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Humans do not evidence choice biases in simple discrimination tasks.

Daniel Linares*” and Joan Lépez-Moliner®

@ Cognition, development and educational psychology, University of Barcelona
Passeig de la Vall d’Hebron 171

08035 Barcelona, Spain

*correspondence: danilinares@gmail.com

Abstract

Choice behavior in detection tasks demonstrates that perceptual decision-making not only
depends on sensory evidence, but also on choice biases: the tendency to choose one
alternative over the others independently of the sensory evidence. To assess whether choice
biases pervade other perceptual decision scenarios, we asked humans to perform a simple
common perceptual discrimination task with two symmetric alternatives. We found that
participants did not choose the two alternatives equally often, which is consistent with the
occurrence of choice biases, but also with the occurrence of sensory biases. To test these
possibilities, participants performed the task reversing the mapping between perception and
the category of the alternatives. With this simple manipulation, participants reversed the
frequency of choosing the two alternatives, which supports that the biased choice behavior
was caused by biased sensory evidence. Perceptual decision-making in simple tasks, thus,
might be entirely based on the representation of sensory information.

Introduction

Perceptual decision-making is the act of choosing an action from a set of alternatives based
on sensory evidence (Carandini & Churchland, 2013; Gold & Ding, 2013; Gold & Shadlen,
2007; Green & Swets, 1966). Understanding its principles is important as many of the
choices that an organism makes are based on sensory evidence. Sensory evidence,
however, is not the only component in perceptual decision-making. Choice behavior in
detection tasks, in which a decision-maker classifies stimuli as a present or absent signal
(Green & Swets, 1966), demonstrates that perceptual decision-making also depends on
choice biases: the tendency to choose one alternative over the others, independently of the
sensory evidence (Carandini & Churchland, 2013; Gold & Ding, 2013; Green & Swets, 1966;
Sridharan, Steinmetz, Moore, & Knudsen, 2014). To what extent choice biases pervade
other perceptual scenarios is unknown (Gold & Ding, 2013).

A common simple perceptual decision situation consists in classifying, using two
alternatives, stimuli that carry similar levels of signal relative to a neutral point (Jazayeri &
Movshon, 2007; Mareschal, Dakin, & Bex, 2006; Milner, Brechmann, & Pagliarini, 1992;
Newsome & Paré, 1988; Tadin, Lappin, Gilroy, & Blake, 2003). One might need to decide,
for example, whether a canvas is tilted clock or counterclockwise, an obstacle in the middle
of the road is closer to the left or right border, or a car is drifting leftward or rightward.
Whether choice biases occur in these discrimination tasks is unknown. A major problem in
identifying them is that any tendency to choose one alternative more often could be
attributed to choice biases, but also to the existence of asymmetries in the sensory
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representation (Garcia-Pérez & Alcala-Quintana, 2013; Gold & Ding, 2013). To get around
this difficulty, here we tested how choice behavior was affected by a simple manipulation
that consisted in instructing decision-makers to reverse the mapping between perception
and the category of the alternatives.

Fig. 1. lllustration of the stimulus used in the experiment. The green dot was only displayed for illustration on a
few trials before the experiment, but not during the experiment.

Results

On each trial, the orientation of a grating centered on a fixation point was chosen randomly
from a range centered around the horizontal orientation. Participants judged whether the
grating was pointing down or up (by pressing the down or up arrow keys on a keyboard)
relative to a reference that we asked them to imagine placed on the right at the same height
of the fixation (green dot in Fig. 1, not shown in the experiment). Down and up choices
correspond to clockwise and counterclockwise orientations relative to horizontal although we
avoided this terminology when instructing participants.

Fig. 2A shows the probability of clockwise (down) responses against the orientation of the
grating and the corresponding psychometric fits (Gold & Ding, 2013; Green & Swets, 1966)
(green symbols, Supplementary Information). For all participants, but participant 6, the
orientation that results in 50% probability of clockwise responses—which we will refer as the
point of non-discrimination (PND)—was significantly different from horizontal (the confidence
intervals did not include 0, Methods). Participants 1 and 5 decided more often that the
grating was pointing up and participants 2, 3 and 4 that it was pointing down. Asymmetric
choice behaviors like this have been shown before (e.g. Gold, Law, Connolly, & Bennur,
2008). What causes them? One possibility is that participants show choice biases to select
either the down or up alternative or press one of the buttons (Carandini & Churchland, 2013;
Garcia-Pérez & Alcala-Quintana, 2013; Gold & Ding, 2013); this might occur, for example,
when participants are unsure about whether the grating is horizontally deviated (Garcia-
Pérez & Alcala-Quintana, 2013). Another possibility, however, is that the sensory evidence is
biased, that is, the perceived horizontality of the grating corresponds to different orientations
for different participants. A third possibility is that both sensory and choice biases occur.

To disentangle these possibilities, we presented the same stimuli (in other trials intermixed
with the trials just described), but asked participants whether the grating was pointing down
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or up relative to an imaginary reference on the left (in each trial, we notified where they
needed to imagine the reference before the presentation of the grating). This variation in the
instructions was easy for the participants to understand and effectively reversed the mapping
between perception and category of the alternatives. Let us consider the probability of
choosing an alternative consistent with clockwise orientation (up, in this case) when
participants imagined the reference on the left. This probability should coincide with the
probability of choosing an alternative consistent with clockwise orientation when the
reference was imagined on the right, if biased choice behavior was caused by sensory
biases. It should be shifted symmetrically relative to 0 deg, if biased choice behavior was
caused by choice biases (dotted line in Fig. 2A, see also Supplementary Information).
Finally, it should be shifted, but not symmetrically, if biased choice behavior was caused by
both sensory and choice biases (see also Supplementary Information).
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Fig. 2. Results for the two-alternative symmetric task. (A) Probability of giving a response consistent with
clockwise against the orientation of the grating and where participants imagine the reference (right or left).
Continuous lines show the psychometric curve fits. The dotted lines show the predicted psychometric curves for
the left-reference condition if the shifts of the psychometric curves for the right-reference condition were caused
by choice biases. The horizontal segments at probability 0.5 show the confidence intervals for the PNDs. The
PNDs are given by the intersection of these segments with the psychometric curves. (B) Like (A), but for a
situation in which participants imagine the reference on top or at the bottom. (C) The PNDs and their confidence
intervals in (A) and (B) replotted against each other. For more details, see Methods and Supplementary
Information.
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Consistent with the hypothesis that biased choice behavior was caused by biased sensory
evidence, the probability of clockwise responses depended very little on where the reference
was imagined (Fig. 2A and 2C): for all participants but 4, the PND was not significantly
different for the two response mappings (bootstrap statistics, Methods). For participant 4 the
difference in PNDs was significant, but small indicating the presence of a small choice bias
on top of a large sensory bias. Given that most PNDs were different from zero, the similar
pattern of clockwise responses for the two conditions indicates that participants reversed the
frequency of choosing the down and up alternatives and consequently the frequency of
pressing the down and up keys. We obtained similar results when the grating was oriented
around the vertical orientation and participants judged the orientation using the right and left
keys relative to an imaginary reference on top or in the bottom (Fig. 2B and 2C).
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Fig. 3. Results for the two-alternative asymmetric task. (A) Probability of responding aligned against the
orientation of the grating and where participants imagine the reference (right or left). Continuous lines show the
curve fits. The horizontal segments at probability 0 show the confidence intervals for the PMRs. The PMRs are
given by the vertical lines of these segments with the psychometric curves. The colored areas replot the
confidence intervals for the PNDs in Fig. 2. (B) Like (A), but for a situation in which participants imagine the
reference on top or at the bottom. (C) The PMRs and their confidence intervals in (A) and (B) replotted against
each other. For more details, see Methods and Supplementary Information.

It could be argued that participants were not biased to favor the down or up alternative (or
right and left) or one of the buttons, but instead biased to choose the alternative consistent
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with clockwise or counterclockwise orientation. If so, the biases would not be preserved if the
perceptual task had two choices not directly related to the clockwise and counterclockwise
alternatives. To test this prediction, in some other trials—intermixed with the previous trials—
we asked participants to imagine a reference on the right, left, bottom or top and perform a
two-alternative asymmetric choice task consisting in indicating whether the grating was
aligned or not with the imagined reference. For this task, we characterized biases in choice
behavior by estimating the orientation that maximized the probability of aligned responses
(point of maximum response PMR, Supplementary Information). Consistent with the results
using the symmetric task, we found the following results: the PMR was significantly different
from zero for many participants (Fig. 3); for gratings presented around the horizontal and
vertical orientation, for all participants but 1 and 4 (for which the difference was small, but
significant for the vertical orientation) the PMRs were independent of the location of the
imagined reference (Fig. 3). Critically, we found a good agreement between the measures of
biased choice behavior for symmetric (PNDs) and the asymmetric tasks (PMRs): from the 24
measures, 17 were not significantly different across tasks (Fig. 3A, 3B). For 7 the difference
was significant (bootstrap statistics, Methods), but relatively small. Overall, the correlation of
measures of biased choice behavior across tasks was very large and significant (Fig. 4; r(22)
=.93,p=9x 10'11). The preservation of the biases in the asymmetric task supports that the
biased choice behavior in the symmetric task is caused by biased sensory evidence with
little contribution of choice biases.
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Fig. 4. The PNDs in Fig. 2 plotted against the PMRs in Fig. 3 (the segments corresponds to the confidence
intervals).

Discussion

We showed that in a common orientation discrimination task with two symmetric alternatives,
decision-makers often favor one alternative. Changing the stimulus-response mapping and
testing a task with two asymmetric alternatives, we revealed that the preference for one
alternative likely reflects biased sensory evidence. Our experiment does not bare the cause
of the bias; it might be a biased representation of the stimulus in sensory areas (Gold &
Ding, 2013) or a vertical deviation of participants’ head (Tarnutzer, Bockisch, Straumann, &
Olasagasti, 2009), for example. Regardless, our experiment does show that choice biases,
which in general are an integral component of the perceptual decision-making process (Gold
& Ding, 2013; Luo & Maunsell, 2015; Morgan, Dillenburger, Raphael, & Solomon, 2012;
Peters, Ro, & Lau, 2016), barely affect choice behavior in a simple discrimination task.

Perceptual discrimination tasks with two symmetric alternatives are often regarded as
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performance tasks (Carandini & Churchland, 2013; Dayan & Abbott, 2001; Gold & Ding,
2013; Gold et al., 2008). If a stimulus has positive signal (e.g. rightward motion) relative to a
neutral point (no net motion), but the decision--maker chooses the alternative consistent with
negative signal (leftward motion), the response is considered an error (false alarm)
(Carandini & Churchland, 2013; Dayan & Abbott, 2001; Gold & Ding, 2013; Gold et al.,
2008). Our results, however, suggest that those cases might reflect biased perception.
Consequently, it might be inappropriate to consider them as errors and, in case feedback is
given, provide a negative reward. Therefore, given that the physical and the perceptual
neutral point do not necessarily coincide, discrimination tasks with two symmetric
alternatives might need to be considered appearance tasks (Kingdom & Prins, 2016) and the
point of of non-discrimination (PND) consistently referred as the point of subjective equality
(PSE) (Kingdom & Prins, 2016).

Perceptual decision-making is often modeled using signal detection theory (SDT), a
framework that has largely contributed to its understanding (Carandini & Churchland, 2013;
Dayan & Abbott, 2001; Gold & Ding, 2013; Gold & Shadlen, 2007; Green & Swets, 1966).
Conventional SDT regards discrimination tasks as performance tasks (Carandini &
Churchland, 2013; Dayan & Abbott, 2001; Gold & Ding, 2013; Green & Swets, 1966).
Accordingly, biased choice behavior is associated to the occurrence of choice biases, which
are modeled as shifts of a criterion (Carandini & Churchland, 2013; Gold & Ding, 2013;
Green & Swets, 1966)—in the case of a discrimination task with two symmetric alternatives,
from a neutral point (Carandini & Churchland, 2013; Gold & Ding, 2013). Within this view,
the reverse mapping that we devised should shift the criterion and result in a shift of the
psychometric curve (Supplementary Information) that we did not observe (Fig. 2). To
account for the lack of a shift in the psychometric curve, SDT can be expanded to include
how the stimulus signal is transduced into sensory evidence (Supplementary Information). In
this case, the biased choice behavior that we found corresponds to biased transductions of
the sensory evidence (Supplementary Information).

Discrimination tasks with two symmetric alternatives are commonly used to assess how
perception is affected by contextual cues (Carrasco, Ling, & Read, 2004; Schwartz, Hsu, &
Dayan, 2007), but whether the context influences perception or causes biases to choose the
cued alternative is debated (Anton-Erxleben, Abrams, & Carrasco, 2010; Carrasco, 2011;
Garcia-Pérez & Alcala-Quintana, 2013; Jogan & Stocker, 2012; Mather & Sharman, 2015;
Morgan et al., 2012; Schneider, 2011; Stérmer, McDonald, & Hillyard, 2009). Our results
indicate that the two-alternative discrimination task is not fragile to choice biases suggesting
that the task might be robust to measure perception in the presence of contextual cues
(Patten & Clifford, 2015).

Our experiment tested global asymmetries in choice behavior, that is, preferences for one
choice that are maintained across trials. Local asymmetries, in which the choice on a given
trial is influenced by the stimuli or choices in previous trials, have also been reported
(Akaishi, Umeda, Nagase, & Sakai, 2014). Recent findings suggest that these local
asymmetries might also be caused by sensory biases (Fischer & Whitney, 2014; St John-
Saaltink, Kok, Lau, & de Lange, 2016).

We confirmed the perceptual biases measured using the symmetric task with an asymmetric
task in which participants indicated whether the stimulus signal was consistent with the
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neutral point. The agreement between tasks contrasts with the disagreement of the
symmetric and asymmetric counterparts in the temporal domain (Linares & Holcombe, 2014;
Love, Petrini, Cheng, & Pollick, 2013; van Eijk, Kohlrausch, Juola, & van de Par, 2008)—
temporal order and simultaneity judgments—opening the possibility that decision-making for
time perception is affected by choice biases (Linares & Holcombe, 2014; Schneider &
Bavelier, 2003; Shore, Spence, & Klein, 2001).

Materials and methods

The study was approved by the local ethical committee of the University of Barcelona and
followed the requirements of the Helsinki convention. Six participants, who did not know the
hypothesis of the experiments, provided written consent to perform the experiments.

Stimuli—generated using PsychoPy (Peirce, 2007)—were displayed on a Sony G520 CRT
screen (40 cm width and 30 cm height; 60 Hz refresh rate) and viewed from a distance of 57
cm in a dark room. They consisted in a Gabor patch (standard deviation (sd) of the Gaussian
envelope: 1.33 degrees of visual angle (dva); maximum luminance: 79 cd/m?) and a red
Gaussian blob (sd: 0.1 dva; maximum luminance: 19 cd/m?) on top of it that participants
were asked to fixate during the experiment. Stimuli were presented against a uniform circular
grey background (diameter: 25 dva; luminance: 43 cd/m?) that was displayed in a black
background (luminance: 0.2 cd/m?) The verticality of the Gabor was calibrated using a
pendulum.

Participants performed 6 blocks of 360 trials. In each block, 8 conditions were randomly
intermixed across trials. In each trial, before the Gabor was presented, a text message
informed participants about the condition. A right: up or down? message instructed
participants to imagine a reference on the right (at the same height of the fixation point) and
respond whether the Gabor was pointing down (clockwise) or up (counterclockwise) relative
to it. A left: up or down? message instructed participants to imagine a reference on the left
and respond whether the Gabor was pointing down (counterclockwise) or up (clockwise). For
these conditions, the orientation of the Gabor was chosen randomly from a range centred
around horizontal orientation (from -2 to 2 deg in steps of 0.5 deg) according to the method
of constant stimuli (Kingdom & Prins, 2016). The up: right or left? and the down: right or left?
messages provided parallel instructions for imaginary references on top and bottom. For
these conditions the orientation was centered around vertical orientation. Participants used
the arrow keys to respond. A right? message instructed participants to imagine a reference
on the right and respond whether the Gabor was aligned with it (pressing m key) or not
(pressing n key). A left?, up? and down? provided parallel instructions for references in other
locations. The messages were available until participants pressed the spacebar. The Gabor
was presented for 100 ms, 500 ms after the keypress.

Before the experiment, to facilitate the understanding of the instructions, a green dot (sd: 0.1
dva; maximum luminance: 29 cd/m?) acting as a reference was displayed for 5 to 10 trials at
the top, bottom, left or right of the Gabor patch at a distance of 6 dva from the center of the
fixation point (Fig. 1). During the experiments, the green dot was not displayed.

Curve fits were estimated by maximum likelihood. Statistics for the PNDs and PMRs were
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calculated using 1000 parametric bootstrap samples of the PNDs and PMRs. We obtained
the confidence intervals choosing the 2.5% and 97.5% percentiles and assessed whether
two PNDs or PMRs were different by subtracting their samples and considering whether the
difference was within the 2.5% and 97.5% percentiles. All the data analysis was done using
the quickpsy R library (Linares & Lépez-Moliner, n.d.). The data and the code to do the
statistical analysis and create the figures is available at http://www.dlinares.org.
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Supplementary Information.
Modeling the two-alternative symmetric choice task

The two-alternative symmetric choice task can be modeled using a simple SDT model that
includes how the stimulus signal is transduced into sensory evidence (Garcia-Pérez &
Alcala-Quintana, 2013; Garcia-Pérez & Peli, 2014; Schneider & Bavelier, 2003; Schneider &
Komlos, 2008). The sensory evidence r is considered a random variable normally distributed
with mean 7 linearly related to the stimulus signal (i. e. orientation)

T =ab +b.
Given the assumption of normality, the sensory evidence can be used as the decision
variable (Green & Swets, 1966). Without loss of generality, it could be assumed that the
variance of r is 1 because a takes already into account the variability of the sensory
evidence. Biased sensory evidence corresponds to b # 0. For any given trial, a simple
decision rule consists in choosing one of the alternatives (z = 0; clockwise, for example) if
the sensory evidence is larger than a criterium ¢ and the other alternative (z = 1;
counterclockwise, for example) otherwise. Choice biases correspond to € # 0. Across trials
the probability of choosing one of the alternatives as a function of the stimulus signal (the
psychometric function) is given by

1 e r—af—b)2
p(z:O|r(9))=E/ e%drzé(cﬁ%—b—c)

where ¢ is the standard cumulative normal distribution. This psychometric function, which

. . : -1 . 9 .
corresponds to a cumulative normal distribution with mean @ (¢ —b) and variance a 2 is

the function that we fitted to the data. We also allowed lapses to improve the goodness-of-fit
(Gold & Ding, 2013; Linares & Lopez-Moliner, n.d.; Wichmann & Hill, 2001) although these
non-sensory driven responses at high stimulus signal were minimal (Fig. 2).

In general, given that ® depends on b — ¢, it is not possible to distinguish sensory from
choice biases. Let us consider, however, the situation in which the participant chooses
between the up or down alternatives. A criterion ¢ associated to a bias to choose responses
consistent with clockwise orientation when the reference is on the right corresponds to a
criterion —c when the reference is on the left, which should result in a shift of the
psychometric function ®(al + b+ ), If biases decisions were entirely caused by choice
biases (b = 0), the psychometric curves would shift symmetrically relative to 0 (dotted lines
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in Fig. 2). If the biases decisions were entirely caused by sensory biases (c = 0), the
psychometric curves would be independent of the location of the reference. Non-symmetric
shifts relative to 0 would indicate the presence of both sensory and choice biases.

Modeling the two-alternative asymmetric choice task

We considered that the sensory evidence is transduced as in the two-alternative symmetric
choice task, but the decision rule consists in choosing the aligned alternative (z = 0) when
the evidence lies within ¢ and —c and the misaligned alternative (= = 1) otherwise.
Therefore, the probability of choosing one of the alternatives as a function of the stimulus

level is given by
(T—a@—b)2

p(z:()|7“(9)):\/%/_Cefdrz@(c—a@—b)—@(—c—a@—b)

which is the function that we fitted to the data.
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