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Humans and monkeys use different strategies to solve
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The neural mechanisms underlying human working memory are often inferred from studies using old-world monkeys.

Humans use working memory to selectively memorize important information. We recently reported that monkeys do

not seem to use selective memorization under experimental conditions that are common in monkey research, but less

common in human research. Here we compare the performance of humans and monkeys under the same experimental con-

ditions. Humans selectively remember important images whereas monkeys largely rely on recency information from non-

selective memorization. Working memory studies in old-world monkeys must be interpreted cautiously when making

inferences about the mechanisms underlying human working memory.

[Supplemental material is available for this article.]

Humans use working memory to selectively store important infor-
mation while ignoring or forgetting distracting information.
Human working memory is an attention-demanding storage
mechanism for mental rehearsal and/or manipulation of infor-
mation (Cowan 2008; Baddeley 2010). Working memory is com-
monly studied in animals by testing whether they recognize
recently viewed images. In such tasks, an image that should be re-
membered is a “target” and an image that should be forgotten or
ignored is a “distractor.” One or more images are presented in se-
quence followed by a test image that matches a target, matches a
distractor, or does not match any image from the sequence.
Successful discrimination between a test image that matches a
target versus a distractor is often assumed to depend on mental re-
hearsal of the target using working memory (Miller and Desimone
1994; Scott et al. 2012).

We recently reported that seven monkeys performed well on
several working memory tests using a strategy that circumvented
the need for selective memorization of target images (Wittig and
Richmond 2014). Our conclusion was based on an analysis of re-
sponse rates (hits and false alarms) as a function of how recently
a test image was last presented. In line with previous reports, hit
rates increased when a test image matched a recently presented
image, the so-called recency effect (Yakovlev et al. 2005; Wright
2007). To our surprise, false alarm rates also appeared to be gov-
erned by the same recency effect, such that response rates depend-
ed on how recently a test image was last presented, not whether
the test image matched a target or distractor. Thus, it appeared
as though our monkeys indiscriminately memorized targets and
distractors, and then performed the task with high overall accura-
cy simply by judging how recently each test image was last seen, or
how familiar it was.

We argued that our monkeys’ use of recency information,
applied indiscriminately to targets and distractors, could be
supported by a memory mechanism akin to human familiarity.
Familiarity supports recognition of a large number of items, is ef-

fortless to use, and conveys a unitary “strength” signal that fol-
lows the laws of recency and repetition, where items seen more
recently or more frequently have a stronger memory signal
(Eichenbaum 2008; Kahana 2012). We conjectured that monkeys
prefer using an effortless memory mechanism such as familiarity
instead of an attention-demanding memory mechanism such
as working memory. Our previous finding in monkeys left an
open question: would humans also use a nonselective memory
mechanism if experimental conditions matched those in monkey
experiments?

Here we compare new data from 20 humans to a mix of new
and previously reported data from five rhesus monkeys as they
performed three recognition memory tasks (Fig. 1). For each
task, a sequence of images was presented on a computer monitor,
one at a time, and the sequence ended with a “yes/no” recogni-
tion test. A subject had to report whether or not the test image
matched a target image from that sequence. For each sequence,
there was a 50% chance that the test matched a target. A common
manipulation in recognition memory tasks is to reuse a small set
of images across trials so that a target from one trial can be a dis-
tractor in the next, thus causing high interference and presum-
ably limiting the use of familiarity to solve the task (Basile and
Hampton 2013). For each task variant, we used both a large (100
images) and small (two or five images) stimulus set to see whether
this manipulation differentially affected humans and monkeys.

In the first and simplest task, Same–Different, there were two
images per sequence—the target and the test. When the test
matched the target the correct response was “yes” (Fig. 1A, Trial
#1). When the test did not match the target the correct response
was “no” even though the test might have matched an image
from a previous sequence, which we call a preceding distractor
(Fig. 1A, Trial #2 and #3). Both humans and monkeys perform
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well on Same–Different, with humans performing better (Fig. 2A).
Reducing the size of the stimulus set from 100 to two images
caused a comparable drop in performance for monkeys and hu-
mans (Fig. 2A, no significant species × set size interaction).

In the second task, Match First, each sequence had four or
eight images. The first image in each sequence was the target
and the remaining images before the test were intervening distrac-
tors. When the test matched the target, the correct response was
“yes” (Fig. 1B, Trial #1). When the test did not match the target
the correct response was “no,” even though the test might have
matched an intervening distractor from the current sequence (Fig.
1B, Trial #2), or a preceding distractor from a previous sequence
(Fig. 1B, Trial #3). Humans performed well on Match First for all
set sizes and sequence lengths. Monkeys performed poorly, with
performance becoming worse as set size decreased or the number
of interfering distractors increased (Fig. 2B, significant species ×
set size, and species × distractor interactions).

In the third task, Match Any, again there were 4 or 8 images
per sequence, but in this case every image before the test was a
target. When the test matched any of the targets the correct re-
sponse was “yes” (Fig. 1C, Trials #1 and #2). When the test did
not match any of the targets the correct response was “no,”
even though the test might have matched a preceding distractor
from a previous sequence (Fig. 1C, Trial #3). Human and monkey
performance was comparable on Match Any for all set sizes and se-
quence lengths (Fig. 2C, no main effect of species, no significant
interactions).

If we had only seen performance from Same–Different and
Match Any, we might have concluded that monkeys and humans
use similar strategies. However, the large differences in perfor-
mance in Match First warranted a closer examination of how
each task was solved. For each task variant, we produced a serial
position curve by plotting “yes” response rates as a function of
how recently a test image was previously presented. We adopt
the terminology of signal detection theory (Wickens 2002), where
hit rate is the percentage of correct “yes” responses when the test
matches a target (hits/(hits + misses)), and false alarm rate is the
percentage of incorrect “yes” responses when the test matches a
distractor (false alarms/(false alarms + correct rejections)).

Figure 1. Example trials from the three recognition memory tasks: Same–Different, Match First, and Match Any. Sequence length was 2 for Same–
Different, and 4 or 8 for Match First and Match Any (6 shown for illustration purposes). The last image of a sequence is the test image. A green
square appeared in the center of the screen (not shown in illustration) to cue subjects to respond “yes” by releasing a touch bar (for monkeys) or
space bar (for humans) within 1 sec, or “no” by continuing to hold until the green square disappears. A correct response to the test image (shown
below each trial) depends on whether the test matches a target image (“yes” correct) or a distractor image (“no” correct), as defined by the task
rule. Solid green arrows indicate which target was tested and dashed red arrows indicate which distractor was tested. (A) In Same–Different, a yes re-
sponse is correct if and only if the test matches the only other image in the sequence. (B) In Match First, a yes response is correct if and only if the
test matches the first image from the current sequence. (C) In Match Any, a yes response is correct if and only if the test matches any image from the
current sequence. Each task was inspired by previously described memory tests for monkeys, where Same–Different mimics “delayed-match-to-sample”
(Bauer and Fuster 1976; Mishkin and Manning 1978), Match First mimics “ABBA” (Miller and Desimone 1994; Miller et al. 1996), and Match Any mimics
Serial Probe Recognition (Wright 2007; Basile and Hampton 2010). Monkeys were trained and tested over the course of months, using color images of
natural scenes and clip art cartoons, with images and delays between 500 and 2000 msec depending on task condition (Same–Different and Match Any
images and delays were 1000 msec; Match First target images were 2000 msec, distractors were 500 msec, and delays were 750 msec). Humans were
trained and tested in a single 90-min session, using gray-scale fractal images to minimize the use of verbal memory (shown with contrast increased 40% to
improve print quality), with 500 msec image and delay durations. Over the course of a 90-min session, the software automatically progressed through
training and testing phases for each task in the same order used with the monkeys. Details of monkey training and testing have been reported previously
(Wittig and Richmond 2014) and are described in comparison to the human training and testing protocol in Supplemental Experimental Methods.

Figure 2. Humans and monkeys are sensitive to different task manipu-
lations. Performance (% correct over all trials) of individual human and
monkey subjects for each task condition are shown as red and blue
points, respectively, with group means indicated with open squares.
Performance is presented separately for each task in A–C, with specific
conditions of set size, number of intervening distractors per sequence,
and number of targets per sequence enumerated below the abscissa.
We examine how task manipulations differentially affected humans and
monkeys by evaluating five separate repeated-measures, two-way
ANOVA models, each with species as one factor. Separate models were re-
quired due to incomplete crossing of experimental factors in the data set.
We tested for the main effect of set size in each task (three models),
number of intervening distractors in Match First (one model), and
number of targets in Match Any (one model). Significance of each test
was corrected for multiple comparisons (Bonferroni correction, P ¼
0.05/5 ¼ 0.01). Percent correct data were normalized using the modified
arcsine transform (Freeman and Tukey 1950; Zar 2010). (A) In Same–
Different, there was a main effect of species (F(1,22) ¼ 17.8, P ¼ 0.0004)
and set size (F(1,22) ¼ 8.3, P ¼ 0.009), but no interaction (F(1,22) ¼ 1.0,
P ¼ 0.324). (B) In Match First, there was a main effect of species
(F(1,22) ¼ 118.9, P ¼ 2.5e210), no main effect of set size (F(1,22) ¼ 0.06,
P ¼ 0.81), and a significant interaction (F(1,22) ¼ 13.0, P ¼ 0.002).
There was also a main effect of the number of intervening distractors
per sequence (F(1,22) ¼ 9.7, P ¼ 0.005) and an interaction between
species and number of intervening distractors (F(1,22) ¼ 11.8, P ¼
0.002). (C) In Match Any, there was no main effect of species (F(1,22) ¼
0.2, P ¼ 0.645), no main effect of set size (F(1,22) ¼ 1.9, P ¼ 0.188),
and no interaction (F(1,22) ¼ 2.6, P ¼ 0.118). There was a main effect of
number of targets per sequence (F(1,22) ¼ 95.8, P ¼ 1.8e209), but no in-
teraction (F(1,22) ¼ 6.6, P ¼ 0.018).
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In Same–Different, the hit rate was high for both monkeys
and humans (Fig. 3A,B, red and blue squares at Test Recency ¼
21). However, the false alarm rates were strikingly different for
the two species. Humans made almost no false alarms (Fig.
3A,B, red squares at Test Recency ¼25 to 22), whereas monkeys
made an increasing proportion of false alarms for more recent dis-
tractors (Fig. 3A,B, blue squares at Test Recency ¼23 and 22). For
monkeys performing Same–Different with a large stimulus set, a
single straight line described the relationship between “yes” re-
sponse rate and test recency irrespective of whether the test
matched a target or distractor (Fig. 3A, blue line from Test
Recency ¼23 to 21). Despite the monkeys’ tendency to make false
alarms for recently presented distractors, their overall perfor-
mance was high, over 90% (Fig. 2A). For monkeys performing
Same–Different with a small stimulus set (Fig. 3B, blue squares),
hit and false alarm rates increased with test recency, but unlike
in Figure 3A, hit rate (Test Recency ¼21) did not fall along the
line connecting false alarm rates (Test Recency ¼23 and 22).

The serial position curves of humans and monkeys perform-
ing Same–Different illustrate the signatures of recency-based
and target-selective behavioral strategies. The signature of the

recency-based strategy is that response rates depend on how re-
cently a test image was last presented, irrespective of whether the
test matched a target or distractor; hit and false alarm rates fall
along the same line (Fig. 3A, blue squares and line). In contrast,
the signature of the target-selective strategy is that response rates
depend exclusively on whether the test matches a target versus a
distractor, irrespective of test recency; hit and false alarm rates
do not fall along the same line and false alarm rates do not change
with test recency (Fig. 3A,B, red squares and lines). A combination of
these strategies is evident when false alarm rates change systemati-
cally with test recency, but hit rates and false alarm rates do not
fall along the same line (Fig. 3B, blue squares and line). Based on
these criteria, humans exclusively use a target-selective strategy
when performing Same–Different, whereas monkeys use either a
recency-based strategy (for a large stimulus set) or a mix of recency-
based and target-selective strategies (for a small stimulus set).

In Match First, monkeys had high false alarm rates for distrac-
tors presented just before or after the target stimulus (Fig. 3C,D,
blue squares at Test Recency ¼24 and 22; Fig. 3E, blue squares at
Test Recency ¼28 and 26). With two intervening distractors and
a small stimulus set, a single straight line described the relation-

ship between “yes” response rates and
test recency irrespective of whether the
test matched a target or distractor (Fig.
3D, blue line from Test Recency ¼23 to
21). Incontrast,humans just aboutnever
made false alarms in Match First (Fig. 3C–
E, red squares). Human false alarm rates
did show a slight but significant depen-
dence on test recency with six interven-
ing distractors (Fig. 3E, red line from Test
Recency ¼26 to 21). Nonetheless, the
false alarm rate for the human subjects
was extremely low. In Match First, mon-
keys relied heavily, sometimes exclusive-
ly, on a recency-based strategy. Humans
relied nearly exclusively on a target-
selective strategy.

In Match Any, monkey response
rates depended linearly on test recency,
irrespective of whether the test matched
a target or distractor (Fig. 3F,G, blue
lines from Test Recency ¼25 to 21; Fig.
3H, blue line from Test Recency ¼29 to
21). Humans treated each of the three
conditions of Match any differently.
With three targets and a large stimulus
set, human response rates depended
on test recency for targets, but not dis-
tractors (Fig. 3F; red line from Test
Recency ¼25 to 24). With three targets
and a small stimulus set, human re-
sponse rates depended on test recency
for both targets and distractors, but a
single straight line did not fit all of the
data; we used different lines for targets
and distractors (Fig. 3G, red line from
Test Recency ¼25 to 24 does not predict re-
sponses at Test Recency ¼23). Finally, for
Match Any with seven targets and a large
stimulus set, human response rates de-
pended linearly on test recency using a
single line for hits and false alarms (Fig.
3H, red line from Test Recency ¼29 to
21). In Match Any, monkeys rely exclu-
sively on a recency-based strategy,

Figure 3. Testing for recency-based versus target-selective behavioral strategies. For each task condi-
tion, a serial position curve was created by sorting trials according to how recently a test image was pre-
viously presented, in terms of numberof images prior, and then calculating yes response rates for each test
recency. The average response rates for humans and monkeys are indicated by red and blue squares, re-
spectively, and error bars are+SEM (20 humans, 4 monkeys). Gray backgrounds indicate test recency for
trials where the test matched a target (yes correct, hit rates reported) and white backgrounds indicate test
recency for trials where the test matched a distractor (yes incorrect, false alarm rates reported). For in-
stance, in Same–Different (A,B), a yes response is correct only if the test matches the immediately preced-
ing image at Test Recency ¼21, whereas in Match First, a yes response is correct only if the test matches
the first image in the sequence, which is at Test Recency ¼23 when there are two intervening distractors
(C,D) or Test Recency ¼27 when there are six intervening distractors (E). Red and blue lines in each panel
are linear regressions on the human and monkey data. For each task condition and species, we first at-
tempted to fit a single linear regression to hit rates and false alarm rates. Based on an ANOVA of the
residuals (Zar 2010), a single linear regression was appropriate for monkeys in A,D,F–H, and for
humans in H (solid lines indicate range of the regression). If a single linear regression failed to
account for hit rates and false alarm rates, we next regressed on false alarm rates for the two most
recent preceding distractors (for Same–Different and Match Any) or all intervening distractors (for
Match First) and projected these regressions to the test recency where a yes was correct. For instance,
in Same–Different (B) the regression on distractors at Test Recency ¼23 to 22 (solid lines) is projected to
the targets at 21 (dashed lines). Thus, solid lines connecting targets and distractors indicate collinearity
of false alarms and hits and represent a pure recency strategy. In contrast, dashed lines indicate that hits
are not collinear with false alarms, and if the slope is zero, represent a pure target-selective strategy.
Dashed lines that have a nonzero slope represent a combination of recency-based and target-selective
strategies. For every task condition (A–H), the regression on the monkey data had a nonzero slope
(ANOVA P , 0.05; Zar 2010). For humans, only the regressions in E,G,H had nonzero slopes.
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whereas humans use a mix of target-selective (Fig. 3F,G) and
recency-based (Fig. 3G,H) strategies.

We asked our human subjects to report on a scale of 1–10
how often they had been “repeating the name [they gave the im-
age] or mentally picturing the image” in each task, where 1 was
“never rehearsed” and 10 was “rehearsed every image.” Most sub-
jects mentally rehearsed the images in Match Any (17 of 20 re-
sponses .1; mean response 6+1) and all subjects rehearsed the
first image in Match First (20 of 20 responses .1; mean response
of 8+1 is significantly greater than that for Match Any, paired
t-test, t19 ¼ 22.3, P ¼ 0.033). The working memory system sup-
ports conscious rehearsal of target stimuli (Logie 2011; Baddeley
2012). Thus, these subjective reports are consistent with the no-
tion that these tasks are solved using working memory to selec-
tively remember the targets, at least in humans.

Other authors have recognized that typical “working memo-
ry” tests may not measure the same processes in monkeys and hu-
mans, despite the tests being at least superficially similar across
species (Cook et al. 1991; Basile and Hampton 2013). Our data il-
lustrate the task conditions under which monkey memory pro-
cesses do not “map” well to human working memory. Mapping
failed when humans used a target-selective strategy but monkeys
did not. Humans used a target-selective strategy in all but one con-
dition (seven of eight conditions). Mapping failed in four of those
seven conditions when monkeys used a pure recency-based strat-
egy. Even when monkeys did use a target-selective strategy, it was
always in combination with a recency-based strategy. Thus when
mapping did not fail, it was imperfect. In general, monkey mem-
ory processes did not map well to human working memory.

Humans were much better at selectively remembering tar-
gets, which could reflect the use of language to recode the images
with names that are easy to rehearse, a superior understanding of
the task rules, or superior visual working memory capacity and
selectivity. Humans accurately and selectively remembered target
images even though it would be difficult to apply a unique name
to 100 different gray-scale fractal images. The only case of humans
not using a target-selective strategy occurred during Match Any
with seven target images, a condition where the number of mem-
orized images might exceed the capacity of human working mem-
ory. Human subjects clearly understood the task rule for Match
Any, based on their performance with three target images, yet
they resorted to a nonselective strategy with seven target images.
So for humans, understanding the task rule did not guarantee use
of a target-selective strategy. We were initially concerned that
monkeys’ lack of a target-selective strategy was due to confusion
about the different task rules because of our training regiment,
but we confirmed that the recency-based strategy still dominated
when training order was changed (see Supplemental Materials
and Methods). This suggests that the primary difference between
species is not related to the use of verbal coding, nor understand-
ing the task rules, but rather reflects a difference in the selectivity
and capacity of visual working memory.

The mechanisms underlying monkey memory have been
interpreted assuming monkeys and humans use similar strategies.
Our data should temper that assumption, as the tasks used here
mimic those used previously. Same–Different mimics “delayed-
match-to-color,” used in lesion and electrophysiological studies
of short-term memory in monkeys (Bauer and Fuster 1976;
Mishkin and Manning 1978). Match First mimics “ABBA”
(Miller and Desimone 1994; Miller et al. 1996) or “delayed-
match-to-sample” (Pagan et al. 2013), used to contrast selective
memorization mechanisms from nonselective detection of
stimulus repetition. Match Any mimics “multi-item working
memory” (Yakovlev et al. 2005) or “serial probe recognition”
(Wright 2007; Basile and Hampton 2010), used to study interfer-
ence processes and working memory updating processes. The set

sizes for the original tasks just cited range from two to thousands,
with delayed-match-to-color using two colors, ABBA using five or
six images, and multi-sample working memory or serial probe rec-
ognition using six, eight, 16, hundreds, or thousands per testing
session. Here we manipulated set size in each of the three tasks.
Across three common tasks, each examined under multiple condi-
tions, monkeys consistently relied on different strategies than hu-
mans even when overall accuracy was high. Thus, as has been
recognized by others (Elmore et al. 2011; Basile and Hampton
2013), task demands and overall performance criteria are not, by
themselves, adequate to assess whether monkeys and humans
use similar strategies.
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