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It is a widely held belief that people’s choices are less sensitive to
changes in value as value increases. For example, the subjective
difference between $11 and $12 is believed to be smaller than
between $1 and $2. This idea is consistent with applications of the
Weber-Fechner Law and divisive normalization to value-based
choice and with psychological interpretations of diminishing mar-
ginal utility. According to random utility theory in economics,
smaller subjective differences predict less accurate choices. Mean-
while, in the context of sequential sampling models in psychology,
smaller subjective differences also predict longer response times.
Based on these models, we would predict decisions between high-
value options to be slower and less accurate. In contrast, some
have argued on normative grounds that choices between high-
value options should be made with less caution, leading to faster
and less accurate choices. Here, we model the dynamics of the
choice process across three different choice domains, accounting
for both discriminability and response caution. Contrary to predic-
tions, we mostly observe faster and more accurate decisions (i.e.,
higher drift rates) between high-value options. We also observe
that when participants are alerted about incoming high-value deci-
sions, they exert more caution and not less. We rule out several
explanations for these results, using tasks with both subjective
and objective values. These results cast doubt on the notion that
increasing value reduces discriminability.

drift diffusion model | decision-making | neuroeconomics | overall value |
response time

Are decision-makers sensitive to the average value of their
options? For example, when shopping for a car, does the
choice process differ at a bargain lot compared to a luxury deal-
ership? Is it easier to choose between two cars valued at $5,000
or $50,000?

To answer this question, we must first define what we mean
by “easier.” There are two basic features of easy decisions: they
are consistent and fast. For instance, it is well established that
choices are inconsistent and slow when the choice options are
similar in value to each other, while they are consistent and fast
when there is a large difference in the options’ values (1-5).
The effect of value difference on the stochasticity of choice is
predicted by many popular models, dating back at least to Luce
(6), and the effect of value difference on response time (RT) is
predicted by sequential sampling models (7-12). In fact, the
effect of value difference on both choice frequencies and RT
has been documented in many laboratory experiments (10, 13).

In comparison, there has been much less research into the
effects of overall value (OV), holding value difference constant.
Among conventional stochastic choice models, a common
assumption is that OV should be irrelevant. One popular eco-
nomic model is the additive random utility model (2), which
implies the probability of choosing an option i over another
alternative j should be an increasing function of p; — p;, where
for any option i the utility assigned to it is p; (before the
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addition of the random error term). Therefore, a constant util-
ity difference should imply the same choice frequencies regard-
less of whether p; and ; are two small quantities or two large
quantities. The logit (softmax) choice function, commonly used
to fit preference models to experimental data, similarly posits
choice frequencies of the form

o oM YA
P[l}]}—m—(l‘i‘e (p, p/))
for some “inverse temperature” parameter A > 0. This model
again implies that only utility differences matter. Finally, choice
frequencies and RT are often jointly modeled using sequential
sampling models. The most popular of these models, the drift
diffusion model (DDM), commonly assumes that the drift rate
of the decision variable is proportional to the difference in
value between the two options (9, 10). Under this assumption,
the DDM predicts that both choice frequencies and mean RT
should depend only on the value difference and not on OV.
The aforementioned models imply that OV is irrelevant only
under the assumption that value representations (i.e., utilities)
are linear, monotonic functions of the values measured by the
experimenter. However, there are many theories of value repre-
sentation that instead posit that utilities are nonlinear functions
of the measured values, i.e., y; = p(V;). In this case, choice fre-
quencies and RT would depend on more than just the value dif-
ference AV = V; — V; measured by the experimenter.

Significance

What information about economic value is incorporated into
decision-makers’ choices? Across the decision sciences, sev-
eral prominent models ignore average value, assuming that
only value differences are incorporated into the decision-
making process, while others assume diminishing sensitivity
to value, suggesting that it should be more difficult to
choose between high-value options. Other models suggest
that high-value decisions should, if anything, be treated as
less important (holding value difference constant). Across
three experiments with very different types of choices
(food, art, and learned stimuli), we find violations of these
predictions. Contrary to expectations, the presence of high-
value options makes decisions easier while also inducing
more effort to get them right.
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What form should the function p(V) take? A natural pro-
posal would be to assume that p(}) is increasing but strictly
concave, so that the marginal utility p'(V)) decreases as V'
increases. The assumption of diminishing marginal utility is
commonplace in economic modeling, dating back to Bernoulli
(14). It is typically invoked to explain the imperfect substitut-
ability between different goods in a bundle (15), imperfect sub-
stitutability of consumption over time (16), or risk aversion
(17)—contexts that might seem orthogonal to stochastic choice
or issues of discriminability. Nonetheless, one might conjecture
that the same mechanisms that generate diminishing marginal
utility in these other contexts should also determine the rela-
tionship between measured values and utilities in a random
utility model of stochastic choice.

Similarly, Prospect Theory is predicated on the assumption
that choices are made based on subjective values generated by
nonlinear transformations of objective values (17). Notably, this
value function is assumed to reflect diminishing marginal sensi-
tivity to increasing values. Kahneman and Tversky use this
value function to explain modal choices but do not propose any
model of the stochasticity of observed choices or of RT. They
motivate their incorporation of diminishing marginal sensitivity
based on an analogy to the psychophysics of perceptual judge-
ments, in which objective sensory magnitudes are often mapped
onto an internal scale (18) with a nonlinear function that is typ-
ically expected to be concave (as with the logarithmic mapping
postulated by the Weber-Fechner Law). The key evidence for
such nonlinearity is the way in which the discriminability
between two stimuli declines with increases in the absolute
magnitudes of the two stimuli (holding the difference constant).
Kahneman and Tversky also expected this to be true of com-
parisons involving economic values, and others have formalized
this assumption within stochastic versions of Prospect Theory
fit to experimental data (19).

Another way to motivate this type of nonlinear function is with
the theory of divisive normalization in neural coding. An influen-
tial literature in neuroscience has determined that neural firing
rates that represent sensory magnitudes are normalized in such a
way that a given difference in objective magnitudes results in a
smaller difference in the respective firing rates when the two objec-
tive magnitudes increase (20-23). Recent work in neuroeconomics
has applied divisive normalization to stochastic, value-based choice
under the assumption that there is a one-to-one relationship
between the neural representation of value in firing rates and the
choice behavior it generates (24-30). A theory of stochastic choice
predicated on divisive normalization thus predicts that option dis-
criminability will decrease as OV increases (see SI Appendix for
details).

Despite the intuitive appeal of diminishing marginal sensitiv-
ity and the evidence for it in other sensory domains, there is lit-
tle direct evidence that OV decreases discriminability once you
control for value difference. The behavioral evidence on accu-
racy rates is controversial (31). Furthermore, the notion that
utility differences decrease with OV is typically inferred from
the presence of risk-averse behavior, which could arise for
other reasons (32-35).

One possible reason for the mixed behavioral evidence is
that increasing OV may also increase perceived importance,
motivating decision-makers to approach high-value decisions
more cautiously (36-40). The well-known speed-accuracy
tradeoff (5, 9) implies that more caution could counteract
losses in discriminability. On the other hand, there is abundant
evidence that high-value decisions tend to be fast (10, 41-45).
Even nonhuman primates will choose between juices (including
identical ones) faster as the amount of juice increases (46).
Based on these results, it appears unlikely that high-value deci-
sions are made more cautiously, but we cannot be sure because
both discriminability and response caution affect RT (47).
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To properly determine how OV influences discriminability
while accounting for response caution, we require analyses that
consider both accuracy and RT. Using the DDM, we can
account for response caution while simultaneously estimating
the effect of OV on discriminability (48).

In this paper, we applied the DDM to behavior in three stud-
ies, each with the same structure but different types of decisions.
Each experiment involved a series of binary choices, separated
into blocks with three categories of OV (low, middle, and high).
To study OV effects in naturalistic settings, studies 1 and 2 used
snack foods and abstract art, respectively. Subjects first rated how
much they liked various items, then later chose between them.
These tasks are commonly used in the literature, but also come
with a drawback: they rely on subjective ratings. Subjective ratings
noisily represent subjects’ true values (49), and ratings on differ-
ent parts of the scale may be more or less noisy (50). To rule out
these concerns, study 3 used a paradigm with learned values that
were objective and identically distributed in each OV condition.

In each study, we first tested core predictions about discrimi-
nability varying with OV in a baseline condition. Specifically,
we used the DDM to estimate discriminability (via drift rate) as
a function of OV while accounting for response-caution differ-
ences (via boundary separation) between OV categories. We
tested the hypothesis that discriminability would be reduced in
higher OV contexts against the null hypothesis that OV would
have no effect on discriminability.

To investigate the impacts of OV on response caution, we
included a condition with cues that indicated the value category
for the upcoming block. These cues did not provide any addi-
tional information. We included the value cues because in the
DDM framework, decision-makers adjust their decision bound-
aries at the block level. Thus, we reasoned that the value cues
would allow subjects to set (and reveal to us) their desired level
of response caution for each value category. If decision-makers
view higher-value decisions as more (less) important, value
cues should increase (decrease) boundaries in high-value
blocks.

To preview the results, across all three studies (for which
studies 2 and 3 were preregistered), we find heightened, not
reduced, discriminability as OV increases; we observe both
faster and more accurate choices at high OV and a tendency
toward slower and less accurate choices at low OV. However,
we find that value cues increase response caution for high-value
compared to middle-value trials, indicating that decision-
makers are motivated to be slower and more accurate for high-
value decisions. We find these same effects in all three studies,
indicating that they are not due to familiarity/accessibility (51),
different uses of the rating scale, or variability within value
categories.

Results

Experimental Paradigm. In each experiment (preregistered in
studies 2 and 3), participants completed a two-alternative,
forced-choice task. The value of each option was determined
using a separate rating task (studies 1 and 2) or objective values
(study 3). We used these values to compute both the difficulty
(i.e., value difference) and OV of each choice.

In phase 1 of study 1 (n = 44) and study 2 (n = 50), partici-
pants used a continuous 0 to 10 scale to rate their desire to con-
sume snack foods (144 items) or view abstract images (107
items). Based on the results of this task, choice sets for phase 2
were generated such that each trial contained two items drawn
from the same value category (Fig. 1).

In phase 1 of study 3 (n = 70), participants learned the value
associated with different colored squares. During this training
phase, they learned that there were 12 colors, each with a dis-
tinct point value from 1 to 12, based on the color’s position on
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Fig. 1. Timeline of each study. Each experiment comprised two phases. Phase 1 consisted of liking ratings (studies 1 and 2) or learning the mapping

from color to value (study 3). In study 3, the learning process consisted of an initial screen indicating the general relationship between color and value,
followed by a training phase where choices were coupled with value feedback. Phase 2 consisted of cues at the beginning of each block, followed by a
series of 15 choice trials using items from the same value category. The cues revealed the value range of the upcoming trials (here with value cues from
study 1). In CV blocks, participants were informed whether the upcoming trials contained items from the bottom, middle, or top third of the value range.
In MV blocks, participants were informed that the upcoming trials contained items from across the value range. In study 3, phase 2 consisted of the same
choice task as in the training phase, but with more complex stimuli and no feedback.

a modified rainbow. The mapping from color to value was
counterbalanced across subjects to ensure that there was no
correlation between color perception and valuation. After the
training, participants proceeded to phase 2, in which they chose
between 2 X 3 arrays of the colored squares and earned points
that were later converted to cash (see Fig. 1 for arrays and
colors).

In phase 2 of each experiment, participants completed 270
binary choice trials in blocks of 15 trials. Each trial contained
items drawn from the same value category based on each par-
ticipant’s subjective ratings in phase 1 of studies 1 and 2 (i.e.,
0.01 to 3.33, 3.34 to 6.66, 6.67 to 10) or based on the value
range of the color spectrum in study 3. One very important
thing to note about study 3 is that the three OV conditions
were matched in every dimension (e.g., range, variance, value
difference) except OV. For details, see the Materials and
Methods.

Blocks also came from one of two information conditions:
cued-value (CV) or mixed-value (MV) trials. Prior to CV
blocks, participants were informed of the value range of the
options in the subsequent trials. Prior to MV blocks, partici-
pants were informed that the options in the subsequent trials
could be drawn from the entire range of values (but both
options would be drawn from the same value category).

Baseline Results. To evaluate the influence of OV and value cues
on behavior, we examined the basic RT and choice accuracy
data in the MV blocks (Fig. 2). First, we analyzed log-
transformed RT5 using linear regressions with clustered errors.
Second, we analyzed choice accuracy (i.e., choosing the option
with higher value) using logistic regressions with clustered
errors. In both of these regression models, we assessed the
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effect of value category (i.e., high-value and low-value trials rel-
ative to middle-value trials) on the dependent variables while
controlling for trial-level value difference.

Collapsing across value categories, we found strong, negative
relationships between OV and log-transformed RT (see Fig. 24
for untransformed RTs; studies 1 to 3: P < 0.001; SI Appendix,
Table S2). Comparing OV conditions, participants were faster
in high-value trials than in middle-value trials in all three
experiments (study 1: P = 0.001; study 2: P < 0.001; study 3: P
= 0.002; SI Appendix, Table S2) and were faster in middle-value
trials than in low-value trials, although this effect was not signif-
icant in study 2 (study 1: P = 0.006; study 2: P = 0.172; study 3:
P < 0.001; SI Appendix, Table S2).

We also found evidence that accuracy (i.e., choosing the
higher-rated/higher-valued item) was positively correlated with
OV (Fig. 2B), even after accounting for value difference (study
1: P = 0.376; study 2: P = 0.001; study 3: P = 0.004; SI
Appendix, Table S3). Comparing OV conditions, this relation-
ship was more consistent at higher values; accuracy was signifi-
cantly greater in high-value trials than in middle-value trials in
studies 1 and 2 (study 1: P = 0.021; study 2: P = 0.003; study 3:
P = 0.097; SI Appendix, Table S3) but was significantly greater
in middle-value trials than in low-value trials only in study 3
(study 1: P = 0.349; study 2: P = 0.998; study 3: P = 0.026; SI
Appendix, Table S3).

Cued Value. We next tested whether providing value cues
affected behavior using the CV data. Providing participants
with prior information about the OV of the upcoming decisions
should allow us to observe whether they prefer to take more or
less time on higher-value decisions.
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Fig. 2. Behavioral results. (A) Mean RT and (B) accuracy as a function of OV in the MV condition. (C) CV blocks—MV blocks: a difference-in-difference
analysis of RT, examining the relative effect of an increase in value category (from Low to Middle or Middle to High) in the CV condition compared to
the MV condition. A consistent interaction between value cues and OV would produce point estimates above the dashed line. See S/ Appendix, Fig. S1 for
the raw CV results. (A-C) Each study is depicted with a different color: study 1 (red), study 2 (green), and study 3 (blue). Error bars represent SE across

subjects.

Our results partially indicate that decision-makers, when
cued, perceive high-value decisions as more important. In all
three experiments, value cues increased RTs in high-value CV
trials relative to middle-value CV trials (compared to the differ-
ence in the MV trials), but this effect was only marginal in stud-
ies 1 and 3 (study 1: P = 0.087; study 2: P = 0.003; study 3: P =
0.057; SI Appendix, Table S2). On the other hand, there was no
evidence for a relative RT increase in middle-value CV trials
relative to low-value CV trials (compared to the difference in
the MV trials) (Fig. 2C; study 1: P = 0.336; study 2: P = 0.296;
study 3: P = 0.762; SI Appendix, Table S2).

There was some evidence that value cues decreased accuracy
in low-value trials. While the coefficient was consistently nega-
tive for the interaction between value cues on low-value trials
relative to middle-value trials (compared to the difference in
MV trials), this effect was only significant in study 2 (study 1:
P = 0.255; study 2: P = 0.022; study 3: P = 0.742; SI Appendix,
Table S3). This general trend is in line with the idea that low-
value trials are seen as less important when cued. There were
no other consistent effects of value cues on accuracy (see S/
Appendix, Table S3).

Drift Diffusion Modeling. The behavioral results from our three
studies suggest both increased discriminability and motivated
cautiousness in high-value contexts. To more thoroughly exam-
ine the mechanisms underlying these findings, we employed the
DDM (48). This model assumes a noisy sequential sampling
process, in which relative evidence is accumulated over time
until it reaches one of two decision boundaries (corresponding
to the left and right options, respectively).

In the DDM, there are two key components. One is the rate
of evidence accumulation, known as the drift rate, which
reflects how discriminable the options are and is typically
assumed to be independent of OV (13, 48, 52). Higher magni-
tude drift rates equate to faster and more accurate decisions.
Drift rates that decrease with OV would be consistent with
diminishing value sensitivity. The second key component is the
separation of the boundaries, which reflects how much evidence
the decision-maker requires before making a choice (9, 48, 53).
Wider boundaries reflect slower and more accurate decisions.
If decision-makers view high-value decisions as more impor-
tant, boundary separation should increase in the presence of
value cues for high-value decisions. Low-value decisions should
show the opposite effect.
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In modeling these data, we allowed the drift-rate (v) and
boundary-separation (a) parameters to vary by OV, the presence
of value cues, and the interaction between these two factors. The
drift rate was calculated as a linear function of trial-level value dif-
ference, as well as dummy variables corresponding to OV cate-
gory (low, middle, high), presence of value cues (MV, CV), and
their interactions. The boundary-separation parameters were each
calculated as a function of the value category, value-cue variables,
and their interactions. For each of these parameters, we used a
regression approach with the intercept corresponding to perfor-
mance in middle-value MV trials, and the parameters in other
conditions calculated relative to that reference point (Materials
and Methods).

We found strong evidence that drift rates were affected by
OV (Fig. 34). Compared to middle-value MV trials, high-value
MV trials consistently had higher drift rates for larger value dif-
ferences. The posterior probability of a positive interaction
between value difference and high-value trials (p,,,) was 0.99
in study 1, 1.00 in study 2, and 1.00 in study 3. The opposite
effect was not consistently found for low-value MV trials. In
particular, in study 2 and study 3, we found evidence that drift
rates were higher for larger value differences in middle-value
MV trials compared to low-value MV trials (study 2: pp, =
0.79; study 3: ppos = 1.00), but in study 1 we found evidence in
the opposite direction, with p,,, = 0.32, indicating that it was
more likely that drift rates were higher for low-value trials.

We also found that value cues generally increased boundary sep-
aration in high-value trials relative to middle-value trials, compared
to the difference in the MV trials (study 1: p,os = 1.00; study 2: ppoe
= 0.96; study 3: p,o« = 0.78). However, there was weaker evidence
for an increase in middle-value trials relative to low-value trials
compared to the difference in the MV trials (Fig. 3B) (study 1: ppoy
= 0.81; study 2: pj,o = 0.46; study 3: ppos = 0.73).

Boundary separation also varied across OV conditions in MV
trials. Specifically, we found that in MV trials, the boundary sepa-
ration was smaller in high-value trials than in middle-value trials
(study 1: ppos = 1.00; study 2: ppoq = 1.00; study 3: pos = 0.69)
and smaller in middle-value trials than in low-value trials (study 1:
Ppost = 1.00; study 2: ppo = 0.66; study 3: ppog = 0.97). It would
therefore appear that participants incorporated value information
at trial onset. However, we believe that this is likely an artifact of
not accounting for attention in our modeling (for more on this
point, see Discussion).
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Fig. 3. DDM results. (A) The effect on the drift-rate slope (as a function of value difference) of an increase in OV (from Low to Middle or Middle to
High) in the MV condition. A consistent, positive effect of OV would produce point estimates above the dashed line. (B) CV blocks-MV blocks: a differ-
ence-in-difference analysis of boundary separation, examining the relative effect of an increase in OV (from Low to Middle or Middle to High) in the CV
condition compared to the MV condition. A consistent, positive interaction between value cues and OV would produce point estimates above the dashed
line. See SI Appendix, Fig. S1 for the raw CV results. (A and B) Each study is depicted with a different color: study 1 (red), study 2 (green), and study 3

(blue). 95% highest density intervals (HDIs) are presented in black.

Main Effect of Value Cues. While we did not initially hypothesize
any main effects of the value cues, we did observe effects on
both drift rates and boundary separations. We describe these
exploratory results here.

We found that value cues generally reduced RTs (Fig. 44)
but had inconsistent effects on accuracy (SI Appendix, Table
S3). Middle-value trials showed a significant decrease in RT
from MV to CV in every study (study 1: P < 0.001; study 2: P =
0.037; study 3: P < 0.001).

The DDM analysis revealed positive interactions between
CV and value differences on drift rate in the middle-value trials
from all three studies (study 1: p,oq = 0.91; study 2: p,oy =
0.95; study 3: ppe = 1.00) (Fig. 4B). There were no consistent
interactions between OV, value difference, and CV on drift rate
(SI Appendix, Table S4).

There was also an effect of CV on boundary separation (Fig.
4C). In particular, we found a decrease in boundary separation
for cued, middle-value trials (study 1: pos = 1.00; study 2: pp,s
= 0.87; study 3: ppos = 1.00).

Discussion

To investigate the effects of OV on the decision process, we ran
three choice experiments in different domains. In all three
experiments, we found that higher-value decisions were faster
and more accurate, although the accuracy result was significant
in only two of the three cases. Using the DDM, we found that
in five out of six comparisons, higher-value decisions had higher
drift rates. We also found that in the presence of value cues,
high-value decisions were relatively slower, reflecting larger
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Fig. 4. Effects of value cues for middle-value trials. The difference between middle-value, CV, and MV trials for (A) RT, (B) the effect of value difference

on drift rate, and (C) boundary separation for study 1 (red), study 2 (green), and study 3 (blue) is shown. Error bars represent (A) SE across subjects and

(B and C) 95% HDls.
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boundary separation in the DDM. Study 3 rules out that these
findings are due to familiarity with higher-value options, distor-
tions in rating scales, or differences in the variability within
each value category (more detail in the Discussion) (50).

These results are inconsistent with diminishing value sensitiv-
ity. Instead, decision-makers are generally better able to dis-
criminate between higher-value options. The results are also
inconsistent with an intentional tradeoff between effort and
reward (46, 54-60). These evolutionary accounts posit that
decision-makers should feel less pressure to make the correct
choice when most options are acceptable (46, 60). Instead,
decision-makers seem to put more effort into these decisions.
Thus, one explanation for our results is that large rewards may
boost effort, making people subconsciously more engaged and
consciously more cautious (61).

An alternative explanation for our results could be that
decision-makers have stronger memory for higher-value options
(62). Decision-makers might optimize their limited memory
capacity by prioritizing more rewarding stimuli, which would
enable them to recall their preference for these options both
faster and more accurately (50). While value-based memory
could explain the results in study 1, which used familiar snack
foods, differences in encoding and retrieval cannot account for
the results in study 2, which used novel images composed of
abstract patterns, or study 3, which used random combinations
of colored boxes. In study 2, subjects’ preferences were likely
constructed in the moment they evaluated the images, preclud-
ing the involvement of preference-based retrieval. Moreover,
we explicitly designed study 3 to minimize memory require-
ments by using a perceptual scale to represent value (i.e., color
along a rainbow). While this does not rule out memory-based
explanations, the robustness of these results even in tasks in
which memory is minimally involved makes such explanations
unlikely.

Our findings call into question the combination of diminish-
ing value sensitivity with standard stochastic choice models.
There has been increasing interest in the links between percep-
tual and value-based decision-making (41, 63-65), and models
of normalization and efficient encoding are central in that
work. These models are supported by research indicating that
neural reward circuits can adapt to the value range of stimuli in
a choice set (30, 45, 50, 66-70). An important aspect of these
models is that psychological value sensitivity is bounded by neu-
ral firing rates. In divisive normalization models, increased OV
results in smaller differences in firing rates and reduced dis-
criminability (ref. 70; see SI Appendix for details). However, we
find that OV generally increases discriminability (31, 71).

How do we reconcile our results with risk aversion and its
association with concave utility (17, 72)? Concave utility has
been a prominent explanation for risk aversion since Bernoulli
(14) and plays a central role in Expected Utility Theory and
Prospect Theory. If decision-makers assign and compare utili-
ties in the process of choosing (68), then concave utility implies
that the same objective difference is subjectively smaller and
less discriminable when option values increase (11). It is well
established that decisions take longer and are more stochastic
when the utility difference between options is smaller (4, 11, 12,
40, 73, 74). Thus, a concave utility function embedded in stan-
dard stochastic choice models would predict that decisions
between high-value options should be slower and less consis-
tent than those between low-value options. Our results show
the opposite. There are, however, other models of risk aversion
that do not rely on concave utility, including mean-variance
tradeoffs (32) and rank-dependent utility (33, 34), leading some
to question the relationship between risk aversion and concave
utility (35).

In another study looking at risky choice, we failed to observe
the same OV effects (SI Appendix). Additional work is needed to
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clarify the relationship between OV and risky choice. Our results
could suggest that the OV effects do not apply to risky choice.
One critical issue with most risky-choice paradigms, including our
own (SI Appendix), is that the outcomes are presented as num-
bers. We see two pathways by which larger numbers could poten-
tially slow the decision process. If decision-makers are conducting
mathematical operations, larger numbers would take longer to
process (75). On the other hand, if decision-makers encode the
presence of large numbers early on (76), they might be able to
adjust their response caution (i.e., boundary separation) prior to
engaging in the comparison process. Like with our value cues, this
would result in slower high-value decisions (SI Appendix, Fig. S2).
Moreover, our risky-choice task included four outcomes and four
probabilities per option, which might have made the task too chal-
lenging and encouraged the use of heuristics. Consistent with our
riskless data, one risky-choice study using single, nonnumeric out-
comes did observe a negative relation between OV and RT (45).
A complication arises when evaluating the relation between OV
and accuracy, as there is no objective criterion for choosing
between risky prospects. Overall, we speculate that the important
distinction is between numeric and nonnumeric outcomes rather
than between riskless and risky choice.

We must also discuss the generalizability of our results. Intui-
tively, a $5 value difference, just like a 1-oz weight difference,
should be easier to discern when choosing between lunch
options than between cars. The problem with this line of rea-
soning is that values are rarely unidimensional and objective
like other perceptions. We can objectively determine which
object is heavier because weight can be measured with a scale.
There is no such scale for value. Choice options typically have
multiple dimensions/attributes, and value is based on the com-
bination of subjective evaluations and weights for each dimen-
sion (8, 77). More valuable consumer goods tend to be more
complex, involving more dimensions. Study 3 was our attempt
to circumvent this issue by making value unidimensional while
also keeping the decisions from being perceptually trivial or
measures of numeracy. Importantly, study 3 featured choice
problems that were identical across OV conditions (except in
mean value), ruling out any possible influence of variability
within value categories. Moreover, the values of the stimuli
were counterbalanced so that values increased across the blue-
to-red spectrum for half of participants but decreased for the
other half, precluding any possibility that the results could be
attributed to participants’ ability to discriminate between colors
on different parts of the spectrum.

Our results also indicate that people treat high-value deci-
sions as more important, in the sense that they approach them
with more caution when cued (this was particularly true in our
alternative DDM formulation, presented in the SI Appendix).
Several prior studies have argued that fast high-value decisions
reflect the desire to quickly resolve choice problems when both
options are satisfactory (46, 60). Others have argued that
increasing OV motivates decision-makers to extract more pre-
cise estimates of the relative differences between options, facili-
tating faster and more accurate decisions in high-value contexts
(40). If the OV effects were due to either of these factors, then
the value cues should have further reduced high-value RT rela-
tive to middle-value RT. Instead, we saw the opposite.

It is worth noting that the cues reversed the baseline OV
effects. The DDM fits indicate that the inverse relation between
RT and OV at baseline was due to two factors: increased drift
rates and decreased boundary separation for high-value deci-
sions. It is difficult to reconcile the latter explanation with the
effects of the value cues. Indeed, we believe that the baseline
boundary-separation result is likely an artifact of not account-
ing for attention in our modeling. In the DDM, strategic
parameters such as boundary separation are typically held cons-
tant across categories that are interspersed within a block (48).
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In other words, boundary-separation adjustments are not
expected to appear at the trial level but are expected at the
block level when people are given advance warning. This was
the motivation for our CV condition. Recent work indicates
that the DDM will appear to exhibit boundaries that decrease
with OV when fit to data generated by a model with constant
boundaries but value-amplifying attentional effects (78, 79).
Since our model did not incorporate any measures of attention,
these baseline boundary-separation results should be inter-
preted with caution.

When analyzing the effects of the high- and low-value cues,
we first subtracted the effect of the middle-value cues before
making comparisons to the MV blocks. This was important
because we observed that value cues generally reduced decision
boundaries across the board, as evidenced by the negative
effect of cue in all three studies. This suggests that narrowing
decision-makers’ expectations may cause them to set less cau-
tious response boundaries (59, 80), generate more precise
beliefs (81), and/or integrate information more clearly (82).
This is particularly true in our design, in which there was less
OV variability in the CV blocks compared to the MV blocks.

Curiously, we generally observed our two central effects for
high-value versus middle-value contrasts but less consistently
observed these effects for low value versus middle value. We
found mixed evidence that low-value trials had reduced rates of
evidence accumulation in the baseline condition or reduced
boundaries in the CV condition. It is unclear why this consis-
tent asymmetry exists. One possibility is that our participants
saw high-value trials, but not low-value trials, as qualitatively
distinct from middle-value trials. Perhaps if we had used nar-
rower value categories or included aversive options, we would
have observed these effects in the lower-value categories. A
second possibility for the latter finding is that our participants
were only willing to put more effort into their decisions, not
less. This explanation is supported by evidence that some
decision-makers, especially older adults, tend to overemphasize
accuracy and struggle with instructions to speed up (83, 84).

In summary, our findings challenge the presence of diminish-
ing value sensitivity in value-based decision-making. Contrary
to our expectations, high-value decisions appear to be faster
and more accurate, indicating that people are better at them.
Moreover, alerting people to high-value decisions leads them to
be more cautious. Future research must seek to understand
these surprising phenomena and consider the limits of extend-
ing perceptual models to value-based decision-making.

Materials and Methods

Participants. A total of 223 individuals were recruited from a large sample of
students at The Ohio State University. Forty-nine participants were recruited
in study 1. Of these, five were excluded from our analyses for failing to per-
form significantly above chance in the binary choice task. Ninety-three partici-
pants were recruited for study 2. Eleven individuals could not complete the art
task due to technical issues. Nineteen individuals were excluded because of
insufficient variability in their initial ratings of the images (preventing our
automated algorithm from generating the necessary quantity of trials with-
out repetition). An additional 13 individuals were excluded for failing to per-
form significantly above chance in the binary choice task. Eighty-one partici-
pants were recruited for study 3. In study 3, seven individuals were excluded
due to self-reported color blindness, and an additional four participants were
excluded for failing to perform significantly above chance in the binary choice
task. All exclusions were made according to our preregistration. All partici-
pants gave informed consent. All experiments involving human participants
were approved by the Institutional Review Board at The Ohio State University.

Procedures.

Study 1. Participants performed the experiment in two sequential phases. In
phase 1, participants used a mouse to rate their desire to consume each of 144
snack foods on a continuous scale from 0 to 10. Participants were told that a
rating of 0 indicates that they neither like nor dislike the food item, and a rat-
ing of 10 indicates that they really like the food item. Participants were also
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given the option of selecting a button with the words “Would Not Eat” writ-
ten on it. Participants were informed that they should select the “Would Not
Eat” button if they would rather eat nothing than eat the presented food
item. Participants were allowed to complete the rating task at their own pace.

In phase 2, participants completed a binary choice task using the set of pos-
itive snack foods. In each trial, participants were presented with two food
items, one on each side of the screen, and were instructed to select the item
that they would most like to eat at the end of the experiment. Participants
were instructed to make selections with the left and right arrow keys at their
own pace. Each trial was designed so that the two items’ ratings (from phase
1) were both in the same third of the rating scale (i.e., value category: 0 to
3.33, 3.34 10 6.66, 6.67 to 10). In addition, no item could be shown more than
seven times, and no item that elicited a “Would Not Eat” response was
included in these trials. In order to construct enough trials for each value cate-
gory, participants needed to have at least 15 items in each value category. If
they did not, we generated random trials for them to complete; however,
their data were not analyzed any further.

Trials were grouped into blocks of 15. CV blocks contained 15 trials from a
single value category, while MV blocks contained five trials from each of the
value categories, presented in a random order. In the CV blocks, participants
were informed from which value category the items in the subsequent trials
were drawn. In the MV blocks, participants were informed that the subse-
quent trials could be drawn from any of the value categories. Participants
completed nine blocks each of the CV (three per value category) and MV con-
ditions for a total of 270 trials.

We incentivized both phases of the experiment. Participants were
informed that they would receive a food item based on their decisions in
either phase 1 or phase 2. At the end of the experiment, one of those phases
was randomly chosen (each with equal probability) to be paid out. If phase 1
was selected, two food items were randomly drawn, and the participant
received the item with the higher rating. If both items had elicited responses
of “Would Not Eat,” then no item was awarded. If phase 2 was selected, one
trial was randomly drawn, and the participant received the item that they
chose in that trial. Additionally, all participants received a $15 show-up fee.
Study 2. In preregistered study 2, we wanted to ensure the robustness of our
effects by replicating study 1 using different stimulus sets. In order to deter-
mine a sufficient sample size, we ran a simulation-based power analysis using
a mixed-effects regression from study 1. We determined that a sample size of
50 would give us adequate power. However, in order to generate enough
unique trials for all of the trial blocks, participants had to have rated at least
15 items in each value category. For those that did not, we generated random
trials for them to complete, but their performance data were omitted from
further analyses. In order to account for participant attrition and the exclusion
criteria mentioned above, we recruited 93 participants for this study.

Study 2 was composed of two separate experiments: an abstract art task
(study 2A) and a complex lottery task (study 2B). We only report the results of
the abstract art task (details on study 2B can be found in the S/ Appendix).

Participants completed three phases occurring within the same study ses-
sion. Participants were randomly assigned to first complete either study 2A
(phases 1 and 2) or study 2B (phase 3). Phases 1 and 2 involved the same proce-
dures as those in study 1. However, in phase 1, prior to rating 107 abstract art
images, participants viewed a slideshow of all images, each presented for 0.75
seconds. Subsequently, participants rated the images on a scale from 0 to 10
and were given the option to select a “Do Not Like” option if they would
rather receive nothing than receive a button with the image printed on it at
the end of the experiment. Based on these ratings, the images were organized
using the same procedures from study 1. The procedures for phase 2 were
identical to that of study 1.

For study 2A, participants were informed that they would receive a button
with an image printed on it, based on their decisions in either phase 1 or
phase 2. At the end of the experiment, one of those phases was randomly cho-
sen (each with equal probability) to be paid out. If phase 1 was selected, two
images were randomly drawn, and the participant received a button with the
higher-rated image. If both items had elicited responses of “Do Not Like,"”
then no button was awarded. If phase 2 was selected, one trial was randomly
drawn, and the participant received a button with the image that they chose
in that trial. Additionally, all participants received the outcome from one lot-
tery randomly chosen from their selections in study 2B (minimum: $0.50, maxi-
mum: $25), as well as a $5 show-up fee.

Study 3. In preregistered study 3, we wanted to replicate the effects of the
previous two studies but without relying on subjective value estimates. For
this design, we used a reinforcement learning paradigm broken up into two
phases. A sample size of 50 was determined using the same power analysis
from study 2. In order to account for participant attrition and potential exclu-
sions, we preregistered that we would collect data from a minimum of 60
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participants. Because of the laboratory set-up, in which we ran up to 30 partic-
ipants at a time, we stopped recruiting participants once we surpassed 60 and
ultimately recruited 81 participants for this study.

Participants completed two phases within the same session. In phase
1, participants initially viewed a color spectrum composed of 12 distinct
colors. Participants were informed that the value of these colors was
either increasing or decreasing (counterbalanced across participants)
from left to right across the spectrum. Subsequently, participants com-
pleted a training task, in which they chose between two stimuli, each
composed of six colored squares. The point values for each colored
square ranged from 1 to 12. After each choice, participants saw the val-
ues of both stimuli (based on the sum of the colored squares), as well as
their total earnings. Participants first completed a block of 30 trials, after
which point their accuracy was assessed. If they reached or surpassed
70% accuracy, they proceeded to phase 2; otherwise, they completed
another block of 30 trials. This process was repeated until participants
achieved 70% accuracy or they completed six blocks. See S/ Appendix, Fig.
S3 for additional details.

In phase 2, participants faced 270 trials in a binary choice task. Trials were
constructed by first creating stimulus pairs for the middle-value condition and
then subtracting or adding a constant value of 4 to every square. For example,
a middle-value trial of {5,5,5,6,6,6} versus {6,6,6,8,8,8} would have an equiva-
lent {1,1,1,2,2,2} versus {2,2,2,4,4,4} low-value trial and a {9,9,9,10,10,10} ver-
sus {10,10,10,12,12,12} high-value trial. In this way, we were able to equate
the three OV conditions in every way except mean value.

We used a conversion rate of 30 points per $1. In order to properly con-
strain participants’ earnings, participants started out with a deficit of 10,500
points. Participants who ended the study with a negative balance only
received the show-up fee. Participants were informed of this deficit and the
conversion rate at the beginning of the study.

We also constrained the stimuli so that the colored squares were never all
the same color, but there were no other restrictions on color repetition. Addi-
tionally, the value difference in each trial was always between 1 and 5. Other-
wise, the procedures for phase 2 were identical to that in studies 1 and 2. At
the end of the study, participants received the monetary equivalent of the
total points they earned throughout the study (minimum: $0; maximum: $13;
median: $10.70; mean: $9.81; SD: $2.87), as well as a $5 show-up fee.

Data Preprocessing. Outlier trials were identified by focusing on RTs using the
interquartile range (IQR) method at the subject level. The IQR method elimi-
nates trials when RTs are above the 0.75 quartile by more than 1.5 times the
IQR or below the 0.25 quartile by more than 1.5 times the IQR. Additionally,
trials were removed if the RTs were less than 0.25 s after the IQR treatment.
Using this method, we removed 6.76% of trials in study 1, 7.30% of trials in
study 2, and 3.24% of trials in study 3.

Behavioral Analyses. Behavioral data were analyzed with linear and logistic
regressions using clustered errors (at the subject level) in R (version 3.6.1). RTs
were log transformed before being analyzed. For each experiment, we ran a
trial-level regression of log(RT) on the absolute value difference between
items, value category (dummy variable for low, middle, or high OV), block
type (dummy for MV or CV blocks), and the interaction between value cate-
gory and block type. We also ran a similar logistic regression (with clustered
errors) of choice accuracy as a function of absolute value difference, value cat-
egory, block type, and the interaction between value category and block type.

Computational Modeling. We fitted the choice and RT data in each experi-
ment using the HDDM package (85) in Python (version 3.6.7). This hierarchical
Bayesian model assumes that the model parameters for individual participants
are sampled from group-level distributions. The model uses Bayesian statistical
methods to estimate parameters at the group and individual levels.

The model incorporates several parameters related to this decision
process. The parameter drift rate (v) accounts for the average rate of
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evidence accumulation and is driven by the value difference between the
left and right options. Boundary separation (a) is the total amount of evi-
dence required to initiate a decision. Nondecision time (t) accounts for
the time related to processes outside of the decision process, such as
encoding information and initiating a motor response. The starting point
parameter (z) accounts for response bias in the decision process. Here, we
assumed symmetrical boundaries and fixed z at 0.5. We did not incorpo-
rate across-trial variability parameters in drift rate (sv), nondecision time
(st), or starting point (sz). In practice, incorporating these parameters
does not alter our main conclusions, and ultimately reduced the model fit
metrics. Using standard priors in HDDM (85), we estimated the model
using two chains, each with 15,000 samples, where the first 10,000 sam-
ples were discarded as burn-in. We assessed model convergence by calcu-
lating the Gelman-Rubin statistic (86). All chains for each data set had a
Gelman-Rubin statistic below 1.1, indicating successful convergence.

To test our hypotheses, we fitted the data in each experiment with a model
that allowed the boundary-separation parameter (a) to vary as a function of
the value category (low value, middle value, or high value) and block type
(MV or CV). In this regression, we used middle-value MV trials as the baseline
with the formula

a = ao + aowvs midLV + AHigh vs midHV + aCueBIOCk
+a(Low X Cue) vs (Mid x Cue) (BIOCk X LV) + A(High x Cue) vs (Mid x Cue) (BIOCk X HV):

[11

where LV is the dummy for low-value trials, HV the dummy for high-value tri-
als, and Block the dummy variable for CV trials.

The drift-rate parameter (v) was estimated as a linear function of the value
difference, the value category, and block type, all interacted. Again, we used
middle-value MV trials as the baseline, with the formula

v =Vo +Wp(rL — Ir) + Viow vs MidLV + Vhigh vs mia HV
+VcyeBlock + V(Low x Cue) vs (Mid x Cue) (BIOCk X LV)
+V(High x Cue) vs (Mid x Cue) (BIOCk X HV') 4+ V(Low x vD) vs (Mid x vD) (LV X (rL — &)
+V(High x vD) vs (Mid x vD) (HV X (rL — Ir)) + V(cue x vb) (Block X (rp — rg))
+V(Low x Cue x VD) vs (Mid x Cue x VD) (BIOCK X LV X (r. —rg))
+V(High x Cue x VD) vs (Mid x Cue x vD) (BIOCk X HV X (r — rg)), [2]

where r; and rg are the values of the left and right items, respectively. Since
responses were coded left (1) and right (0), we only interpret the parameter
estimates that interact with value difference [i.e., (r, — rg)].

In Drift Diffusion Modeling, we report the Low versus Mid parameters as
Mid versus Low by flipping the signs. This makes it so that the lower-value cat-
egory is consistently the reference point. To calculate the probability of
change in boundary separation and drift rate, we estimated the average of
the posterior estimates above or below 0 (depending on the test).
Posterior-based simulations. \We evaluated the quality of the DDM by com-
paring participant behavior to behavior predicted by the posterior estimates.
Using the posteriors obtained from HDDM, we simulated choice and RTs sepa-
rately for each participant in each experiment. The simulated choice probabili-
ties matched the data well and the simulated RTs provided reasonable fits to
the distribution of correct RTs in the data (S/ Appendix, Figs. S4-56). However,
in study 3, the DDM failed to fully capture the error RTs (S/ Appendix, Fig. S6).

Data Availability. All materials, data, and analysis code for all experiments
and studies and preregistrations for studies 2 and 3 are available on the Open
Science Framework (https:/osf.io/hypnc/).

ACKNOWLEDGMENTS. The authors are grateful to Sam Stelnicki, Josh
Hascher, and Skye Vaske for assistance in data collection and Nitisha Desai and
Rachael Gwinn for helpful discussions. This work was funded by Career Award
1554837 from the NSF and the Cattel Sabbatical Fund.

8. R. M. Roe, J. R. Busemeyer, J. T. Townsend, Multialternative decision field theory:
A dynamic connectionist model of decision making. Psychol. Rev. 108, 370-392
(2001).

9. M. Milosavljevic, J. Malmaud, A. Huth, C. Koch, A. Rangel, The drift diffusion model
can account for the accuracy and reaction time of value-based choices under high
and low time pressure. Judgm. Decis. Mak. 5, 437-449 (2010).

10. I.Krajbich, C. Armel, A. Rangel, Visual fixations and the computation and comparison
of value in simple choice. Nat. Neurosci. 13, 1292-1298 (2010).

11. A. Konovalov, |. Krajbich, Revealed strength of preference: Inference from response
times. Judgm. Decis. Mak. 14, 381-394 (2019).

12. J. A. Clithero, Improving out-of-sample predictions using response times and a model
of the decision process. J. Econ. Behav. Organ. 148, 344-375 (2018).

Shevlin et al.
High-value decisions are fast and accurate, inconsistent with diminishing
value sensitivity


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101508119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101508119/-/DCSupplemental
https://osf.io/hypnc/

Downloaded from https://www.pnas.org by 172.56.163.171 on October 24, 2024 from |P address 172.56.163.171.

3

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. R. Ratcliff, G. McKoon, Modeling numerosity representation with an integrated dif-
fusion model. Psychol. Rev. 125, 183-217 (2018).

. D. Bernoulli, Hydrodynamica: Sive de Viribus et Motibus Fluidorum Commentarii
(Johannis Reinholdi Dulseckeri, 1738).

. J. Von Neumann, O. Morgenstern, Theory of Games and Economic Behavior (Prince-
ton University Press, 1944).

. G. Loewenstein, D. Prelec, Anomalies in intertemporal choice: Evidence and an inter-
pretation*. Q. J. Econ. 107, 573-597 (1992).

. D. Kahneman, A. Tversky, Prospect theory: An analysis of decision under risk. Econo-

metrica 47, 263-291 (1979).

L. L. Thurstone, A law of comparative judgment. Psychol. Rev. 34, 273-286 (1927).

N. T. Wilcox, “Stochastic models for binary discrete choice under risk: A critical primer

and econometric comparison” in Risk Aversion in Experiments, Research in Experi-

mental Economics, J. C. Cox, G. W. Harrison, Eds. (Emerald Group Publishing Limited,

2008), pp. 197-292.

M. Carandini, D. J. Heeger, Normalization as a canonical neural computation. Nat.

Rev. Neurosci. 13,51-62 (2011).

T. K. Sato, B. Haider, M. Hausser, M. Carandini, An excitatory basis for divisive normal-

ization in visual cortex. Nat. Neurosci. 19, 568-570 (2016).

T. Sawada, A. A. Petrov, The divisive normalization model of V1 neurons: A compre-

hensive comparison of physiological data and model predictions. J. Neurophysiol.

118, 3051-3091 (2017).

S.R. Olsen, V. Bhandawat, R. I. Wilson, Divisive normalization in olfactory population

codes. Neuron 66, 287-299 (2010).

K. Louie, P. W. Glimcher, R. Webb, Adaptive neural coding: From biological to behav-

ioral decision-making. Curr. Opin. Behav. Sci. 5, 91-99 (2015).

R. Webb, P. W. Glimcher, K. Louie, The normalization of consumer valuations: Context-

dependent preferences from neurobiological constraints. Manag. Sci. 67, 93-125 (2020).

K. Louie, M. W. Khaw, P. W. Glimcher, Normalization is a general neural mechanism for

context-dependent decision making. Proc. Natl. Acad. Sci. U.S.A. 110, 6139-6144 (2013).

K. Steverson, A. Brandenburger, P. Glimcher, Choice-theoretic foundations of the

divisive normalization model. J. Econ. Behav. Organ. 164, 148-165 (2019).

M. W. Khaw, P. W. Glimcher, K. Louie, Normalized value coding explains dynamic

adaptation in the human valuation process. Proc. Natl. Acad. Sci. U.S.A. 114,

12696-12701 (2017).

J. Zimmermann, P. W. Glimcher, K. Louie, Multiple timescales of normalized value

coding underlie adaptive choice behavior. Nat. Commun. 9, 3206 (2018).

K. Louie, P. W. Glimcher, Efficient coding and the neural representation of value.

Ann. N. Y. Acad. Sci. 1251, 13-32 (2012).

S. Gluth, N. Kern, M. Kortmann, C. L. Vitali, Value-based attention but not divisive

normalization influences decisions with multiple alternatives. Nat. Hum. Behav. 4,

634-645 (2020).

E. Ghysels, P. Santa-Clara, R. Valkanov, There is a risk-return trade-off after all. J.

Financ. Econ. 76, 509-548 (2005).

L. L. Lopes, “Re-modeling risk aversion: A comparison of Bernoullian and rank depen-

dent value approaches” in Acting under Uncertainty: Multidisciplinary Conceptions,

G. M. von Furstenberg, Ed. (Theory and Decision Library, Springer Netherlands,

1990), pp. 267-299.

P. Wakker, 1. Erev, E. U. Weber, Comonotonic independence: The critical test between

classical and rank-dependent utility theories. J. Risk Uncertain. 9, 195-230 (1994).

T. O’Donoghue, J. Somerville, Modeling risk aversion in economics. J. Econ. Perspect.

32,91-114(2018).

V. L. Smith, J. M. Walker, Rewards, experience and decision costs in first price auc-

tions. Econ. Inq. 31, 237-244 (1993).

N. T. Wilcox, Lottery choice: Incentives, complexity and decision time. Econ. J. (Lond.)

103, 1397-1417 (1993).

P. G. Moffatt, Stochastic choice and the allocation of cognitive effort. Exp. Econ. 8,

369-388 (2005).

W. Kool, J. T. McGuire, Z. B. Rosen, M. M. Botvinick, Decision making and the avoid-

ance of cognitive demand. J. Exp. Psychol. Gen. 139, 665-682 (2010).

J. Dickhaut, V. Smith, B. Xin, A. Rustichini, Human economic choice as costly informa-

tion processing. J. Econ. Behav. Organ. 94, 206-221 (2013).

R. Polania, I. Krajbich, M. Grueschow, C. C. Ruff, Neural oscillations and synchroniza-

tion differentially support evidence accumulation in perceptual and value-based

decision making. Neuron 82, 709-720 (2014).

S. M. Smith, I. Krajbich, Attention and choice across domains. J. Exp. Psychol. Gen.

147,1810-1826 (2018).

J. F. Cavanagh, T. V. Wiecki, A. Kochar, M. J. Frank, Eye tracking and pupillometry are

indicators of dissociable latent decision processes. J. Exp. Psychol. Gen. 143,

1476-1488 (2014).

A. Konovalov, I. Krajbich, Gaze data reveal distinct choice processes underlying

model-based and model-free reinforcement learning. Nat. Commun. 7, 12438 (2016).

L. T. Hunt et al., Mechanisms underlying cortical activity during value-guided choice.

Nat. Neurosci. 15, 470-476, S1-5S3 (2012).

A. Pirrone, H. Azab, B. Y. Hayden, T. Stafford, J. A. R. Marshall, Evidence for the

speed-value trade-off: Human and monkey decision making is magnitude sensitive.

Decision (Wash. D.C.) 5, 129-142 (2018).

R. Fromer, C. K. Dean Wolf, A. Shenhav, Goal congruency dominates reward value in

accounting for behavioral and neural correlates of value-based decision-making.

Nat. Commun. 10, 4926 (2019).

Shevlin et al.
High-value decisions are fast and accurate, inconsistent with diminishing

va

lue sensitivity

48

49.

50.

51.

52.

53.

54.
55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

. R. Ratcliff, G. McKoon, The diffusion decision model: Theory and data for two-choice
decision tasks. Neural Comput. 20, 873-922 (2008).

D. A. Zellner, D. Allen, M. Henley, S. Parker, Hedonic contrast and condensation:
Good stimuli make mediocre stimuli less good and less different. Psychon. Bull. Rev.
13, 235-239 (2006).

R. Polania, M. Woodford, C. C. Ruff, Efficient coding of subjective value. Nat. Neuro-
sci. 22, 134-142 (2019).

R. Gwinn, |. Krajbich, Attitudes and attention. J. Exp. Soc. Psychol. 86, 103892 (2020).
R. Ratcliff, C. Voskuilen, A. Teodorescu, Modeling 2-alternative forced-choice tasks:
Accounting for both magnitude and difference effects. Cognit. Psychol. 103, 1-22
(2018).

A. Voss, K. Rothermund, J. Voss, Interpreting the parameters of the diffusion model:
An empirical validation. Mem. Cognit. 32, 1206-1220 (2004).

H. A. Simon, A behavioral model of rational choice. Q. J. Econ. 69, 99-118 (1955).

P. L. Smith, D. Vickers, The accumulator model of two-choice discrimination. J. Math.
Psychol. 32, 135-168 (1988).

P. C. Trimmer et al.,, Mammalian choices: Combining fast-but-inaccurate and slow-
but-accurate decision-making systems. Proc. Biol. Sci. 275, 2353-2361 (2008).

A. Caplin, M. Dean, D. Martin, Search and satisficing. Am. Econ. Rev. 101, 2899-2922 (2011).
T. D. Seeley et al., Stop signals provide cross inhibition in collective decision-making
by honeybee swarms. Science 335, 108-111(2012).

S. Tajima, J. Drugowitsch, A. Pouget, Optimal policy for value-based decision-mak-
ing. Nat. Commun. 7, 12400 (2016).

A. R. Teodorescu, R. Moran, M. Usher, Absolutely relative or relatively absolute: Viola-
tions of value invariance in human decision making. Psychon. Bull. Rev. 23, 22-38 (2016).
E. Bijleveld, R. Custers, H. Aarts, Unconscious reward cues increase invested effort,
but do not change speed-accuracy tradeoffs. Cognition 115, 330-335 (2010).

M. N. Shadlen, D. Shohamy, Decision making and sequential sampling from memory.
Neuron 90, 927-939 (2016).

V. Li, E. Michael, J. Balaguer, S. Herce Castanén, C. Summerfield, Gain control explains
the effect of distraction in human perceptual, cognitive, and economic decision mak-
ing. Proc. Natl. Acad. Sci. U.S.A. 115, E8825-E8834 (2018).

J. S. Trueblood, S. D. Brown, A. Heathcote, J. R. Busemeyer, Not just for consumers:
Context effects are fundamental to decision making. Psychol. Sci. 24, 901-908 (2013).
M. A. Pisauro, E. Fouragnan, C. Retzler, M. G. Philiastides, Neural correlates of evi-
dence accumulation during value-based decisions revealed via simultaneous EEG-
fMRI. Nat. Commun. 8, 15808 (2017).

M. Woodford, Prospect theory as efficient perceptual distortion. Am. Econ. Rev. 102,
41-46 (2012).

K. M. Cox, J. W. Kable, BOLD subjective value signals exhibit robust range adaptation.
J. Neurosci. 34, 16533-16543 (2014).

A. Rangel, J. A. Clithero, Value normalization in decision making: Theory and evi-
dence. Curr. Opin. Neurobiol. 22, 970-981 (2012).

A. Soltani, B. De Martino, C. Camerer, A range-normalization model of context-
dependent choice: A new model and evidence. PLoS Comput. Biol. 8, 1002607 (2012).
A. Tymula, H. Plassmann, Context-dependency in valuation. Curr. Opin. Neurobiol.
40, 59-65 (2016).

C. Padoa-Schioppa, A. Rustichini, Rational attention and adaptive coding: A puzzle
and a solution. Am. Econ. Rev. 104, 507-513 (2014).

A. Kacelnik, F. Brito e Abreu, Risky choice and Weber’s Law. J. Theor. Biol. 194,
289-298 (1998).

F. Echenique, K. Saito, Response time and utility. J. Econ. Behav. Organ. 139, 49-59
(2017).

F. Mosteller, P. Nogee, An experimental measurement of utility. J. Polit. Econ. 59,
371-404 (1951).

C. R. Gallistel, R. Gelman, Preverbal and verbal counting and computation. Cognition
44,43-74(1992).

A. Henik, J. Tzelgov, Is three greater than five: The relation between physical and
semantic size in comparison tasks. Mem. Cognit. 10, 389-395 (1982).

J.S. Trueblood, S. D. Brown, A. Heathcote, The multiattribute linear ballistic accumulator
model of context effects in multialternative choice. Psychol. Rev. 121, 179-205 (2014).

S. M. Smith, 1. Krajbich, Gaze amplifies value in decision making. Psychol. Sci. 30,
116-128 (2019).

B. R. K. Shevlin, I. Krajbich, Attention as a source of variability in decision-making:
Accounting for overall-value effects with diffusion models. J. Math. Psychol. 105,
102594 (2021).

J. I. Gold, M. N. Shadlen, Banburismus and the brain: Decoding the relationship
between sensory stimuli, decisions, and reward. Neuron 36, 299-308 (2002).

K. Friston, T. FitzGerald, F. Rigoli, P. Schwartenbeck, G. Pezzulo, Active inference: A
process theory. Neural Comput. 29, 1-49 (2017).

C. Summerfield, F. P. de Lange, Expectation in perceptual decision making: Neural
and computational mechanisms. Nat. Rev. Neurosci. 15, 745-756 (2014).

J. ). Starns, R. Ratcliff, Age-related differences in diffusion model boundary optimality
with both trial-limited and time-limited tasks. Psychon. Bull. Rev. 19, 139-145 (2012).

B. Oud et al., Irrational time allocation in decision-making. Proc. Biol. Sci. 283,
20151439 (2016).

T. V. Wiecki, I. Sofer, M. J. Frank, HDDM: Hierarchical Bayesian estimation of the
drift-diffusion model in Python. Front. Neuroinform. 7, 14 (2013).

A. Gelman, D. B. Rubin, Markov chain Monte Carlo methods in biostatistics. Stat.
Methods Med. Res. 5, 339-355 (1996).

PNAS | 90f9
https://doi.org/10.1073/pnas.2101508119

PSYCHOLOGICAL AND
COGNITIVE SCIENCES

ECONOMIC SCIENCES



