability of responding with a random orientation
not related to any of the items in the sequence. This model is described as
follows:

p��̂� � a�K��̂ � � � � �
1

m �
i

m

�K��̂ � �i� � �
1

2�

where � is the true orientation of the target item, �̂ the orientation re-
ported by the subject, and �� is the von Mises distribution (the circular
analog of the Gaussian) with mean zero and concentration parameter �.
The probability of reporting the correct target item is given by �. The
probability of mistakenly reporting a nontarget item is given by �, and
{�1, �2, …�m} are the orientations of the m nontarget items. The prob-
ability of responding randomly is given by � � 1 � � � �. A graphical
representation of these model components is given in Figure 5.

Maximum likelihood estimates (Myung, 2003) of the parameters �, �, �,
and � were obtained separately for each subject and set size in experiments 1,
2 and 3, using an expectation–maximization algorithm (MATLAB code
available at http://www.sobell.ion.ucl.ac.uk/pbays/code/JV10/).

To investigate how serial order of the target item in a sequence affected
the model parameters, we also fit the model separately for each combi-
nation of serial position and sequence length in experiment 1. As this
meant dividing the data from each subject between a large number of
conditions, we pooled across subjects, maximizing the data available for
each condition. Similarly, in experiment 4, we fit the model separately for
trials on which cued and uncued items were probed in the cue present
condition and for all items in the baseline condition, again pooling across
subjects. Likelihood-ratio tests were used for statistical comparison of
parameter values estimated from pooled data.

Results
Effects of serial order and set size on recall precision
In experiment 1, subjects were presented with a sequence of ran-
domly oriented colored bars and asked to reproduce from mem-

ory the orientation of one bar, specified by color (Fig. 1A). The
total number of stimuli varied between one and five; participants
were unaware of how many would be displayed in each trial. All
items in the sequence were equally likely to be tested.

Figure 2 shows how the precision with which subjects recalled
an item’s orientation varied as a function of its serial position
(i.e., when it appeared in a sequence), for different sequence
lengths (denoted by different colors). Serial order had a signifi-
cant effect on precision, regardless of the total number of items in
the sequence (two-way ANOVA, set size � serial position, main
effect of serial position: F(4,120) � 11.2, p � 0.001) with the most
recent item remembered significantly more accurately than pre-
ceding items (two-way ANOVA, simple contrast to last item:
F(4,120) � 3.67, p � 0.007). Thus, there was a clear recency effect.
No statistically significant differences in precision were observed
for earlier positions in a sequence (main effect of serial position
with final item excluded: F(3,80) � 0.57, p � 0.64). Performance
was significantly better than chance for every combination of
serial order and set size (t(8) � 2.9, p � 0.023), indicating that
some information was stored about every item in a sequence.

How does the total number of objects in the sequence affect
the fidelity of recall? As shown in Figure 2, when comparing
sequences of different lengths, for every serial position, precision
decreased significantly as the number of items increased (main
effect of set size: F(4,120) � 11.8, p � 0.001; set size � serial posi-
tion interaction: F(6,120) � 0.23, p � 0.97). Remarkably, this effect
was present even for the last (and best remembered) item in a
sequence: precision for the final item decreased significantly as
the number of preceding items increased (main effect of set size,
final items only: F(4,40) � 4.7, p � 0.004). Therefore, as the total
number of items held in memory increases, there is a loss of
fidelity in recall of items of any serial order, including the most
recent. Note that many previous studies of serial WM, using for
example verbal or visuospatial lists (Broadbent and Broadbent,
1981; Burgess and Hitch, 1999; Logie et al., 2000), have also
shown recency effects but, crucially, in those studies, participants
were either able to report an item or not, in a binary (all or
nothing) fashion. Here, we were able to show that the fidelity with
which the last item is recalled is modulated in a graded manner by
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Figure 2. Serial order and sequence length modulate memory precision. Precision is plotted
against order in the sequence, i.e., when in a sequence the item probed after the end of the
sequence had appeared. Each colored line represents a different sequence length. The last item
was remembered most accurately, while earlier items in the sequence were recalled with sim-
ilar precision. Error bars represent SEM.
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Figure 3 . Three sources of error in the report task and the e�ect of sample duration. (a –c) Subject responses on the memory task were
decomposed into three separate components, indicated by the shaded regions: (a) a Gaussian distribution with standard deviation A
centered on the target color value (T), corresponding to error in memory for color; (b) Gaussian distributions with the same width centered
on each non-target color value (NT), corresponding to errors in memory for location; (c) a uniform distribution, capturing random
responses unrelated to any of the sample colors. (d –f) Maximum likelihood parameters of the three-component model, as a function of
number o� tems in the sample array (mean across sample durations). (d) The standard deviation ( A) increases with array size, indicating
increasing variability in memory for color; (e) the proportion of responses corresponding to non-targets increases with array size,
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Conclusions

Proposed a probabilistic model of finite capacity memory network. Very simple storage
process, normative recall procedure.

Yet able to reproduce experimental statistics: experimental problem is highly
underconstrained.

The interaction between items in the representation is key; these constrain error types
and biases.
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