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1. Bam Ha BBIOOP MPE/IJI03KeHO IBe KOPOTKHE HAYYHbIE CTATHH:

Onuyusa 1 — cratbs no koruutuBHOU nicuxooruu (Luck, S.J. & Vogel, E.K. (1997). The capacity
of visual working memory. Nature, 390, 279-281)

Onuyusa 2 — crates o koruuTuBHO# nicuxodusnonoruu (Delgado, M.R., Gillis, M.M., & Phelps,
E.A. (2008).Regulating the expectation of reward via cognitive strategies. Nature Neuroscience,
11, 880-881)

B 3TuX cTarbiax oT Bac CKpBITHI aBTOPCKHE AHHOTAIIAN.

Beioepure OJAHY u3 3THX ABYX cTareil M BHUMATeabHO npouutaiite. Ilocse 3toro Bam
He0o0X0AMMO HamMCAaTh KPaTKYylw aHHotanuio (abstract) ma 150-250 ciaoB Ha pycckom
si3pike. B aHHOTamuM He00X0AMMO OTPA3UTh OCHOBHYI NpoOAEMYy UCCIE006AHUAA,
KJIIOYEBble IKCHEPUMEHMAIbHbIE MAHURYIAYUU, TIIABHbIE pe3yibmamsl W NpeliaraeMyo
aBTOPaMU MmeopemuyecKyro UHmMepnpemayuio.

2. Ilpensoskure 00bsiCHEHHE ONMMCAHHBIM HHKE IKCIIEPHUMEHTATbHBIM pe3yJIbTaTaM:

B uccnenoanuu M. I'nk u K. Xonnyka 1Be Irpynibl HCIIBITYEMBIX B MUHAMBUIYAJIbHOM IIOPSIAKE
peliany JBE CXOJHBIE IO INPUHIMILY DPEIIEHUS 3aJa4u-ToJIOBOJOMKHU. McmbiTyemble nepBoit
TPYIIIBI CAMOCTOSATENIBHO pellaiivi 00e 3a1a4yu (CHavajga OJHY, MOTOM JAPYTYIO), & UCTIHITYeMbIC
BTOPOIl TpyNIbl IOCJIE HECKOJBbKUX IIONBITOK PpEHNICHWs NEpBOM 3aJayd IOJydald OT
9KCIIEPUMEHTATOpa NPAaBUIIBHBIM OTBET B TOTOBOM BH/IE.

Oxka3zaniocs, uTo 75 % UCHBITYEMBIX BTOPOM Ipynibl ¥ AL 41 % UCHBITYyEMBIX IEPBOM TPYIIIIBI
JIOCTUTAJIA IPABUJIBHOTO PEIICHUs BTOPOH 3ajauu.

Kak BbI nymaere, Kak MOXXHO OOBACHUTH MOAOOHBINA pe3ynbrar? Ilouemy o3HaKoMIIeHHE C
TOTOBBIM PEIIEHHWEM CXOAHOM 3a7jaud 0Ka3ajaoch MOYTH BABOE AP (EKTUBHEE CaMOCTOSTENIbHBIX
IIOMCKOB OTBETa?

3. Ilpeanoxkure cXeMy JIKCHEPHMEHTAJBHOIO  HCCICAOBAHMA Uil  NPOBEPKH
HIoKecseayomeil runoressl. IIpm 3ToM Heo0XoAMMO ommcaTh MOIIATOBO, YTO HY’KHO
AeJaTh P MOATOTOBKE U B X0/1€ MPOBEIeHUs TAKOI0 JKCIePUMEHTA.

Hame 3purenbHO€ BHHMMAaHHE MOXKET JMOO HAMpaBIATbBCA Ha ONpPEIEICHHbIE MecTa B
IPOCTPAHCTBE, MO3BOJIAA HaM 00paboTaTh MHPOPMALMIO O HAXOMSIIUXCS TaM OOBEKTaX co
BCEMHU HUX IpPHU3HAKaMM, JUOO MPUBIIEKATHCS HEMOCPEACTBEHHO OOBEKTOM, PACMOJIOKEHHOM B
TOM WMJIM MHOM MECTE NMPOCTPAHCTBA, MO3BOJIAL HaM 00paboTarh MH(pOpMaIMi0 000 BCEM, UYTO
KacaeTcsi BBIOpaHHOTO OOBEKTa, W WTHOPUPYS Bce Japyrue OOBEKThl. B KOrHUTHBHOMN
MICUXOJIOTHHM IO CHUX MOpP NMPOJODKAETCs CIOp O TOM, Kakas M3 (opM BHHMaHHs Kak oTOOpa
nepBuyHa. Hampumep, Ha ynune cToAT AeBylmIKa M OHomaA. Hame BHMMaHuWe NpHUBIIEKaeT
HEeoOBIYHas puyecka JeByKu. Kyna Mbl cMoeM ObIcTpee U jierde nepeHanpaBuTh BHUMaHHE:
Ha 1OOKYy 3TOH e JEeBYIIKM WIM Ha JMIO CTOSIIEro HampoTuB He€ roHowmu? CruiaHupyiite
HKCHEPUMEHT, KOTOPBINA MO3BOJIMI OBl OTBETUTH HA 3TOT BOIPOC.

HanunoHanbHBIN HCC/IEI0BATEIbCKHA YHUBEPCUTET « BpicIIasi K012 IKOHOMUKH
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The capacity of visual working
memory for features and
conjunctions

Steven J. Luck & Edward K. Vogel
Department of Psychology, University of Iowa, Iowa City, Iowa 52242-1407, USA

To measure the capacity of working memory for simple features,
we used a variant of the sequential comparison procedure developed
by Phillips®. Subjects viewed a sample array and a test array on each
trial, separated by a brief delay, and then indicated whether the two
arrays were identical or differed in terms of a single feature. The
accuracy of this discrimination was assessed as a function of the
number of items in the stimulus array (the set size) to determine
how many items could be accurately retained in working memory.
In addition, control experiments were conducted to ensure that
performance truly reflected the capacity of visual working memory
and was not influenced by verbal working memory or by limitations
in perception, memory encoding, or decision processes.

The first set of experiments examined working memory capacity
for simple colours (Fig. 1a). The sample array consisted of 1-12
coloured squares and was presented for 100 ms. This was followed
by a 900-ms blank delay interval and then a 2,000-ms presentation
of the test array, which was either identical to the sample array or
differed in the colour of one of the squares. Performance was nearly
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perfect for arrays of 1-3 items and then declined systematically as
the set size increased from 4 to 12 items. According to the method
for estimating memory capacity described by Pashler®, these data
indicate that the observers were able to retain the colours of roughly
four items in working memory, which is similar to previous
estimates for alphanumeric characters®.

To demonstrate that this estimate of capacity accurately reflects
limitations in visual working memory with no significant contribu-
tion from verbal working memory, we tested the effects of adding a
verbal memory load. In half of the trial blocks, the observers were
presented with two digits before each sample array and were
required to hold these digits in memory and then say them aloud
at the end of the trial. Adding a verbal load did not significantly alter
performance on the colour task (Fig. 1a), indicating that our
capacity estimate was not influenced by verbal working memory.

It was also necessary to demonstrate that the relatively small
memory capacity observed in this experiment was not a result of
limitations in processes other than working-memory storage. To
rule out limitations in perceiving the stimuli and encoding them in
working memory, we varied the duration of the sample stimulus,
comparing the original 100-ms duration with a 500-ms duration.
This allowed substantially more time for perceiving the stimuli and
encoding them in memory, which should have led to improved
performance if these were limiting factors. However, performance
was not significantly influenced by variations in sample duration
(Fig. 1b), indicating that the errors at set sizes of 4—12 reflected
limitations in storage capacity rather than limitations in perceiving
or encoding the stimuli.

We next examined the possibility that performance was limited
by decision factors. At larger set sizes, more decisions must be made,
and this can lead to an increase in errors even in the absence of any
capacity limitations'®"". To rule out this explanation, we conducted
an experiment in which the memory requirements were the same as
in the original experiment but only a single decision was necessary,
regardless of the set size. Specifically, we used a partial report
procedure in which we cued the observers to make a decision
about only one of the items in the test array by presenting an
outline box around the one item that might have been different
from the sample array. This required them to retain information
from all of the items in the sample array, but allowed them to restrict
decision processes to a single item in the test array. As shown in
Fig. 1b, this manipulation did not significantly alter performance,
indicating that accuracy was not limited by decision factors (or,
alternatively, that the subjects were unable to use the cue box
effectively, which seems unlikely given that previous studies have
found similar cues to be very effective in improving performance in
decision-limited tasks'>'?).

To determine whether capacity is different for different feature
dimensions, memory for orientation was compared with memory
for colour using 4, 8 or 12 bars that varied both in colour and in
orientation. The observers were instructed to detect either colour
changes or orientation changes (in different trial blocks), and a
verbal load was used in both cases. The effects of set size on accuracy
were nearly identical for colour and orientation, with a capacity of
about four items for both feature types.

We then assessed whether visual information is stored in working
memory as individual features or as integrated objects. This was
tested by comparing memory for simple features with memory for
objects defined by a conjunction of features. Observers performed
the same sequential comparison task used above (while performing
a concurrent verbal load task) with arrays of 2, 4 or 6 coloured bars
of varying orientations. Relatively small set sizes were used so that
the objects could be widely spaced, which was necessary to avoid
‘llusory conjunctions’ in the perception of the bars™. In one
condition, only colour could vary between the sample array and
the test array, and the observers were instructed to look for a colour
change. In a second condition, only orientation could vary, and the
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observers were instructed to look for an orientation change. In the
third and critical condition, either colour or orientation could vary,
and the observers were required to remember both features of each
object. In this last condition, accurate performance with a set size of
four objects would require the observer to retain eight features (four
colours and four orientations), whereas only four features would be
required for accurate performance in the simple feature conditions.
Performance was essentially identical for the feature and conjunc-
tion conditions despite the greater total number of features that had
to be retained in the conjunction condition (Fig. 1¢). This indicates
that visual working memory stores integrated object percepts rather
than individual features, just as verbal working memory can store
higher-order ‘chunks™. This is also analogous to findings from
visual attention experiments, which have shown that attention is
directed to entire objects rather than to individual features and that,
consequently, two features of a given object can be reported as
accurately as a single feature'.

Because the stimulus arrays shown in Fig. 1c always varied in
both colour and orientation, it is possible that the subjects were
unable to avoid encoding both features even when only one feature
was relevant. To rule out this potential explanation of the similar
results obtained for the feature and conjunction conditions, a
second version of this experiment was conducted in which the
irrelevant feature dimension was held constant in the single-feature
conditions (all of the rectangles were black when the subjects
were required to remember orientation and all were vertical
when the subjects were required to remember colour). The results
were virtually identical to those shown in Fig. 1c, with statistically
indistinguishable performance in the feature and conjunction
conditions.

To extend these findings, we conducted an experiment in which
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the objects were defined by a conjunction of four features: colour,
orientation, size and the presence or absence of a gap. Performance
was just as good in this quadruple conjunction condition as it was in
the individual feature conditions (Fig. 1d), indicating that 16
features distributed across 4 objects can be retained as accurately
as 4 features distributed across 4 objects.

The surprisingly good performance for conjunctions could be
explained by the use of separate, independent memory systems for
each feature type rather than the storage of integrated object
representations. To rule out this possibility, we examined colour—
colour conjunctions in which each object consisted of a large square
of one colour and a small inner square of a different colour.
Observers were just as accurate with these colour—colour conjunc-
tions as they were with either the large outer squares or the small
inner squares presented alone (Fig. le). Thus, eight colours dis-
tributed across four objects can be retained as accurately as four
colours distributed across four objects. Because both features of
each object consisted of colours, the high accuracy observed in the
conjunction condition cannot be explained by the existence of
independent memory systems for different features.

These results indicate that integrated object percepts are stored in
visual working memory, leading to a large capacity for retaining
individual features as long as the features are confined to a small
number of objects. Although there may be limits on the number of
features that can be linked together in a single object representation,
our results indicate that at least four features can be joined in this
manner with no cost in terms of storage capacity.

The present findings have important implications for both the
nature of the input to, as well as the contents of, visual working
memory. Specifically, studies of selective attention indicate that
attentional processes are used to combine the features of an object

Figure 1 Example stimulus arrays (not drawn to scale) and performance on the
sequential comparison task. All set size effects shown here were statistically
significant at the P < 0.001 level (ANOVA). No other effects approached the
P < 0.05 level of significance. a, Performance with and without a verbal load for
simple colour stimuli. b, Comparison of 100-ms and 500-ms sample durations for
simple colour stimuli (with a verbal load and no cue box). Also shown is the
performance in a similar experiment with a cue box that indicated the one item
that might have changed colour (100-ms sample duration and no verbal load).
¢, Comparison of performance when the observers were instructed to detect a
colour change, an orientation change or a change in either feature (conjunction
task). d, Comparison of performance for each of four simple features and the
conjunction of all four features. e, Comparison of performance for colour-colour
conjunctions versus the individual large and small squares.
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into an integrated percept'’, and it is these integrated object percepts
that appear to be stored in visual working memory. Neurobiological
accounts of working memory must therefore include a mechanism
for keeping the features of an object bound together during the
retention interval. A leading candidate mechanism is the use of
oscillatory or temporally correlated firing patterns among the
neurons that code the features of an object'®™. Such a mechanism
can also readily explain the relatively small number of objects that
can be held in working memory concurrently: as the number of
concurrent objects increases, the possibility of accidental correla-
tions between neurons that code different objects also increases’.
However, this would not necessarily place any limits on the number
of features that can be bound together into a single object repre-
sentation, which is consistent with our findings.

Methods

Ten neurologically normal college students participated in each experiment.
Each of these observers received 32—-40 trials in each condition, where a
condition consisted of a combination of set size and some other variable, such
as the presence or absence of a verbal load.

All stimulus arrays were presented within a 9.8° X 7.3° region on a video
monitor with a grey background (8.2cd m™), and the items in a given array
were separated by at least 2.0° (centre to centre). One feature of one item in the
test array was different from the corresponding item in the sample array on
50% of trials; the sample and test arrays were otherwise identical.

The experiments shown in Fig. 1a used sample arrays consisting of 1, 2, 3, 4,
8 or 12 coloured squares {0.65° X 0.65°), each of which was selected at random
from a set of 7 highly discriminable colours (red, blue, violet, green, yellow,
black and white). The experiments shown in Fig. 1b used the same stimuli, but
set size was limited to 4, 8 or 12 items.

The experiments testing combinations of colour and orientation (Fig. 1c)
used arrays of 0.03° X 1.15° rectangles, each of which was constructed by
combining one of four orientations (vertical, horizontal, —45° and +45°) with
one of four colours (red, green, blue and black). The stimuli used in the
experiment shown in Fig. 1d were combinations of horizontal or vertical, red or
green, small or large (0.13° X 1.0° or 0.13° X 2.0°) and continuous or broken
(broken by a 0.26° black gap).

The colour—colour conjunction stimuli shown in Fig. 1e consisted of a small
square (0.65° X 0.65°) embedded in a large square (1.3° X 1.3°). The inner and
outer colours for a given object were selected from the set of red, green, violet
and blue with the constraint that the inner and outer colours were always
different from each other. The simple feature conditions of this experiment
used either the large squares presented alone or the small squares presented
alone.
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Regulating the expectation of
reward via cognitive strategies

Mauricio R Delgado!, M Meredith Gillis? & Elizabeth A Phelps®

The expectation of a potential reward elicits positive feelings and aids in
the learning of environmental cues that predict future rewards. Central
to this process is the role of the striatum, a multifaceted structure that is
involved in affective learning and general reward processing across
species!—3, which is particularly engaged when potential rewards are
predicted or anticipated*—. However, this striatum signal can also be
maladaptive and correlates with drug specific cravings’, potentially
increasing urges to partake in risk-seeking behavior®. Given this, it is
important to understand how to regulate or control the positive
feelings associated with reward expectation. One promising method
for examining this is the utilization of cognitive strategies commonly
used in both social® and clinical® disciplines. Emotion regulation
strategies, for example, have been successful in attenuating aversive
emotional reactions that are elicited by various types of negative
stimuli'®, a pattern that is also reflected in neural regions involved in
emotion, such as the amygdala, with both behavioral and subcortical
neural modulations possibly mediated by prefrontal cortical
regions' 12, Less is known, however, about the efficacy of such
strategies with positive, anticipatory feelings that are elicited by a
conditioned appetitive stimulus. The goal of our study was to inves-
tigate the influence of emotion regulation strategies on the physio-
logical and neural correlates underlying expectations of reward. We
hypothesized that cognitive strategies should successfully decrease
arousal elicited by reward-conditioned cues while attenuating
reward-related activity in the striatum.

Fifteen participants who gave written consent were presented with
an adapted version of a classical conditioning procedure that has been
previously used to study aversive learning!?. Specifically, participants
were presented for 4 s with two conditioned stimuli, a blue and a yellow
square, that either predicted (CS+) or did not predict (CS-) a potential
monetary reward ($4.00; Fig. 1a). Prior to each trial, participants

namre .
neurosciCnce

were also given a written cue for 2 s that instructed them to either
attend to the stimulus (that is, “think of the meaning of the blue square,
such as a potential reward”) or regulate their emotional response to the
stimulus (that is, “think of something blue in nature that calms you
down, such as the ocean”). These antecedent-focused emotion regula-
tion strategies are postulated to work early in the emotional process to
influence the final emotional output®. Notably, there are a variety of
emotion regulation strategies, ranging from active reinterpretation to
more diversion-based approaches, which share similar and distinctive
neural mechanisms (for a review, see ref. 10). The particular instruc-
tions used in the current procedure were adapted from a previous
emotion regulation study'! but involve more general processes of
imagery given the nature of the conditioned stimuli (neutral squares
versus detailed photos). Therefore, participants were exposed to two
types of conditioned stimuli (CS+ and CS-) and two types of instruc-
tion (attend and regulate). Participants were aware of the contingencies
and were well-practiced in the instructions before commencing a
scanning session. Skin conductance responses (SCRs) were acquired
at the onset of each conditioned stimulus as a behavioral measure of
physiological arousal that may relate to reward anticipation (see
Supplementary Methods online for further methodological details).
We obtained written informed consent from 15 participants before
the experiment. A repeated-measures ANOVA with the SCRs revealed a
main effect of type of conditioned stimuli (CS+, CS— F ;4 = 15.48,
P < 0.001), a main effect of type of instruction (attend, regulate;
Fj 14 = 14.75, P < 0.002) and an interaction between the two factors
(F1,14 = 23.51, P < 0.0001; Fig. 1b). This behavioral measure suggests
that emotion regulation strategies effectively decreased arousal that was
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Figure 1 Depiction of task-related events and behavioral results.

(a) Participants were presented with two conditioned stimuli (CS, colored
squares depicted in figure as dark and light gray squares). The CS+ trial
(dark gray) predicted a potential monetary reward ($4.00), whereas the

CS- trial (light gray) predicted no monetary reward ($0). Prior to conditioned
stimuli onset, the cues ‘Attend’ or ‘Regulate’ served as instructions for that
trial. (b) SCRs from 15 participants showing an interaction between type

of conditioned stimulus (CS+, CS-) and type of instruction (attend,

regulate; +s.e.m.).
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linked to the anticipation of a potential reward
typically elicited by a conditioned stimulus.
On the basis of previous studies of reward
processing® and emotion regulation'!, we
sought to identify a priori regions of interest
(ROIs) that were involved in general expecta-
tion of reward (CS+ versus CS— attend trials)
and potential regulation sites in the prefrontal
cortex (regulate versus attend trials). The first
contrast (CS+ versus CS— attend trials) yielded
regions that are typically observed in classical
conditioning procedures'* and reward expecta-
tion®, including activation in the striatum b
bilaterally (P < 0.005; see Fig. 2a and Supple-
mentary Table 1 online for specific regions
and values). For each striatum ROI, mean
beta weights were then extracted from each
participant and input into repeated-measures
ANOVAs for further analysis. We observed
interactions between type of conditioned
stimuli and type of instruction in both left
(F1’14 = 1670, P < 0001) and I'lgl’lt
(F1’14 =897, P < 001) striatum ROIs. In
addition, post hoc t tests in the left striatum ROI
(similar in the right) showed a differential
response between attend and regulate CS+
trials (#(14) = 2.35, P < 0.05), but not CS—
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Figure 2 Neuroimaging results. (a) Activation of the striatum bilaterally identified by a contrast of attend
CS+ versus CS- trials (expectation of reward). Mean beta weights from both ROIs showed an interaction
between type of condition stimulus (CS+, CS-) and instruction (attend, regulate; + s.e.m.). (b) Mean
beta weights for left middle frontal gyrus ROI showing elevated responses during the regulate CS+
compared with the attend CS+ condition (+ s.e.m.).

trials (#(14) = 1.42, P = 0.18), suggesting that
emotion regulation strategies effectively atten-
uated increases in BOLD response typically observed by reward-
predicting conditioned stimuli (see Supplementary Results online for
additional discussion and analysis).

The second contrast (regulate versus attend trials) yielded a variety of
cortical regions that have been previously implicated in emotion
regulation! %1115 (Supplementary Table 2 online), although the precise
foci of activation in these cortical regions differs slightly between
studies as a result of factors such as differences in stimuli or techniques
used %, We observed activation in the left middle frontal gyrus (BA 6/9;
Fig. 2b), left inferior frontal gyrus (BA 6/44) and left inferior parietal
cortex (BA 40). Notably, activation also occurred in the left subgenual
cingulate cortex (BA 25), a region previously linked to fear extinction
and regulation!4,

Our finding that emotion regulation strategies can successfully
modulate physiological and neural correlates underlying the expecta-
tion of reward in a conditioning procedure is a first step to under-
standing how top-down modulation may effectively control positive
emotions and eventual urges that may arise (for example, drug
craving). This is consistent with recent neuroimaging studies suggest-
ing that cognitive strategies modulate subcortical regions involved in
aversive emotional processing!®12, further extending our results to the
domain of emotional responses elicited by conditioned stimuli that
predict potential rewards. Often, such reward expectations lead to
impulsive decisions that are detrimental to an individual (for example,
drug seeking behavior). Future investigations will target the influence
of emotion regulation on subsequent decision-making.

Note: Suppl tary information is available on the Nature Neuroscience website.
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