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Abstract

Three rhesus monkeys (Macaca mulatta) performed a simultaneous chaining task in which stimuli
had to be sorted according to their visual properties. Each stimulus could vary independently along
two dimensions (luminosity and radius), and a cue indicating which dimension to sort by was
random trial to trial. These rapid and unpredictable changes constitute a task-switching paradigm,
in which subjects must encode task demands and shift to whichever task-set is presently activated.
In contrast to the widely reported task-switching delay observed in human studies, our subjects
show no appreciable reduction in reaction times following a switch in the task requirements. Also,
in contrast to the results of studies on human subjects, monkeys experienced enduring interference
from trial-irrelevant stimulus features, even after exhaustive training. These results are consistent
with a small but growing body of evidence that task-switching in rhesus macaques differs in basic
ways from the pattern of behavior reported in studies of human cognition. Given the importance of
task-switching paradigms in cognitive and clinical assessment, and the frequency with which
corresponding animal models rely on non-human primates, understanding these differences in
behavior is essential to the comparative study of cognitive impairment.
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Introduction

The complex coordination of sensory feedback, mator action, information processing, and
memory that underlies the execution of a skill has been described as a “mental set” (Jersild
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1927), which is a representation of the relevant rules and action frameworks associated with
a given task. Embedding task requirements into a mental representation follows naturally
from the use of hierarchical control structures (Kleinsorge and Heuer 1999) and is an
important aspect of organizing motor actions into functional behaviors (Rogers and Monsell
1995). Although task representations facilitate the efficient deployment of response
strategies, “task-switching” (whereby subjects must change which representation is in active
use) results in a corresponding drop in efficiency (Mayr and Kliegl 2000; Monsell 2003).

Healthy human adults consistently slow down and make less accurate responses during a
brief transitional period following a switch between tasks (Koch 2001). These switches
occur so rapidly as to give the subjective feeling of performing more than one task at once,
but the costs of switching remain evident in impaired task performance (Pashler 1994; Ophir
et al. 2009). The intransigence of these task-switching costs suggests that they are a
necessary by-product of the manner in which executive control systems are organized
(Pashler 2000). Furthermore, various forms of cognitive impairment magnify these costs,
whether they arise from aging (e.g., Clapp et al. 2011), brain injury (Mecklinger et al. 1999),
or other clinical conditions (Gu et al. 2008). It is therefore important to understand the
mechanisms by which the evident task-switching bottleneck arises.

When stimuli unambiguously signal the task in which a subject must engage, task-switching
engenders only a small delay, particularly if past responses need not be recalled (Spector and
Biederman 1976; Allport et al. 1994). In such cases, subjects form a “task-set,” a
superordinate representation made up of several well-learned tasks. When the tasks required
are known and are signaled by cues, task-sets permit subjects to shift between tasks rapidly
(Monsell et al. 2000). However, when task cues are subject to interference, selective
attention is required to switch tasks effectively, resulting in an increased cognitive cost
(Rogers and Monsell 1995; Logan and Gordon 2001). This is particularly important when
subjects must distinguish between “cues,” which are necessary to succeed at a task, and
‘primes,” which may be informative but are not required. When the cues for one task are
mixed with contradictory primes, selective attention is needed to focus on relevant cues and
disregard mismatched primes (Sudevan and Taylor 1987).

Because of their clinical implications, most studies of the relationship between selective
attention and task-switching have focused on human cognition. Recently, however, attempts
have been made to establish an animal model of selective attention and task-switching, using
rhesus monkeys. Such a model can inform cognitive development (Weed et al. 2008) and
age-related cognitive decline (Moore et al. 2003; Zeamer et al. 2011), both domains in
which cognitive assessment is crucial.

Experiments on non-human primates have two important independent benefits. They not
only provide opportunities for unit recording, but they also avoid the confound of verbal
processing. The ways in which the human capacity for language impacts cognitive
performance are often subtle, manifesting even in tasks that can be replicated by non-human
subjects (Prado et al. 2013). This risk is particularly salient given the verbal component in
many human assessment procedures, such as the Stroop task (Washburn 1994). Although
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verbal mechanisms are important, it is also important to dissociate them from non-verbal
mechanisms, as can be accomplished with animal models.

There are, however, several aspects of the comparative literature on task shifting that make
direct comparison difficult. For example, the importance of studying frequent shifts between
tasks is recognized in the human literature, both for its theoretical implications (Pashler
2000) and its applicability to scenarios of deficient cognitive control (Clapp et al. 2011).
Despite this, most studies of macaque task-switching initiate changes in the task on the basis
of performance criteria, allowing subjects to persist until they ‘get it right’ (e.g., Moore et al.
2003; Weed et al. 2008). Typically, these studies do not analyze the reaction-time delay
arising from task-switching. In one of the few studies to do so (Stoet and Snyder 2003a, b),
rhesus monkeys performed a task that randomly switched from one requirement to another
with a 50 % probability on each trial. These monkeys displayed minimal delay when
switching between tasks (unlike human participants). However, they also showed
considerable interference from distracting primes, a pattern of error that persisted despite
extended training (also unlike humans).

As discussed earlier, retrieval of task-set representations and the suppression of irrelevant
stimuli are important consequences in task-switching scenarios with human subjects. Thus,
Stoet and Snyder’s results raise the possibility of a qualitative species difference in how
memory and attention interact in human and non-human subjects. For example, it may be
that Stoet and Snyder’s unusual experimental procedure included unaccounted-for,
laboratory-specific, or task-specific confounds. In order to examine these issues with a fresh
perspective, we performed an experiment with a different task that retained three key
features of Stoet and Snyder’s experiment: extensive training (to ensure robust, well-
encoded task representations), frequent and unpredictable task-switching, and substantial
interference between stimulus properties that acted as (necessary) cues and those that acted
as (potentially distracting) primes.

In our experiment, rhesus macaques were presented with groups of stimuli that varied along
two psychophysical dimensions. Subjects were required to sort these stimuli according to
one of the dimensions using a simultaneous chaining paradigm (Terrace 1984, 2005).
During each trial, between 3 and 6 stimuli were simultaneously presented, each of which
had a different radius and a different luminosity. On the basis of a context cue (the
background color), subjects were required to respond to the stimuli in a particular order
according to a particular psychophysical dimension, while disregarding the other dimension.
Subjects were trained incrementally, but were eventually required to switch between the two
orderings solely on the basis of background cues that varied randomly from trial to trial.

Subjects were 3 male rhesus monkeys (Macaca mulatta), Lashley, MacDuff, and Oberon. At
the start of the experiment, the subjects were 13, 15, and 15 years old, respectively.
Throughout the duration of the experiment, they were housed at the New York State
Psychiatric Institute. All three subjects had extensive experience with the apparatus (Terrace
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et al. 2003; Kornell et al. 2007). Subjects were fed a mixed diet of primate chow and mixed
fruit on a daily basis, immediately following testing. Water was available ad libitum.

The experiments were conducted in sound-attenuated booths (127 cm high x 97 cm wide x
97 cm deep) that each contained an operant chamber made of Plexiglas and stainless steel
(53 cm x 48 cm x 53 cm). Each booth contained a pellet dispenser (Med Associates), used
for reinforcing the subjects with a single 190-mg banana pellet (Bioserv) after every correct
trial, and a video camera for recording the performance on the task. Within the operant
chamber, subjects had access to a touch-sensitive 15-inch (38 cm) computer monitor, which
served to both present stimuli and record responses. All experimental tasks were
programmed using Real Studio (formerly RealBASIC), controlled by an iMac computer
(model: MA710xx/A). Unless otherwise noted, the apparatus was identical to that reported
in earlier experiments on monkey cognition (Subiaul et al. 2004).

Subjects responded under a variation of the simultaneous chaining paradigm (Terrace 1984,
2005), hereafter identified as the “SimChain” task. Subjects were presented simultaneously
with a set of stimuli, each consisting of a single filled circle on a rectangular white
backdrop. Subjects were required to respond to each of the stimuli in the correct order, with
a food pellet delivered immediately upon correctly selecting the last item. If the items were
selected in an incorrect order, the screen went black and subjects experienced a timeout. In
both cases (reward vs. blackout), the inter-trial interval was 4 s. Thus, if four stimuli were
presented, a subject would need to select each item once. Any out-of-order touches
prematurely ended the trial. Each experimental session consisted of 50 trials.

The stimuli differed according to two dimensions: luminosity, ranging from black (RGB 0,
0, 0) to light gray (RGB 220, 220, 220), and radius, ranging from 10 pixels (0.15 cm) to 70
pixels (1.05 cm). Subjects were required to touch items in a sequence that was determined
by the item’s ordinal position along these dimensions. During early training, one dimension
was held constant while the other was permitted to vary. In later stages, both dimensions
were allowed to vary independently, and subjects were required to order the stimuli
according to one dimension or the other, as indicated by the background color of the screen.
In all phases of the experiment, a red background was a contextual cue for ordering stimuli
on the basis of the stimulus radius. A blue background signaled that stimuli should be
ordered on the basis of stimulus luminosity (ranging from light gray to black). Lashley and
Oberon were required to select stimuli in an ascending order, and MacDuff was required to
select stimuli in a descending order.

Subjects were first trained to order stimuli on the basis of radius, with luminosity held
constant (Training Phase 1). Training began with 3-item lists. List length was increased to 4-
item, 5-item, and ultimately 6-item lists, advancing when an 80 % overall performance
criterion was met. In the final stage of radius training, subjects were received a mix of
SimChain lists, ranging in length from 3 to 6 items. Radius training was considered
complete when subjects were able to successfully complete 50 % of 6-item lists in a session.
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Subjects were then trained to order stimuli according to their luminosity, while radius was
held constant (Training Phase 2). As in radius training, subjects began by responding to 3-
item lists, with 4- and 5-item lists introduced as performance reached the 80 % overall
performance criterion.

Once subjects displayed high levels of accuracy at ordering stimuli according to each
dimension in isolation, they were trained on both list types (luminosity and radius) during
the same session (Training Phase 3). During this phase, the “target” dimension was varied
but the “dis-tractor” dimension was not. Accordingly, subjects were required to order list
items on only one dimension at a time. As noted previously, the background color provided
a context cue indicating the relevant dimension (red for radius, blue for luminosity).
Subjects responded to a mix of 3-, 4-, 5-, and 6-item lists in this phase of training, again
working until an 80 % performance criterion was met.

In Experimental Phase 1 (biased ordering), subjects were presented with a mix of 3- and 4-
item lists that varied along both dimensions. Thus, every stimulus had a different radius and
a different luminosity. This phase was “biased” because the distractor dimension varied by
smaller increments than the target dimension, thereby making the target dimension more
salient. Figure 1a shows a biased luminosity trial, and Fig. 1b, a biased radius trial. The bias
was expected to improve performance, because subjects had two sources of information
about the task: the background color and which dimension contained more extreme (and
therefore more salient) differences between list items. This phase lasted 36 sessions (1,800
trials).

In Experimental Phase 2 (unbiased ordering), subjects were presented with a mixture of 3-
and 4-item lists that varied along both dimensions. During unbiased ordering, the
background color was the only contextual indicator of the correct dimension by which to
order list items. As such, the stimuli themselves provided no differential emphasis to either
dimension. Figure 1c, d shows trials with an examplar set of stimuli, showing how a
different response order was cued by the background color. Unlike Fig. 1c, d, however, the
positions and stimulus particulars were randomized from trial to trial. Experimental Phase 2
was expected to be the more difficult than Experimental Phase 1 because of interference
from the distractor dimension. This phase lasted 24 sessions (1,200 trials) (Table 1).

Subjects’ accuracy on 3-item lists routinely exceeded 75 % correct. Accordingly, we will
only focus on their performance on 4-item lists, to avoid ceiling effects.

Experimental Phase 1: biased ordering

Across the 36 sessions of Experimental Phase 1, subjects were trained on 900 4-item lists,
split randomly between the luminosity and radius conditions. As shown in Fig. 2, all
subjects exceeded 60 % accuracy to individual list items. Further, they completed at least 30
% of the full 4-item lists correctly (compared to chance performance of 1.7 %).
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In order to assess the pattern of errors being made by participants, we focused on the
accuracy of the first response, as a function of its rank order according to each of the two
stimulus dimensions. Figure 3 presents the distribution of first responses made to 4-item lists
in Experimental Phase 1, with the diameter of each circle corresponding to the frequency of
each choice. The zone between the dashed lines represents the correct responses, while the
zone between the dotted lines would be the correct responses according to the distractor
dimension. Thus, a response made outside the dashed lines, but inside the dotted lines, can
be interpreted as arising from confusion about the appropriate dimension.

As can be seen in Fig. 3, subjects’ error patterns showed that they had no difficulty ordering
items according to the target dimension during Experimental Phase 1. Relatively few
erroneous responses to the distractor dimension were made.

To obtain a nonparametric measure of response uncertainty, we used Shannon information
(Jensen et al. 2013b), measured in bits and commonly identified as H. The equation for H
and for “information explained” | is as follows:

4
H=-— lei -logy(pi)
i=
I=H.x—H

)

Here, p; is the probability of a response to category i. For example, Lashley’s probability of
selecting the lowest ranked luminosity item on a luminosity trial would be (106 + 98 + 90 +
81)/475 = 375/475 = 0.79, while on a radius trial, it would only be (85 + 36 + 11 + 4)/425 =
136/425 = 0.32. The minimum value Hp,jn is 0.0, which occurs when only a single
alternative is selected; the maximum value Hpax is 2.0, which occurs when all four
alternatives are selected with equal probability. In our data, lower H and higher | correspond
to more accurate responding.

Table 2 shows that, for each subject, there was more information explained (1) for the target
dimension than there was for the distractor dimension, a result consistent with sufficiently
effective distractor suppression to succeed on most trials. Nevertheless, there were still signs
of interaction between the two dimensions, which suggests interference.

In the event that luminosity and radius were independent from one another, the rank of a
stimulus on one dimension should be independent of its rank on the other dimension. This
null hypothesis was tested by calculating Spearman’s rank correlation coefficient (Myers
and Well 2003), denoted by rg, for the degree of interrelation between the two dimensions
for a subject’s first response (thus, each response had two ranks associated with it, both
ranging from 1 to 4). All subjects displayed mild to moderate rank correlations on both
luminosity trials (Lashley rg = 0.151; MacDuff rg = 0.350; Oberon rg = 0.302) and radius
trials (Lashley rq = 0.148; Mac-Duff rg = 0.238; Oberon rg = 0.257), with higher correlations
in cases in which the difference (ltarget = Idistractor) Was closer to zero.

In order to test whether these rank correlations were significantly different from 0.0, we
used the Mantel-Haenszel statistic (Mantel and Haenszel 1959), denoted by ywn. The
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Mantel-Haenszel statistic is a repeated-measures test for categorical independence and was
used to minimize assumptions about the (potentially nonlinear) effects of stimulus rank; it
follows a chi-squared distribution with one degree of freedom. We found a significant level
of interaction was obtained from all subjects on luminosity trials (Lashley yyy = 10.81, p
<.002; MacDuff yy = 59.02, p <.001; Oberon ywy = 49.56, p < .001) and radius trials
(Lashley ymy =9.29, p <.003; MacDuff yyy = 23.68, p <.001; Oberon yy = 23.45, p
<.001).

An analysis of reaction times was performed for each subject to test for a task-switching
effect. Figure 4 plots log(reaction time), split according to that response’s list position, and
whether the corresponding list came after a switch in task demands (black) or not (white).
The primary effect, which was consistent across subjects, was that early list items elicited
longer reaction times. This is consistent with a process-of-elimination visual search. There
were, however, no consistent effects of task-switching.

An ANOVA was performed for each subject independently to quantify the effect of task-
switching and list position on reaction times. A significant main effect of list position was
unambiguously observed in all subjects (Lashley: F(3,2482) > 152.3, p < .0001; MacDuff:
F(3,2066) > 104.4, p < .0001; Oberon: F(3,2305) > 130.2, p < .0001). A significant main
effect for task-switching was only observed in MacDuff [F(1,2066) >5.99, p <.02] and
Oberon [F(1,2305) > 5.85, p < .02], but these effects were quite small, a slowing down of 7
and 6 % for each subject, respectively. The interaction between task-switching and list
position was not significant.

The ANOVA above was supplemented with an analysis of effect size (Hentschke and
Stiittgen 2011). The omega squared («?) statistic for list position was considerable (Lashley
«? = 0.283; MacDuff «? = 0.226; Oberon «? = 0.188), whereas the omega squared for task-
switching was infinitesimal, even in cases where it was statistically significant (Lashley «?
=0.0002; MacDuff «? = 0.0019; Oberon «? = 0.0017).

Experimental Phase 2: unbiased ordering

During the 24 sessions of Experimental Phase 2, subjects responded on approximately 1,100
4-item lists, split randomly between the luminosity and radius conditions.

As shown in Fig. 5, subjects performed consistently above chance, but were considerably
more likely to make errors than in Experimental Phase 1. Additionally, subjects had
considerably more difficulty with radius trials than with luminosity trials, a reversal of the
pattern observed in the biased ordering phase.

The pattern of errors displayed in Fig. 6 suggests that, on radius trials, subjects nevertheless
made a substantial number of errors favoring the luminosity ordering. Mac-Duff’s
performance was particularly weak in this regard, with most responding clustering in the
lower left-hand corner, rather than being evenly spread along the target dimension.

Table 3 shows the information explained (I) for target and distractor dimensions, in which
subjects had considerably greater difficulty making the appropriate discrimination. Both
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Lashley and Oberon favored the luminosity dimension even on radius trials, suggesting a
biased response strategy. While MacDuff was unbiased and favored target over distractor in
both conditions, his margin of error was considerable. These results suggest that the
background cue exerted no more than moderate stimulus control in Phase 2.

This interference was only somewhat evident in comparisons with rank correlation on
luminosity trials (Lashley rg = 0.108; MacDuff rg = 0.346; Oberon rg = 0.271), likely
because two subjects displayed a luminosity bias. The evidence for interference was clear in
radius trials (Lashley rq = 0.267; MacDuff ry = 0.336; Oberon rq = 0.314). In all cases, these
interactions were significant according to the Mantel-Haenszel statistic in luminosity trials
(Lashley yyy = 6.43, p <.02; MacDuff gy = 67.45, p <.001; Oberon gy =40.73,p<.
001) and radius trials (Lashley ywn = 39.46, p < .001; Mac-Duff yyy = 60.08, p < .001;
Oberon ymy = 55.45, p <.001).

As in Phase 1, an analysis of reaction times was performed for each subject. Figure 7 plots
log(reaction time), split according to that response’s list position, but split according to
whether the corresponding list came after a switch in task demands (black) or not (white).
As in Phase 1, there was a consistent effect of list position, but not of task-switching.
Notably, Oberon appeared to respond marginally faster following a switch, unlike Phase 1.

An ANOVA testing the effect of task-switching and list position on reaction times was
performed for each subject independently. The significant main effect of list position was
even stronger than in Phase 1 (Lashley: F(3,3293) > 460.9, p < .0001; MacDuff: F(3,2778)
>175.0, p <.0001; Oberon: F(3,3116) > 147.0, p < .0001). However, only Oberon showed a
significant main effect for task-switching [F(1,3116) > 5.16, p < .03], and the direction of
the effect was for responding 6 % faster when switching tasks, rather than slower. No other
effects or interactions were significant.

Effect sizes in Phase 2 remained substantive with respect to list position in all subjects
(Lashley o = 0.447; MacDuff «? = 0.264; Oberon «? = 0.225) and were still very small
with respect to task-switching (Lashley «? = 0.0002; MacDuff «? = 0.0003; Oberon «? =
0.0010).

Discussion

During both phases of this experiment, monkeys were able to use an item’s psychophysical
properties to order ambiguously defined stimuli with substantially greater accuracy than
chance. In each instance, subjects’ performance was significantly influenced by an item’s
ordinal position on the relevant psychophysical dimension. Task-switching from trial to trial
did not yield a consistent delay in response onset. Such delays had very small effect sizes
when detected, and most did not differ significantly from zero. Subjects nevertheless made
consistent errors when the distractor dimension conflicted with the target dimension. This
interference persisted despite prolonged training.

The effects of task-switching manipulations are frequently identified as “congruency
effects,” particularly in studies of human cognition (e.g., Mayr and Kliegl 2000). Because
the principal finding of human task-switching studies has been an increase in reaction time
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rather than an increase in errors driven by distracting primes, the term “congruency effect” is
often assumed to be measured in milliseconds. Although the patterns of error we observed
could be labeled as congruency effects, we have avoided doing so for two reasons. The first
is to minimize confusion with respect to our reaction-time results. The second is that we
interpret the errors in Figs. 3 and 6 as being a function of the salience of stimulus properties
as well as the congruency between a response alternative and the task demands. Thus, we
favor the term “interference” when discussing these effects.

According to a Spearman’s rank correlation, all subjects displayed at least some interference
between the psychophysical dimensions on which they were trained. The interference was
slightly higher in the “unbiased ordering” phase, during which no secondary cues were
available to assist in identifying the dimension by which to order the relevant stimuli. This
interference was not equal. Our analysis of Shannon Information (Tables 2, 3) showed that
Lashley and Oberon favored the luminosity dimension over the radius dimension in all
conditions. Macduff, however, did not display this bias. Given that this overshadowing
preference was not consistent across subjects, it is unclear whether the order of training was
a factor. Importantly, all subjects, regardless of which dimension they preferred, modulated
their response on the basis of the context cue. Despite their strong biases, they could
successfully switch tasks when required to do so.

Most animal studies of task-switching have used simple tasks that were based on single
responses. Our SimChain paradigm required multiple responses to cope with large amounts
of simultaneously presented information. Because floor and ceiling effects can make it
difficult to evaluate comparative claims, we were encouraged by the intermediate
performance of our subjects (responding above chance but consistently showing signs of
interference). Because natural scenarios are rarely interference free, we consider the relative
difficulty of the task to be an experimental strength. Furthermore, despite the difficulty of
the tasks, subjects did not reliably show a delay when switching their attention to the
relevant stimulus property. Although subjects displayed interference effects from the
distractor dimension, these were never sufficient to overwhelm their ability to switch when
required to by the background cue.

Our results agree with those of Stoet and Snyder (2003a, b), who were the first to identify a
low-delay, high-interference pattern of performance in rhesus macaques. In contrast to their
human subjects, their primate subjects did not display any switching delay. Even when
human subjects were given extensive training on the experimental task consisting of tens of
thousands of trials, human task-switching costs did not abate (Stoet and Snyder 2007).
However, whereas humans could suppress distracting primes and focus only on task-
relevant cues, Stoet and Snyder’s primate subjects never overcame interference effects. On
the basis of these findings, they argued that although macaques provide a suitable animal
model for some forms of cognitive processing, such as early cognitive development (Gémez
2005), species-specific effects must qualify the translational application of comparative
studies.

Caselli and Chelazzi (2011) presented a dissenting view, contesting Stoet and Snyder’s
general result and arguing that although macaques consistently display task interference
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effects, they also display the task-switching delay characteristic of human performance.
However, their analysis of reaction times is suspect for several reasons. The first relates to
differential training: Stoet and Snyder’s subjects received approximately 100,000 trials of
training before formal data collection began (2003a), and the authors performed their
statistical tests on approximately 1,000 “critical trials” in each experiment (2003b), as can be
inferred from the degrees of freedom in their F tests. Contrastingly, Caselli and Chelazzi
(who do not report the number of trials performed) only provided subjects with “several
training sessions” of undetermined duration and based their ANOVASs not on individual
reaction times, but on mean reaction times per session. Because reaction times rarely follow
a normal distribution, ANOVAs of sample means are an inappropriate statistical test that can
be powerfully influenced by a handful of long response latencies (Whelan 2008). Although
both studies performed imperfect analyses, Stoet and Snyder’s results are far more likely to
be trustworthy because they did not perform an intermediary averaging operation. Because
Stoet and Snyder based their inference on the full data, and not on derived descriptive
statistics, the measurement error associated with their inferential tests had greater
opportunity to converge on Gaussian as a result of the central limit theorem. Our own
analysis used log-transformed reaction times (whose distributions were approximately
Gaussian), and our results were consistent with Stoet and Snyder’s analysis. Whether these
differences are due to insufficient training or to inappropriate analysis, the reaction-time
results reported by Caselli and Chelazzi should be taken with a grain of salt.

An important contrast between the present study and that of Caselli and Chelazzi is that the
present study permitted subjects to respond at will, without a tight time constraint. One
hypothesis is that this permitted subjects to “prepare” for each trial, and this preparation
explains the lack of a consistent switching penalty on reaction times. We consider this
unlikely, because our procedure did not include a “trial-initiating” response (such as the
fixation point used in eye-tracking studies), and thus, the reaction times for first responses
depicted in Figs. 4 and 7 are representative of the inter-trial intervals (plus the 4-s interval
following all trials). Even in the cases where the differences reached statistical significance,
the effect size for switch versus non-switch trials was insubstantial. So far as we are able to
tell, subjects responded at a fairly steady rate throughout both experimental phases, whether
or not a trial included a switch in task demands.

Dreisbach et al. (2007) suggest that discrepancies in task-switching results may hinge on the
degree to which experimental tasks can be solved by stimulus—response association, rather
than by cognitive representations. To support their claim, they cited an elegant series of
experiments in which a simple task-switching paradigm was learned by human participants
with explicit verbal instruction regarding task rules introduced at different times (or not at
all). Participants who received verbal instruction from the outset showed a robust and
enduring task-switching cost, while those who received no instruction (learning only by
performing the task) did not. Crucially, a third group of participants received verbal
instructions halfway through the experiment, and this group only showed a task-switching
cost after the introduction of the instructions and despite later reporting that they did not
consciously make use of the instructions provided. This suggests that verbal instructions
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were implicitly encoded and that human stimulus—response learning (a) bypasses task-
switching costs and (b) is superseded by verbally conveyed information.

It is important to distinguish stimulus—response learning in principle from the associative
framework of reinforcement learning, because the latter is not able to account for many
kinds of response sequencing (Lashley 1951). One of the advantages of the SimChain
paradigm is that it cannot be simply mapped onto S—R associations (Jensen et al. 2013a).
Even if it could, the set of mappings would be massive and switching costs on a SimChain
task should be similarly large (Dixon 1981). The absence of a switching cost in rhesus
macaques points to a procedural form of information processing, and these results are
consistent with human performance (with respect to task-switching delays) only when verbal
instruction is entirely omitted. Thus, although humans and macaques appear to share many
basic processes, this pattern of results suggests additional processing that is specific to
verbally instructed humans.

Postponement of central processing, or queuing, has been proposed as being the most
important source of inference in task-switching (Pashler 2000). Other evidence collected
using the SimChain paradigm suggests that macaques rarely plan their response more than
one response in advance (Scarf et al. 2011), consistent with an earlier finding suggesting
limited planning in both macaques and chimpanzees (Beran et al. 2004). These results
support the view that non-human primates engage in cognitive tasks with a minimal reliance
On queuing processes.

Comparative cognitive flexibility in a clinical context

Task-switching has long been a hallmark of cognitive assessment in human participants. A
prominent example is the Stroop test, in which the relevant cue (the color in which a word is
printed) suffers from powerful interferences from a highly trained but mismatched prime
(the semantic meaning of the word) (for review, see MacLeod 1991). Another popular
procedure is the Wisconsin Card Sorting Test (WCST), which requires participants to
consider stimuli that differ along several dimensions (shape, color, etc.) and infer sorting
rules based on a changing schedule of reinforcement (Berg 1948). Both tasks have been used
extensively in applied contexts, whether studying cognition in healthy and aging populations
(Bryan and Luszcz 2000) or in acute psychiatric illness (Rossi et al. 1997).

The validity of direct animal/human comparisons on such tasks is complicated by the
difficulty of translating established tasks into an animal paradigm. For example, because the
WCST cannot be administered in its canonical form to a non-human, Moore et al. (2002,
2003, 2005) developed a modified version of the WCST called the “Conceptual Set-Shifting
Task” (CSST). The Stroop test is even more difficult to adapt given its linguistic
requirements, and comparable animal studies focus on psychophysical competition between
cues (Behar 1974; Washburn 1994).

To date, the only direct comparison of set-shifting in human and macaque fMRI made use of
an adapted Wisconsin Card Sorting Test (Nakahara et al. 2002), with very similar patterns of
activation observed in both. This result is consistent with subsequent studies emphasizing
the comparative similarity of macaques to humans (e.g. Moore et al. 2002, 2003, 2005;
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Weed et al. 2008), particularly with respect to their lack of reaction-time analysis. However,
comparing the neurological systems responsible for these cognitive processes is complicated
by the methodological disconnect between human and non-human neuroscience (the former
largely employing fMRI and the later largely employing invasive electrophysiology).
However, functional imaging of awake macaques supports the hypothesis that they possess a
frontoparietal network associated with complex attentional processes (Stoewer et al. 2010).
The observed pattern of activation appears similar to a well-documented human network
associated with cognitive control and differentially active in cases of task-switching (Dreher
and Grafman 2003).

Several candidates have been proposed as executive bottlenecks in human imaging studies
of task-switching, including posterior lateral prefrontal-cortex (Dux et al. 2006) and left
superior parietal cortex (Braver et al. 2003). Although prefrontal regions have been
implicated in behavioral inhibition in rhesus macaques (Sakagami et al. 2006) and parietal
neurons have similarly been implicated in set shifting (Kamigaki et al. 2009), it is not yet
known whether these regions function in an analogous fashion. Differential function in one
or more of these regions, however, could account for both (1) the consistency of human/
macaque behavior in the absence of verbal instruction and (2) the human discrepancy
induced by instructions. Given our results, and those reported by Stoet and Snyder (2003a,
b, 2007), we suggest that the circumstances in which these species can reliably be compared
may be limited to specific cognitive scenarios in which verbal processing plays a minimally
confounding role.

Our results raise several considerations for future comparative work. First, it is essential that
human and non-human performance be compared under conditions that are as similar as
possible, particularly with respect to task instructions. As Dreisbach et al. (2007) point out,
the discrepancy between humans and non-humans may hinge solely on the implicit
processing of verbal instructions regarding task objectives. Additionally, comparisons that
depend primarily on task performance or “trials to criterion” (as in most WCST analyses)
may provide an incomplete picture. A careful analysis of individual trials (e.g., with respect
to both stimulus properties and reaction times), like the one we present here, may uncover
important details about the underlying cognitive processing. In particular, rapid task-
switching (of the sort that may be of particular interest to clinical measures of impaired
cognitive performance) consistently engenders considerable interference between task
representations in rhesus macaques, even with extended training. Further comparative
research is needed to determine whether this arises as a merely quantitative difference, or
instead as a qualitative difference, such as a species-wide bias with respect to speed—
accuracy tradeoffs (Caselli and Chelazzi 2011).
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Fig. 1.

St?mulus presentation in the psychophysical SimChain procedure. a An example of a
luminosity trial during Experimental Phase 1, with stimuli biased toward luminosity
salience. A blue background also signaled that subjects should sort according to luminosity.
The exact stimulus properties and positions were randomly assigned on each trial. b An
example of a radius trial during Experimental Phase 1, with stimuli biased toward radius
salience. A red background signaled radius responding. ¢ An example of a trial in
Experimental Phase 2, in which stimuli varied across the full range possible radius and
luminosity values. The arrows show a correct response, given the blue background cue. d
Another trial in Experimental Phase 2, in which the red background cue signals radius
responding (color figure online)
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Accuracy of individual responses in the Experimental Phase 1 (with biased stimulus
properties), plotted as percentages for luminosity trials (white dots) and radius trials (black
points). Additionally, the precise conditional ratios are presented, with luminosity trials in
gray text and radius trials in black text. The overall percentages presented at the bottom
indicate the percentage of lists in which all 4 items are correctly selected
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Fig. 3.

Frequency plot for the first response in a 4-item list, as a function of the stimulus rank in

each of the psychophysical dimensions during Experimental Phase 1. In each plot, responses
falling between the dashed lines are correct responses, and all others are incorrect.

Responses falling between the dotted lines are those that are ranked first according to the
distractor dimension. In Experimental Phase 1, subjects consistent restricted most of their
responses to within the black dashed lines, but nevertheless displayed some interference

from the distractor dimension
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Mean logg(reaction time) to respond to each consecutive item in 4-item list, during

Experimental Phase 1. “Switch trials” consist of all trials in which the currently cued
psychophysical dimension differs from that cued on the preceding trial, requiring a task-
shift; non-switch trials consist of all other trials. Error bars1 SE
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Accuracy of individual responses in the Experimental Phase 2 (with unbiased stimulus
properties), plotted as percentages for luminosity trials (white dots) and radius trials (black
points). Additionally, the precise conditional ratios are presented, with luminosity trials in
gray text and radius trials in black text. The overall percentages presented at the bottom
indicate the percentage of lists in which all 4 items are correctly selected
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subjects showed greater interference than in Phase 1
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Mean logg(reaction time) to respond to each consecutive item in 4-item list, during
Experimental Phase 1. “Switch trials” consist of all trials in which the currently cued
psychophysical dimension differs from that cued on the preceding trial, requiring a task-
shift; non-switch trials consist of all other trials. Error bars 1 SE

Anim Cogn. Author manuscript; available in PMC 2015 May 01.




Page 23

Avdagic et al.

0L S 02z 0 0L S (144 0 (paseiqun) z aseyd [ejuslutiadxy
0L S 0.T 05 1S 1z 0z 0 (pase1q) T aseyd [eluswiiadx3
0L S 0 0 9 9 022 0 € aseyd Buures |
- - - - 9 9 0ze 0 Z aseyd Buurel |
0L S 0 0 - - - - T aseyd Buiures |
Xew ‘pey ‘uliw ‘pey Xew ‘wn-T ulw ‘wnT Xew ‘pey Ul ‘pey Xew ‘wnT ulw "wnT

Sferisnipey S Aysouiun

Buiuresy Jo aseyd yoaes ul pasn sbuInas sninwns
T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Anim Cogn. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Avdagic et al.

Table 2

Shannon information explained by dimension in Experimental Phase 1

Luminosity trials Radiustrials

I IR I Ir

Lashley 1.133 0.032 0.036 1.157
MacDuff  0.774 0.339 0.115 0.761
Oberon 0.653 0.203 0.113  1.005
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Table 3

Shannon information explained by dimension in Experimental Phase 2

Luminosity trials Radiustrials

I IR I Ir

Lashley 1.04 0.029 0.323 0.289
MacDuff  0.518 0.414 0.341 0.500
Oberon 0.874 0.162 0.531 0.287
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