1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Psychol Res. 2009 November ; 73(6): 835-842. doi:10.1007/s00426-008-0197-8.

Anticipation of cognitive demand during decision-making

Matthew M. Botvinick and
Princeton Neuroscience Institute and Department of Psychology, Princeton University

Zev B. Rosen
Department of Psychology, University of Pennsylvania

Abstract

An abundance of evidence indicates that action selection is guided, at least in certain contexts, by
anticipation of action outcomes. In one particularly clear demonstration of this principle, Bechara
and colleagues, studying a gambling task, observed phasic skin conductance responses just prior to
actions associated with a relatively high risk of monetary loss (Bechara, Damasio, Damasio, & Lee,
1999; Bechara, Damasio, Tranel, & Damasio, 1997; Bechara, Tranel, Damasio, & Damasio, 1996).
In the present work, we tested for the same effect in a paradigm where choices resulted not in
differential monetary outcomes, but in differential requirements for subsequent mental effort. In two
experiments, we observed an anticipatory skin conductance response prior to actions resulting in a
high level of cognitive demand. This finding indicates that requirements for effortful cognitive
control are anticipated during action selection. We argue, based on convergent evidence, that such
anticipation may not only trigger preparation; it may also play a direct role in effort-based decision-
making.

Adaptive decision-making requires that the prospective rewards of any action be weighed
against its attendant costs. Among the many varieties of action costs, those that spring most
immediately to mind tend to involve action outcomes: pain, monetary loss, negative social
feedback, and so forth. However, equally important — and more ubiquitous — are the intrinsic
costs of action, and in particular the cost associated with effort. Effort has long been recognized
to play a central role in decision-making. Indeed by the time of Hull and his contemporaries,
its role was codified as a general law (Hull, 1943). The law of least effort, as it was named,
stipulated that given two lines of action leading to equal rewards, the least effortful will
typically be chosen (Solomon, 1948).

Although the empirical work underpinning the law of least effort focuses almost exclusively
on physical effort, the principle has often been assumed to extend equivalently to mental effort.
Across a wide range of research settings, it has been either implied or directly asserted that
people display a preference for activities or strategies that minimize cognitive demand. For
example, Allport (1954) proposed that prejudicial attitudes are adopted because this “takes less
effort, and effort...is disagreeable.” Similarly, Baroody and Ginsburg (1986) accounted for
strategy selection in arithmetic by invoking a “drive for cognitive economy” (see also Rosch,
1999; Zipf, 1949), and data on the processing of political messages prompted McGuire
(1969) to describe humans as “lazy organisms.” According to Camerer and Hogarth (1999)
economists, too, “instinctively assume thinking is a costly activity.”

Such statements imply the existence of a ‘law of least mental effort,” (Balle, 2002) reflected
in a bias against tasks and strategies carrying high levels of cognitive demand. In recent work,
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we reported a straightforward test of this frequently presumed principle (Botvinick, 2007;
Botvinick & Rosen, 2007; Botvinick, Rosen, & McGuire, submitted). In a series of
experiments, normal subjects were given a recurrent choice between two decks of cards. Each
card, once chosen, displayed a numeral, and based on this numeral’s color the subject
performed either a magnitude judgment (indicating whether the numeral was less than or
greater than five) or a parity judgment (indicating odd or even). Numerals of both colors
occurred in each deck. However, unannounced to subjects, in one deck stimulus color tended
to alternate across cards, while in the other deck it tended to remain constant. Selection from
the former deck resulted in a higher level of cognitive demand, due to the requirement for
frequent task-switching (Monsell, 2003). In all experiments, subjects were found to gradually
develop a bias toward the low-demand deck, consistent with a law of least mental effort.

The demand-selection paradigm used in the foregoing experiments was deliberately designed
to resemble the task used in a series of well-known studies of reward-based decision-making
by Bechara and colleagues (Bechara et al., 1999; Bechara et al., 1997; Bechara et al., 1996).
In those studies, subjects selected from a set of decks containing cards that signaled monetary
wins and losses, and gradually developed a preference for the most advantageous deck (often
before they could report the basis for their decisions, a finding also obtained in our demand-
selection task; Botvinick & Rosen, 2007; Botvinick et al., submitted). An important aspect of
the Bechara “gambling task” studies was the finding that, after a bit of experience with the
decks, subjects displayed a phasic skin conductance response (SCR) just prior to selecting from
a disadvantageous deck. This observation suggested that the eventual tendency to favor the
advantageous deck involved more than a simple response bias. Instead, it appeared to involve
an anticipation of the consequences associated with selection from specific decks, or at least
their motivational valence.

One can interpret the behavior of subjects in the demand-selection task in the same way,
attributing their preference for the low-demand deck to an active anticipation of the
consequences of selecting from each deck, in terms of cognitive demand. If this interpretation
is valid, then, by further analogy to the Bechara gambling task experiments, subjects
performing the demand-selection task should display an SCR prior to selection from the high-
demand deck.

A sustained SCR is known to occur during active performance of cognitively demanding tasks
(Andreassi, 2000; Gendolla & Richter, 2005; Pecchinenda & Smith, 1996). Moreover, changes
in systolic blood pressure and heart rate — signs, like the SCR, of an autonomic response —
have been reported in situations where subjects were directly instructed to prepare for a specific
cognitively demanding activity (Wright, 1996). With these findings in mind, we conducted
two experiments designed to test for similar anticipatory effects in a behavioral setting
involving a decision-making component. In both experiments, skin conductance was recorded
as normal subjects performed a modified version of the demand-selection task. We predicted,
by analogy to results from the Bechara gambling task, that a phasic SCR would be observed
just before selections from the high-demand deck.

Experiment 1

Methods

Participants—Twelve native English speakers, between the ages of 18 and 30, were recruited
from the University of Pennsylvania psychology and neuroscience communities, and received
course credit or a nominal payment for participation. Subjects provided informed consent,

following procedures approved by the University of Pennsylvania Institutional Review Board.
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Materials and procedure—The behavioral task was computer-based, programmed using
E-Prime (Psychology Software Tools, Inc.). On each trial, the monitor displayed the backs of
two decks of cards, one orange, the other green, positioned left and right of center. Subjects
selected a deck by key-press (f = left, j = right), using the dominant hand. A face-up card then
appeared above the chosen deck, displaying a single numeral (1-9, excluding 5). If the numeral
appeared in blue, subjects were to say “yes” when the number was less than five, and otherwise
“no” (magnitude task). If the number appeared in purple, subjects were to say “yes” when it
was even, and otherwise “no” (parity task). A voice key registered verbal responses and
immediately restored the original display, initiating the next trial. Subjects were not informed
of the critical difference between the decks. In one deck (low-demand) the color of each
numeral matched the previous trial on 90% of occasions. In the other (high-demand) deck, a
match occurred on only 10% of occasions. The latter deck thus required more frequent
switching from one task to the other. The positions and back-colors of the decks were
counterbalanced across subjects.

Performance of the task was broken into 34 ten-trial blocks. Instructions indicated that once
subjects had performed the first trial in each block, they were to select from the same deck for
the succeeding nine trials. Across blocks, subjects were asked to choose “randomly” between
the two decks, “avoiding a simple pattern of choices” such as alternation, but attempting to
divide their choices roughly evenly between the two decks over the course of the experiment.
Following completion of each block, subjects were asked immediately to prepare their first
response for the next block by directing their gaze to the appropriate deck. However, they were
not permitted to select a card until ten seconds following the previous block’s final verbal
response, at which point a 1 mm width white border appeared around each deck. This border
remained present until the final verbal response of the new block.

As this procedure makes clear, the goal of the present experiment was not to study deck
preference. The instruction to choose evenly between decks was provided to assure an adequate
sample of trials involving selections from each deck, while still requiring the subject to choose
between the decks on each trial.

The subject’s deck choice was recorded on each trial, as were verbal responses and response
times (RT). Skin conductance responses were sampled at 500 Hz using the Biopac (Goleta,
CA) MP100MWS/GSR100C system (constant voltage, low-pass filtered at 1 Hz), with Ag-
AgClelectrode leads positioned over the thenar and hypothenar eminences of the non-dominant
hand. The data included time-stamps to indicate points at which deck choices occurred.

Analysis—The proportion of selections from each deck was noted, in order to confirm
compliance with instructions. VVerbal reaction times were subjected to a two-way ANOVA
with deck and trial-type (task switch vs. task repetition) as factors.

Analysis of skin conductance data was conducted offline using the Biopac Systems
AcgKnowledge 3.0 software package. SCR time-series were segmented into performance
intervals and choice intervals. Performance intervals began with the first card selection in a
block and ended four seconds after the final card selection. Choice intervals began four seconds
after the last card selection in each block and ended at the first card selection of the subsequent
block. SCR time-series occupying the two interval types were labeled performance SCRs and
choice SCRs, respectively. In both cases, individual SCR magnitude was quantified by a base-
to-peak subtraction, i.e., subtraction of the lowest conductance value within the choice or
decision period from the highest. (A secondary analysis measuring SCR magnitude as area
under the curve yielded comparable results, not further reported here.) Individual SCRs with
a base-to-peak magnitude greater than 2 puS were considered likely to reflect artifact and were
excluded from analysis.

Psychol Res. Author manuscript; available in PMC 2010 November 1.
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For each subject, average magnitudes were calculated for performance SCRs during high-
demand (blocks where the subject selected from the high-demand deck) and low-demand
blocks. Means were then compared across the subject sample using a paired t-test. Subject-
specific average magnitudes for choice SCRs were computed for SCRs occurring prior to high-
demand blocks and prior to low-demand blocks. In order to compensate for potential baseline
differences arising from the preceding block-type, each average was first computed separately
for choice intervals following high-demand and low-demand block-types. The mean of the two
resulting means was then taken, yielding a single mean value for choice SCRs preceding high-
demand blocks and a single value for SCRs preceding low-demand blocks. These were
compared across subjects by paired t-test.

For visualization, choice-SCR time-courses were computed by averaging across the mean time-
courses for individual subjects. Prior to computing this average, data within each decision

period were coded relative to the first sample in the time-series from that period. The resulting
mean time-courses were smoothed using a moving average spanning 100 samples or 200 msec.

Deck choice—Subjects complied well with the instruction to select evenly between the two
decks. The mean proportion of selections from the high-demand deck was 0.49 (range 0.37—
0.55)

Verbal RT—Verbal RT for each deck, according to trial-type (task repetition vs. switch) is
shown in Figure 1la. A two-way ANOVA with factors for deck and trial type indicated a
significant main effect of deck, F(1, 11) = 5.538, p = 0.038; a significant main effect of trial
type, F(1,11) = 8.726, p = 0.013; and a significant interaction, F(1,11) = 7.759, p = 0.018.

FIGURE 1 AROUND HERE

Skin conductance

Discussion

The median number of measurements excluded per subject, based on the amplitude criterion,
was 1 in the choice period (range 0-9) and 0.5 in the decision period (range 0-9). Mean SCR
magnitudes for the remaining dataset are shown in Figure 1b. Performance SCRs were larger
for the high-demand deck than the low-demand deck, t(11) = 3.332, p =0.007. A t-test indicated
that choice SCRs were larger prior to selection from the high-demand deck than from the low-
demand deck, t(11) = 3.289, p = 0.007. As explained under methods, this difference could not
be explained by a difference in events preceding each selection-type, since SCR means were
computed by first averaging separately over choice intervals preceded by high- and low-
demand performance, and then averaging over these two means. Average time-courses for
choice SCRs are shown in Figure 1c. Note that the diminished amplitude seen in these time-
courses, relative to that reflected in the base-to-peak data shown in Figure 1b, is a natural
consequence of the averaging procedure, given that peak values of skin conductance occurred
at different latencies across trials.

In the economic decision-making task studied by Bechara and colleagues (1999; 1997;
1996), the selection of a costly or disadvantageous course of action is accompanied by a phasic
SCR. In the present experiment, we obtained an analogous SCR in a decision-making setting
where action costs took the form of cognitive demand rather than monetary loss. Subjects
selected between two decks of cards, one of which was associated with greater cognitive
demands, due to its requirement for more frequent task-switching. Performance of the tasks
associated with this high-demand deck was accompanied by elevated skin conductance,
consistent with earlier research. More importantly, selections from the high-demand deck were
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also preceded by a larger SCR, suggesting that, like economic outcomes, consequences for
cognitive demand are spontaneously anticipated during the selection of behavior.

One problem with Experiment 1 derives from a detail of the protocol. Recall that the probability
of a task-switch in the high-demand deck, relative to the task occurring on the preceding trial,
was 90%, regardless of the last deck chosen (and for the low-demand deck, 10%). This
contingency held across blocks, meaning that the classification task occurring on the first trial
in each block could, in principle, be predicted with 90% accuracy. If subjects did anticipate
the upcoming task during the inter-block interval, this might provide an alternative explanation
for the anticipatory SCR observed, since it would mean that subjects were, effectively, shifting
task-sets in preparation for high-demand blocks but not for low-demand blocks. In order to
exclude this possibility, we repeated the experiment with a slightly modified set of sequential
contingencies.

Experiment 2

Methods

Results

Experiment 2 followed precisely the same procedure as Experiment 1, with one exception: In
this experiment, the task occurring on the first trial of every block was always the same as the
task occurring on the last trial of the preceding block.

Subjects—Twelve native English speakers, between the ages of 18 and 30, were recruited
from the University of Pennsylvania psychology and neuroscience communities, and received
course credit or a nominal payment for participation. Subjects provided informed consent,
following procedures approved by the University of Pennsylvania Institutional Review Board.

Materials and procedure—The task and procedure were identical to those employed in
Experiment 1, except that the color of the numeral appearing on the first card of each block
was identical to the color of the numeral on the last card of the preceding block.

Analysis—The analyses were identical to those performed in Experiment 1, except that verbal
RT data for the first card in each block were omitted from analysis.

Deck choice—Subjects complied well with the instruction to select evenly between the two
decks. The mean proportion of selections from the high-demand deck was 0.51 (range 0.35 —
0.60).

Verbal RT—Verbal RTs for low-and high-demand decks, and for task-repetition and task-
switch trials, are shown in Figure 1a. A two-way ANOVA with factors for deck and for trial
type indicated a significant main effect of deck, F(1,11) = 4.99, p = 0.047; a significant main
effect of trial type, F(1,11) = 6.25, p = 0.030; and no significant interaction, F(1,11) = 0.89,
p = 0.365.

Skin conductance—SCR data for one subject were excluded from analysis due to the
presence of severe artifacts. Among the remaining subjects, the median number of
measurements excluded, based on the amplitude criterion, was 0 in the choice period (range
0-6) and 0 in the decision period (range 0-6). Mean SCR magnitudes from the remaining
dataset are shown in Figure 2b. Performance SCRs were larger for the high-demand deck than
the low-demand deck, t(10) = 3.181, p = 0.010. A t-test indicated that decision SCRs were
larger prior to selection from the high-demand deck than from the low-demand deck, t(10) =
2.854, p = 0.017. Average time-courses are shown in Figure 1c.

Psychol Res. Author manuscript; available in PMC 2010 November 1.
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Experiment 2 closely replicated the results of Experiment 1, while eliminating a minor flaw in
design. As in Experiment 1, elevated skin conductance was observed during performance
blocks involving the high-demand deck. And also as in the previous experiment, an anticipatory
SCR was observed prior to selections from the high-demand deck.

General Discussion

A variety of findings in research on judgment and decision-making (Allport, 1954; McGuire,
1969), language (Rosch, 1999; Zipf, 1949), and other topics (Baroody & Ginsburg, 1986;
Christenfeld, 1995) have been presumed to reflect what might be called a ‘law of least mental
effort’ (Balle, 2002): a general bias against tasks and strategies resulting in high levels of
cognitive demand. In recent work, we conducted a simple test of this principle by facing
subjects with a recurrent choice between two decks of cards associated with differentially
demanding cognitive tasks (Botvinick, 2007; Botvinick & Rosen, 2007; Botvinick et al.,
submitted). Consistent with the presumed bias, subjects gradually developed a preference for
the less demanding deck, a finding that held even among a subgroup of subjects who denied
awareness of the difference in demand between the two decks. As noted earlier, the demand-
selection task used in those experiments was deliberately designed to resemble the gambling
task used in decision-making research by Bechara and colleagues (1999; 1997; 1996). The
present study tested for a further parallel. In their gambling task, Bechara and colleagues
observed anticipatory SCRs prior to actions associated with a relatively high probability of
monetary loss. By analogy, we predicted in our paradigm an anticipatory SCR prior to
selections from the high-demand deck. This prediction was confirmed in two separate
experiments.

The results obtained clearly indicate that cognitive demand, or a close correlate such as error
likelihood (Brown & Braver, 2007), is anticipated during decision-making. As such, the results
are consistent with the idea that predictions of cognitive demand form an integral part of the
decision-making process, as implied by the law of least mental effort. Interpreted in this way,
the anticipatory SCRs obtained in our experiments would play a role comparable to the one
played by the SCRs observed in the Bechara gambling task, as characterized by its creators.
According to Damasio et al. (1996), “the SCR is part of a very early and automated alarm
signal,” which affects further processing “by marking a particular option-outcome pair with a
negative bias.” This interpretation of the SCR is also broadly consistent with the observation
of anticipatory SCRs in aversive conditioning paradigms (Buchel, Morris, Dolan, & Friston,
1998), and with the proposal that the SCR reflects engagement of a behavioral inhibition system
(Fowles, 1980, 1988).

It should be noted that SCRs occurring during the performance of cognitively demanding tasks
have often been interpreted in different terms, not as correlates of negative valuation, but rather
as a reflection of “task engagement” (Gendolla & Richter, 2005; Pecchinenda & Smith,
1996). Along related lines, changes in blood pressure and heart rate variability in anticipation
of cognitive demand have been interpreted as reflecting a preparatory “energization” (Wright
& Brehm, 1989) which “presumably occurs to support behavior” (Wright, 1996; Wright &
Kirby, 2001). Although the present work is the first to report SCRs in anticipation of cognitive
demand, it is admittedly possible to interpret these responses in similar terms, without assuming
a link with valuation, bias or any other aspect of decision-making.

However, while the data do not exclude such an interpretation, adopting it would require the
anticipatory SCR obtained in our experiments to be attributed to entirely different causes than
the anticipatory SCR obtained in experiments with the Bechara gambling task. Another
alternative, which we favor, is to consider that the anticipatory SCR obtained in our
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experiments may reflect both a modulation in the level of task engagement and an evaluative
response to anticipated demand, integral to decision-making. A compelling motivation for this
dual view can be drawn from research looking into the neural generators of the SCR, as we
now consider.

Among several cortical regions implicated in generating galvanic skin responses, a central one
appears to be the dorsal anterior cingulate cortex (ACC). ACC activity, as measured through
functional neuroimaging, has been observed to correlate with SCR amplitude in a variety of
settings (Fredrikson et al., 1998; Nagai, Critchley, Featherstone, Trimble, & Dolan, 2004), and
lesions of the same region can reduce or eliminate SCRs (Tranel & Damasio, 1994), including
both those induced by cognitively demanding tasks and those occurring in the Bechara
gambling task (Naccache et al., 2005). In fact, ACC lesions also eliminate systolic blood
pressure and heart rate responses to the exertion of mental effort (Mathias et al., 2003).

In addition to its apparent role in the regulation of autonomic function, the ACC has been
widely implicated in the monitoring of cognitive demand and the recruitment of cognitive
control (Botvinick, Cohen, & Carter, 2004; Carter & Van Veen, 2007). The anatomical
intersection of these functions with that of autonomic regulation appears consistent with the
idea that the SCR triggered by cognitive demand reflects the intensity of task engagement, or
an “energization” process that bolsters this. However, there is also strong evidence linking the
ACC with arole in representing action outcomes and in using these to guide decision-making
(Rushworth, Walton, Kennerley, & Bannerman, 2004). Such evidence points, in particular, to
ACC involvement in representing action costs, including effort costs (Rudebeck, Walton,
Smyth, Bannerman, & Rushworth, 2006; Walton, Kennerley, Bannerman, Phillips, &
Rushworth, 2006), and also to its involvement in avoidance learning (Johansen & Fields,
2004; Kim, Shimojo, & O’Doherty, 2006). These points lend weight to the view that the SCR
triggered by cognitive demand may reflect the operation of mechanisms for cost evaluation
and avoidance.

Taken together, existing data on the ACC, a key generator of the SCR, support the view that

the anticipatory SCR observed in our experiments may be connected with both (1) a preparatory
intensification of arousal, attention and task engagement, based on a prediction of upcoming

cognitive demand, and (2) the registration of expected cognitive demand as an impending cost,
relevant to value-based decision-making.

Several testable predictions follow from the second component of this interpretation (see
Botvinick, 2007 for related discussion). First, it should be possible to observe ACC activation
in anticipation of high levels of cognitive demand. This seems broadly compatible with
evidence suggesting that the ACC is activated by anticipation of impending losses and errors
(Brown & Braver, 2007) and by anticipation of pain (Koyama, Tanaka, & Mikami, 1998).
Second, if analogous responses are observed in anticipation of cognitive demand, they should
correlate with the magnitude of contemporaneous SCRs. Third, and most decisively, the
magnitude of both ACC activity and anticipatory SCRs should show a direct relation, across
individuals, with the strength of the behavioral bias against actions incurring high levels of
cognitive demand, as measurable in the demand-selection paradigm described earlier. Finally,
ACC lesions should eliminate both the demand-anticipatory SCR and the pattern of demand
avoidance observed in the demand-selection paradigm.
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Results from Experiment 2. a. Verbal RTs. Bars indicate standard error. b. SCR magnitude.
Bars indicate standard error, computed so as to partial out between-subject variance (Loftus &
Masson, 1994). c. Average time-courses for choice SCRs.
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