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Work on visual perceptual learning for contrast detection has shown that reliable decreases in detection thresh-
olds are accompanied by reliable increases in false alarm rates (Wenger & Rasche, 2006). The present study as-
sesses the robustness and replicability of these changes, demonstrating that they are independent of a variety of
task demands (i.e., the specific method used for perceptual practice and threshold estimation) and the presence or
absence of trial-by-trial feedback and that the source of the increases can be found in shifts in changes in sensitiv-
ity and in bias for detection, identification, or both. Although the increase in false alarm rates suggests a strategic
shift in response criteria for detection, we demonstrate that there are multiple potential explanations, including
explanations that do not require strategic shifts on the part of the observer. The empirical evidence and analysis
of alternative explanations reinforce the inference that visual perceptual learning may involve more than changes
in perceptual sensitivity and that cortical circuits beyond the primary visual areas may be involved.

Human perceptual abilities are remarkably responsive to
the effects of practice. A broad and accumulating literature
on perceptual learning (for reviews, see Ahissar & Hoch-
stein, 2004; Fahle & Poggio, 2002; Gibson, 1953, 1969;
Gibson, Walk, Pick, & Tighe, 1958; Herzog & Fahle, 1998;
Jacobs & Michaels, 2006; Sinha & Poggio, 2002) docu-
ments the range of tasks in which practice on elementary
visual judgments can produce dramatic improvements in
performance. This behavioral evidence has been used to
motivate the development of a range of models for the
mechanisms of perceptual learning (e.g., Adini & Sagi,
2001; Adini, Sagi, & Tsodyks, 2002; Gold, Bennett, &
Sekuler, 1999; Gold, Sekuler, & Bennett, 2004; Petrov,
Dosher, & Lu, 2005; Yu, Klein, & Levi, 2004), with the ma-
jority of these models focused on how perceptual sensitivity
to either the presence of or a variation in a defining charac-
teristic changes with experience. The work presented here
explores the possibility that the changes observed in visual
perceptual learning may also reflect changes in response
(decisional) criteria for both detection and identification, in
addition to or instead of changes in perceptual sensitivity.

In order to ask these questions, it is critical to consider
the extent to which the behavioral evidence available in

any study of perceptual learning can speak in a reason-
ably restrictive manner to changes in perceptual sensitiv-
ity (Fahle & Poggio, 2002; Sagi & Tanne, 1994; Zenger
& Sagi, 2002). If that evidence can reflect changes due to
factors other than changes in sensitivity—such as changes
in biases for detection, identification, response selection,
or all three—inferences regarding the underlying mecha-
nisms may be in error. Consider, in particular, the pos-
sibility that experience may produce changes in both sen-
sitivity and bias. The latter could suggest important roles
for selective attention, memory, or other influences, such
as might be available by way of back-projections within
the visual system (e.g., Di Lollo, Enns, & Rensink, 2000;
Lamme & Roelfsema, 2000; Li, Piéch, & Gilbert, 2004;
Ling & Carrasco, 2006; Sigman & Gilbert, 2000; Sigman
et al., 2005). However, if the experimental approach does
not provide the data necessary to measure both types of
potential changes, or if it does not adequately control for
the possible effects of different types of response bias,
any inferences regarding any single basis for change is
potentially suspect.

In a large number of the studies on perceptual learn-
ing, an experimental approach—an adaptive version of a
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two-alternative forced choice (2AFC) method—has been
used that is widely assumed to minimize or obviate po-
tential influences of response bias (see also Klein, 2001,
for a much more complete methodological discussion
of these issues). There are, however, at least four lines
of evidence suggesting that this assumption may not be
completely valid.

First, consider Klein’s (2001) review of contempo-
rary methods for threshold estimation. That review em-
phasizes, repeatedly, that the standard 2AFC adaptive
procedure has a number of problems, including the fact
that response bias may not be completely controlled (see
Klein, 2001, pp. 1421, 1424, 1428, 1429, 1435, 1436, and
1448). Second, there are published reports that document
the presence of a response bias for identification in 2AFC
tasks (Green & Swets, 1966; Macmillan & Creelman,
2005; Nisbett & Wilson, 1977). Third, the claim of a lack
of a response bias addresses only the identification com-
ponent of performance on any task in which the target is
always present, which has been the case in a large number
of studies in which the adaptive 2AFC task has been used.
Fourth, the claim either conflates or ignores the distinc-
tion between detection and identification, a distinction
that we will argue is critical for understanding the types
of changes involved in perceptual learning.

This evidence, along with data suggesting that percep-
tual practice can produce reliable liberal shifts in detection
responses (Seitz, Nanez, Holloway, Koyama, & Watanabe,
2005; Wenger & Rasche, 2006; Wild & Busey, 2004), mo-
tivates the two central hypotheses of the present effort,
which we tested in the context of perceptual learning for the
detection of grayscale contrast. The first hypothesis is that
practice can lead to appreciable liberal shifts in response
bias for detection without any concomitant changes in re-
sponse bias for identification. Evidence consistent with
this hypothesis would support the general argument that
the changes associated with perceptual learning reflect
more than simple improvement in perceptual sensitivity
and would provide additional motivation for considering
theoretical models that address more than coding in the
early portions of the visual system. The second hypothesis
is that the liberal shift in response bias for detection can be
obtained even in the absence of a requirement for explicit
present/absent judgments. Evidence consistent with this
hypothesis would advance the argument that the patterns
we have observed may reflect a regularity of perceptual
learning and are not just an artifact of our experimental
approach.

Empirical and Theoretical Motivations

The empirical motivation for the importance of distin-
guishing biases in detection from biases in identification
and distinguishing both of these from changes in sensi-
tivity comes from work by Copeland (2003; Copeland &
Wenger, 2003) on perceptual learning for contrast detec-
tion and discrimination. That work documented that reli-
able reductions in detection and discrimination thresholds
were accompanied by false alarm rates that either did
not decrease or reliably increased. These findings were
replicated and extended (Wenger & Rasche, 2006) using

a modified version of the classic (Fechner, 1860/1966)
method of constant stimuli (MCS), and similar results
have been reported by other investigators (e.g., Seitz et al.,
2005; Wild & Busey, 2004).

The theoretical motivation for this work has come
from our assumptions regarding the roles of both detec-
tion and identification processes in perceptual learning,
with a specific concern for tasks in which the stimuli are
present at or near observers’ thresholds for detection. In
order to make explicit our assumptions regarding the role
of potential biases in both the detection and the identifica-
tion components of a perceptual learning task, we devel-
oped a simple multinomial model (Batchelder & Riefer,
1990, 1999; Hu & Batchelder, 1994; Riefer & Batchelder,
1988).1 This model was intended mainly as a simple de-
scriptive summary of our assumptions regarding the roles
of detection and identification processes, including as-
sociated biases. This is an issue that has been considered
and modeled in detail (outside of the context of percep-
tual learning) by others (see, e.g., Macmillan & Creelman,
2005; Olzak & Thomas, 1981; J. P. Thomas, 1985; J. P.
Thomas, Gille, & Barker, 1982). We also will illustrate the
basic viability of the model in our discussion of the data
from Experiment 2.

Our strong assumption is that high levels of performance
on any perceptual identification task in which the stimuli
are present at or near observers’ threshold for detection
involves both detection and identification processes, even
if the task nominally requires only an identification re-
sponse. Examples would be tasks in which observers must
make identification judgments (e.g., labeling based on
orientation; Dosher & Lu, 1999) as an orthogonal dimen-
sion (e.g., contrast) is varied at physical levels that may be
at or below detection thresholds. Consequently, changes
in performance as a function of practice can reflect im-
provements in detection or identification abilities or both
and, as we will argue, changes in bias in both detection
and identification.

Assume, for the sake of example, a task in which the
stimulus can be either present or absent and, when pres-
ent, can be in one of two states, 4 or B. Assume that the
observer’s task is to identify the stimulus as being in one of
these two states when the stimulus is perceived to be pres-
ent and, otherwise, to indicate that the stimulus is absent.
This is a variation on the standard 2AFC approach, used
in earlier work (Kaernbach, 1990) and in Experiment 2 of
the present study. The three models (for the three stimulus
states: A, B, and absent) are presented in Figure 1, and the
full set of equations for all of the response probabilities
are presented in Table 1.

Consider, for example, a trial on which the stimulus is
present in state 4. Let D, be the probability that stimu-
lus A provides sufficient perceptual evidence for detec-
tion, noting that this probability can vary as a function
of both experience and stimulus intensity. Let [, be the
probability that stimulus 4 provides sufficient evidence
for identifying it as being in state A, given that the per-
ceptual evidence is sufficient for detection, noting that
this probability can vary with experience. Let a be the
observer’s bias for responding 4, given that the perceptual
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Figure 1. Multinomial models for an example task. (A) Model
for processing when the stimulus is present in state 4. (B) Model for
processing when the stimulus is present in state B. (C) Model for
processing when the stimulus is absent. D, Dg, and D,, probabil-
ity that the perceptual evidence is sufficient to detect the stimulus
when it is in state 4 or B or when it is absent, respectively; 7, and
Iy, probability that the perceptual evidence is sufficient to identify
the stimulus when it is in state 4 or B, respectively; a, probability
of identifying a stimulus as being in state A4 given that the per-
ceptual evidence is sufficient for detection but not identification;
b, probability of judging a stimulus to be present given that the
perceptual evidence is not sufficient for detection; g, probability
of guessing that the stimulus is in state 4 given that the perceptual
evidence is not sufficient for detection yet the observer judges the
stimulus to be present.

evidence is sufficient for detection but not for identifying
the stimulus as being in state 4. Let b be the observer’s
bias for judging the stimulus to be present, given that the
perceptual evidence is not sufficient for detection. Finally,
let g be the probability that the observer guesses that the
identity of the stimulus is 4, given that the perceptual evi-
dence is not sufficient for detection but considering the
observers’ bias for judging the stimulus to be present.

Given that the stimulus is present in state 4, the ob-
server can generate the correct response (4) in three dif-
ferent ways. First, the stimulus can provide sufficient evi-
dence for both detection and correct identification, and
this will happen with a probability of D, X I,. Second,
the stimulus can provide sufficient evidence for detection
but not for identification. In this case, the observer can
still respond A4, with the probability of responding 4 in
this case being D, X (1 — I;) X a. Third, if the stimulus
does not provide sufficient evidence for detection, the ob-
server can still choose to judge the stimulus as present and
then guess at its identity. In this case, the probability of
responding 4 will be (1 — D) X b X g. The overall prob-
ability of responding A4, given that the stimulus is present
in state A4, is then

PR=A|S=4)=
Dyly + [Dy(1 = Iy)a] + [(1 — Dy)bg].

Table 1 gives the equations for each possible response in
each of the three possible stimulus states.

This basic model can be used to illustrate how potential
biases in detection and identification can affect threshold
estimates, the standard form of evidence for perceptual
learning. Consider four possibilities. First, perceptual
practice can lead to an improvement in detection, so that
for a given level of stimulus energy, the probability that
the perceptual evidence will be sufficient for detection
will increase as a function of practice. We can model this
by increasing the value of D, for each level of stimulus en-
ergy. Second, perceptual practice can produce an increase
in the probability that, across all levels of stimulus energy,
the stimulus will provide evidence sufficient for correct
identification. We can model this by increasing the value
of Dy across all values of stimulus energy. Third, percep-
tual practice can produce a liberal shift in the observer’s
bias for detection, increasing the probability that the ob-
server will judge the stimulus to be present, independently
of the stimulus state. We can model this by increasing the
value of b across all values of stimulus energy. Fourth,
perceptual practice can lead to an increase in the probabil-
ity that the observer will choose to identify the stimulus as
being in state 4 when the perceptual evidence is sufficient
only for detection. We can model this by increasing the
value of @ across all values of stimulus energy.2

The behavioral outcomes of these possibilities are il-
lustrated in the top four panels of Figure 2. (The specific
parameter values used to produce these data are provided
in Appendix A.) These four panels plot the psychometric
functions (correct identifications as a function of stimulus
strength, left ordinate) and the probability of two types of
errors (interval errors [incorrect identifications] and false
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Table 1
Equations for the Response Probabilities in an Example Perceptual Learning Task
in Which the Stimulus Can Be in One of Three States (4, B, or Absent)
and the Observer Must Give One of Three Responses (4, B, or Absent)

Stimulus ~ Observer’s
State Response Response Probability

A A P(R=A|S=A4)= Dy, + [Dy(1 — Lpa] + [(1 — Dybg]
B PR=B|S§=4)=[D,1 — L)1 = a)] +[(1 = Dyb(l - g)]
Absent P(R = absent|S = A4) = (1 — Dy)(1 — b)

B A P(R=A|S = B) = [Dy(1 — Ip)a] + [(1 — Dp)bg]
B P(R=B|S = B) = Dglg + [Dg(1 — Ip)(1 —a)] + [(1 = Dp)b(1 — g)]
Absent P(R = absent|S = B) = (1 — Dp)(1 — b)

Absent A P(R = A4|S = absent) = Dyl, + [Dy(1 — I)a] + [(1 — Dy)bg]
B P(R = B|S = absent) = [Dy(1 — L)(1 — a)] + [(1 — Dy)b(1 — g)]
Absent P(R = absent|S = absent) = (I — Dy)(1 — b)

Note—See the caption to Figure 1 for an explanation of each of the variables. P(R = X|S =Y ) is
the probability that the observer’s response is X, given stimulus Y.

alarms, right ordinate) at the beginning and end of a hypo-
thetical perceptual learning experiment. A critical feature
of these data is that, in all four cases, the change associated
with learning results in a leftward shift of the psychometric
function, meaning that in all four cases—including the two
in which practice produces only a change in bias for de-
tection or identification—threshold estimates decline. The
explanation for this can be found in the equation for P(R =
A|S = A) (Table 1), where it can be seen that increases
in any of the four parameters under consideration will in-
crease the value of at least one of the terms in that equation,
thus increasing the probability of a correct response at any
level of stimulus energy. Thus, in terms of the standard
evidence for perceptual learning, the four types of changes
will produce identical behavioral outcomes.

The four changes are, however, distinguishable at the
level of the error rates. In the case in which practice im-
proves detection (Figure 2A), the rate of misidentification
declines slightly as a function of practice, and the rate of
false alarms is unaffected. The first result is due to the fact
that the two terms in the equations for misidentification
[e.g., P(R = B|S = A); Table 1] involve a term that would
produce an increase and a term that would produce a de-
crease in the overall probability of an identification error.
The second result is due to the fact that the probability
of a false alarm can be expressed as the complement of
a correct rejection (last equation in Table 1), which is not
affected by changes in D, or Dj.

In the case in which practice leads to an improvement
in identification (Figure 2B), rate of misidentification is
greatly reduced, and the false alarm rate is unaffected. The
first result follows naturally from the effect an increase in
1, or I has on the value of the first term in the equations
for identification errors. The second result follows from
the fact that changing either of these parameters has no
effect on the probability of a correct rejection and, thus,
its complement.

In the case in which practice leads to a liberal shift in
the bias for detection (Figure 2C), the rate of misidenti-
fication increases at the lowest levels of stimulus energy,
and the rate of false alarms increases. The first result fol-
lows from the fact that increasing the value of b will in-
crease the value of the second term in the equations for

identification errors, and the effect of that increase will be
most pronounced when D, and Dy are smallest (when 1 —
D, and 1 — Dgare consequently largest), which is the case
for the lowest values of stimulus energy. The second result
follows from the fact that increasing the value of b will
produce fewer correct rejections (making 1 — b smaller)
and, thus, more false alarms.

In the case in which practice leads to a shift in the bias
for giving one of the two identification responses (Fig-
ure 2D), the rate of misidentification increases with both
more practice and increases in stimulus energy, and the
false alarm rate is unaffected. The first result follows from
the effect of increasing the value of @ on the first term in
the equation for an identification error when the stimulus
is B. Here, an increase in a will interact with the increase
in the value of the detection parameter as a function of
stimulus energy. The second result follows from the fact
that changing a has no effect on the probability of a cor-
rect rejection and, thus, false alarms.

This simple model thus suggests that shifts in bias for
detection and for identification can influence estimates of
threshold and that these influences will be unobservable
without allowing errors in both identification and detection
to be tracked. To better see how this would be the case for
the widely used 2AFC task, note that the 2AFC task, in the
context of a staircase procedure for threshold estimation,
converges to an accuracy level of .79 (Klein, 2001; Leek,
2001; Levitt, 1971). Each point on the surfaces plotted in
these two panels represents a parameter combination that
produces a probability of a correct response equal to .79
and illustrates how the two parameters for bias—> for bias
in detection and « for bias in identification—can be varied
to produce equivalent outcomes across variations in detec-
tion and identification probabilities.

At this point, it is worth stating clearly that we are argu-
ing that these changes in two logically distinct types of
bias are only potentially involved in any given perceptual
learning task. We are not arguing that either or both forms
of bias are necessary components of perceptual learn-
ing. Instead, the central implication of our argument is
that it is both critical and possible to assess the extent to
which either or both forms of response bias may be pres-
ent. In addition, we should make clear that in advancing
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Figure 2. Predictions of the multinomial models. (A) Learning produces an increase in detectability. (B) Learning produces an in-
crease in identifiability. (C) Learning produces a liberal bias in detection. (D) Learning produces an increase in the bias for identifying
a detectable stimulus as being in state 4. (E) Values of the detection bias parameter b that produce a constant accuracy level. (F) Values
of the identification bias parameter a that produce a constant accuracy level. Acc. initial/final, accuracy level in the initial or final
block; IE initial/final, interval error in the initial or final block; FA, false alarm.
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this argument, we are not suggesting that the literatures
on detection thresholds generally or perceptual learning
specifically are critically compromised in any way. In
fact, there is a long history of concern for the extent to
which response biases may “contaminate” estimates of
detection thresholds (e.g., Hatfield & Soderquist, 1969;
Klein, 2001; Swets & Sewall, 1963). Instead, we suggest
that empirical consideration of the potential for these two
forms of response bias allows for external validation of
core assumptions and for experimental tests of a broader
range of alternative hypotheses regarding the functional
circuitry and plasticity of the visual system than is cur-
rently the case.

In support of this argument, we will present a series
of five experiments demonstrating that perceptual learn-
ing for contrast detection involves more than a change in
perceptual sensitivity. Figure 3 provides an overview of
the procedures used in each of the experiments. In Ex-
periment 1, perceptual learning for contrast detection was
compared across two methods for assessing detection
thresholds: the commonly used adaptive staircase proce-
dure and the classic MCS. The results of this experiment
strongly suggest that reductions in threshold as a function
of practice are accompanied by regular liberal shifts in ob-
servers’ bias for detection. Experiment 2 combined the two
methods, using an approach similar to that suggested by
Kaernbach (1990). This experiment replicated the critical
patterns in Experiment 1 and documented that this liberal
shift occurs only for detection, with there being no change
in response bias for identification. Experiments 3—5 docu-
mented that the liberal shifts in bias for detection are not
an artifact of the need to make present/absent decisions,
something that distinguishes both the MCS approach and
the approach used in Experiment 2 from common uses
of the 2AFC paradigm in studies of perceptual learning.
The article will conclude with a consideration of a set of
alternative hypotheses regarding the source of the shifts in
bias for detection.

EXPERIMENT 1

The purpose of Experiment 1 was to determine whether
the qualitative changes observed in our earlier work
(Copeland, 2003; Copeland & Wenger, 2003; Wenger &
Rasche, 2006)—reductions in detection thresholds, ac-
companied by increases in false alarm rates—were in any
way idiosyncratic to the method of threshold estimation
(MCS) used in that work. Two sets of observers practiced
the contrast detection task; one group used the MCS pro-
cedure, and the other practiced with the more frequently
used 2AFC adaptive staircase procedure. We predicted
that the observers in both groups would show evidence for
exponential or power law decreases in detection thresh-
olds as a function of more practice, at roughly equivalent
magnitudes (excepting individual differences), suggest-
ing no qualitative differences in perceptual learning due
to experimental method. In addition, we predicted that
(consistent with our earlier findings) reliable increases in
false alarm rates would be obtained for those observers
in the MCS condition.

Method

Participants

Six paid volunteers were recruited for participation. All the partic-
ipants had normal or corrected-to-normal vision and unencumbered
use of their hands. All the participants were naive as to the task. The
participants were randomly assigned to one of two conditions, with
an equal number of observers in each of the two conditions. In the
first condition, a modified version of the traditional MCS was used
in order to obtain both threshold estimates and false alarm rates. In
the second condition, an adaptive staircase procedure was used in
order to estimate detection thresholds.

Materials
The stimuli consisted of achromatic Gabor patterns, specified by

) o

where mean luminance /, was 71 cd/m? and tilt 6 from vertical was
held constant at 0° for all the stimuli. Each Gabor subtended 1.54°
horizontal X 1.54° vertical. Center frequency fwas 2.3 cpd, and stan-
dard deviation o was 0.385°. The stimuli were presented centered on a
2.0° X 2.0° square whose luminance was 75 cd/m?, with a background
screen luminance of 46 cd/m2. Viewing distance was fixed at 76 cm.
The stimuli were presented on a gamma-corrected computer monitor
and were viewed through tachistoscopic goggles (Milgram, 1987).
Responses were made on a custom-designed eight-button response
box. All the displays were viewed in a completely darkened room.

v, y)=

2
I, {1.0+ ¢ sin[ 27 f(cos 0+ y sin 0)]exp[— x;;zy

Procedure

The experiment required 10 days of testing per observer, with each
testing session lasting approximately 60 min. Testing on Day 1 was de-
signed to provide an initial (baseline) estimate of performance, while
minimizing the amount of experience with the stimuli. Testing on each
of the following days provided estimates of detection thresholds, by way
of either the MCS or the adaptive staircase procedure (see Figure 3).

Condition 1 (MCS). The range of contrasts used in each session
changed as each observer’s performance changed. The method (see
also Wenger & Rasche, 2006) was designed to maximize the number
of levels of contrast in the range of contrasts over which accuracy
was expected to change most rapidly. The stimuli used on the first
day were 10 Gabor patches of unique contrasts, each of which was
presented 10 times, along with 100 trials on which no Gabor patch
was present, for a total of 200 trials. The order of the trials was ran-
domized for each observer. The target stimuli ranged in (Michelson)
contrast from 0.1984 to 0.3244, with a step size of 0.014. This range
was determined (on the basis of pilot testing) to be wide enough so
that part of the range should be above threshold and part should be
below. In each subsequent block of testing, the range of contrast
values was selected to lie symmetrically around the contrast value
associated with an accuracy level of 70%, with seven contrast values
above and below this contrast. The stimuli in each of the remaining
nine blocks consisted of a set of 15 Gabor patches of unique con-
trasts, each of which was presented 20 times, along with a total of
300 trials on which no Gabor patch was present, for a total of 600
trials. The order of trials was randomized for each observer.

Condition 2 (adaptive staircase). Condition 2 used an adap-
tive staircase procedure (see, e.g., Klein, 2001; Leek, 2001; Levitt,
1971). This allows us to compare the pattern of results obtained in
Condition 1 (MCS) with those obtained in the most frequently used
paradigm in the literature. The first day of testing in Condition 2
began with the same starting contrast (0.2544) and changes in con-
trast step size (0.014) as those in Condition 1. Contrast decreased
after a correct response was made three times in a row but increased
when a single mistake was made (a 3—1 staircase, as in, e.g., Dosher
& Lu, 1999). The staircase procedure was carried out until 200 tri-
als were completed. In each of the remaining nine blocks, the initial
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Figure 3. Overview of the experimental methods used in the five experiments.
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level of contrast for any block was equal to the threshold value esti-
mated in the immediately preceding block of trials.

Trial sequence. Each trial began with the presentation of a fixa-
tion cross in the center of the screen for 500 msec. The fixation cross
was then replaced by the test display. In Condition 1, this was either a
Gabor patch (at one of the levels of contrast selected for the current
block) or an identically sized frame of visual noise. In Condition 2,
a Gabor patch possessing the appropriate level of contrast was pre-
sented immediately to one side of fixation, and an identically sized
frame of visual noise was presented to the other side. The location of
the Gabor patch was selected at random (with equal likelihood) on
each trial. The observers responded using the index fingers of their
dominant and nondominant hands. In Condition 1, the index finger

A
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s |y 1
g 50 ]
Q.
25 1
O Block1
m Block 10
O (ON} 1 1
0 25 50 .75 1.00
Contrast
C
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of the dominant hand was used for positive responses, and the index
finger of the nondominant hand was used for negative responses.
In Condition 2, the left index finger was used to indicate that the
Gabor was perceived to the left of fixation, and the right index fin-
ger was used to indicate that the Gabor was perceived to the right
of fixation. No feedback was given in either of the two conditions,
and an intertrial interval of 1,000 msec separated each trial from the
subsequent trial.

Results

We will begin with an examination of changes in detec-
tion threshold in each of the two conditions, in order to
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Figure 4. Experiment 1. (A) Example psychometric functions for 1 observer obtained by fitting the linearized Weibull.
(B) Changes in detection threshold as a function of trial block for 3 observers in Condition 1 (method of constant stimuli [MCS])
and Condition 2. (C) Changes in relative false alarm (FA) rates (rate on block n divided by the rate on Block 1) as a function of
trial block for 3 observers in Condition 1 (MCS). (D) Changes in mean response times (RTs) as a function of block for hits and
FAs, for the 3 observers in Condition 1 (MCS). For panels B-D, the symbols are the values of the mean RTs, and the lines are
best-fitting power (panels B and D) or linear (panel C) functions.
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demonstrate perceptual learning and examine the com-
parability of the qualitative pattern of change in the two
conditions. We then will consider changes in false alarm
rates and changes in response times (RTs).

Changes in Detection Thresholds

Threshold estimates for the observers in Condition 1
were obtained by using a two-parameter version of the
Weibull (1951) distribution function as the psychometric
function for variations in contrast (c):

14
F(c)=1-exp —(%j .

2
In order to estimate the parameters of the psychometric
function, we began with the complement of the cumula-
tive distribution function—the survivor function:

Y
S(c)=1-F(c)=exp —(Ej , 3)

1)

Taking the natural log of the negative of the natural log of
the survivor function then gives

In{=In[S(c)]} = y[In(c) — In(d)] = yIn(c) = yIn(9), (4)

a linear function of log contrast. The threshold for each
observer in each block in Condition 1 was estimated by
first fitting Equation 4 to the log of the negative log of
the empirical survivor function for accuracy, using linear
regression; R2 values for the obtained fits were greater than
.91 in all cases. With the estimated slope for the regression
line being v, the other parameter for the Weibull is obtained
by noting that the intercept (a) of the regression line is

a = —yIn(d).
Then, solving for o,

0= exp(—ﬂ].
14

Threshold was then estimated by setting Equation 3to 1 —
79 = .21 and solving for c. Threshold estimates for Con-
dition 2 were obtained by taking the mean of the contrast
values for the reversals for each observer in each block. Fig-
ure 4A plots example data from two blocks of trials for 1 ob-
server, along with the estimated psychometric function.
Figure 4B plots the relative threshold values for each
block (threshold in that block divided by the threshold es-
timate for Block 1), for each of the 3 observers in each of
the two conditions. The form of change in both conditions
is generally consistent with an exponential or power func-
tion reduction that is observed in a range of skills (see, e.g.,
Dosher & Lu, 2007; Heathcote, Brown, & Mewhort, 2000;
Newell & Rosenbloom, 1981). Consequently, we used lin-
ear regression on the log of the threshold estimates as a
function of the log of the block number to assess the reli-
ability of the changes in threshold. The results of these anal-
yses are presented in Table 2. The observers in both condi-
tions showed reliable reductions in threshold as a function

)

Table 2
Experiment 1: Regression Analyses of Changes
in Log Detection Threshold As a Function of Log Practice,
for Each of the Observers in Each of the Two Conditions

Condition Observer B SE R?

1 (MCS) 1 —0.5275"*  0.1335 .8612
2 —0.3433"™*  0.0579 8946
3 —0.3765""  0.0937  .7982

2(SC) 4 —0.3337""*  0.0960  .8615
5 —0.4667"""  0.0653 .8645
6 —0.7047" 0.1526 7972

Note—,é, estimated slope of the line relating log threshold to log block;
SE, standard error of the estimate of 8; R2, proportion of variance ac-
counted for; MCS, method of constant stimuli; SC, staircase proce-
dure. **p<.01. *p<.001.

of practice, with there being almost complete overlap in the
range of estimated slopes across the two conditions.

Changes in False Alarm Rates

A central advantage of using the MCS to estimate
thresholds, relative to the adaptive staircase procedure,
is the ability to obtain false alarm rates as a function of
practice.? Figure 4C presents the relative false alarm rates
for each of the 3 observers in Condition 1 (MCS). Table 3
presents the results of fitting a linear regression model
to the arcsin transform of the false alarm rates for each
observer as a function of block of practice:

F’'= arcsin(x/?), (6)

where F is the observed false alarm rate. This transfor-
mation was used to adjust for the regular heterogeneity
of variances that occurs for proportions below approxi-
mately .30 (Zar, 1999, p. 278). All 3 observers showed re-
liable increases in false alarm rates, with final rates being
2—14 times the initial rates. It is this increase in false alarm
rates that strongly suggests that the observers experienced
a liberal shift in detection criteria as they also decreased
their detection thresholds.

Changes in RTs

Another common feature of skill acquisition is a re-
duction in RTs (e.g., Heathcote et al., 2000; Logan,
1988, 1992; Newell & Rosenbloom, 1981; Rosenbaum,
Carlson, & Gilmore, 2001) that follows either an expo-
nential or a power function. Although RTs are not typi-
cally considered in the literature on perceptual learning,

Table 3
Experiment 1: Regression Analyses of Changes
in False Alarm Rates As a Function of Practice, for Each
of the Observers in Condition 1 (Method of Constant Stimuli)

Observer B SE R2
1 0.0613* 0.0130 .8355
2 0.0131" 0.0053 7310
3 0.0023" 0.0010 .8402

Note—ﬁ’, estimated slope of the line relating false alarm rate to block;
SE, standard error of the estimate of 8; R2, proportion of variance ac-
counted for. *p <.05. **p<.01.
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Table 4
Experiment 1: Regression Analyses of Changes
in Response Times (RTs) As a Function of Practice, for Each
of the Observers in Condition 1 (Method of Constant Stimuli),
for Hits and False Alarms (FAs)

Response .
Observer Type B SE R2
1 Hits —0.1458" 0.0286  .8643
FAs —0.2055"" 0.0580  .7620
2 Hits =0.1121"" 0.0302  .8329
FAs —0.1615""" 0.0303  .8804
3 Hits —0.1116" —0.0296  .7709
FAs —0.1837" 0.0682  .6824

Note—/;’, estimated slope of the line relating log mean RT to log block;
SE, standard error of the estimate of ; R2, proportion of variance ac-
counted for. *p <.05. "p<.0l. *p<.001.

they are of interest here—at a minimum, to the extent to
which they can speak to potential speed—accuracy trade-
offs (Pachella, 1974; Pachella & Fisher, 1972; Pachella
& Pew, 1968). We considered RTs from Condition 1 for
correct responses on target-present trials (hits) on each
block, averaged over all contrast levels used in that block,
and RTs for incorrect responses on target-absent trials
(false alarms) in each block, separately for each observer.
Figure 4D presents the mean RTs for hits and false alarms
for each of the 3 observers. Given that the changes in RTs
generally followed the expected exponential or power
function decreases across blocks, we assessed the reli-
ability of those changes by using simple linear regression
to relate changes in log RT to log block. The results of
those analyses are presented in Table 4. For both hits and
false alarms, the reductions in RT as a function of block
were reliable for all observers.

Discussion

Experiment 1 provides evidence that reliable reductions
in contrast detection thresholds as a function of practice
can involve more than just increases in perceptual sensi-
tivity. Specifically, reliable reductions in threshold—the
standard evidence for perceptual learning—are accom-
panied by reliable increases in false alarm rates. To ob-
tain this evidence, we needed to adopt an experimental
methodology (MCS) that has not always been used in the
literature on visual perceptual learning. Consequently,
in order to provide a point of comparison, we estimated
thresholds using both MCS and the more common stair-
case procedure. Reliable reductions in threshold were ob-
tained in both conditions, suggesting that both methods
allowed us to observe the changes that have generally been
used to document perceptual learning. The form of the
reduction (exponential or power function) was the same in
both conditions, and the magnitude of change was gener-
ally equivalent across methods for estimating threshold.
In addition to the increases in false alarm rates, there was
also evidence for reductions in RT's for both hits and false
alarms, with the latter result suggesting a speed—accuracy
trade-off. Although this evidence appears to point to a
strategic shift in detection criterion, we will suggest in
the General Discussion section that there may be other

mechanisms—some not requiring the inference of a voli-
tional shift in response strategy—that are consistent with
this pattern of results.

EXPERIMENT 2

The results of Experiment 1 suggested that the evidence
for liberal shifts in detection criterion—evidenced by in-
creases in false alarm rates—can be obtained using an ex-
perimental approach (MCS) that also allows for reductions
in detection thresholds that are similar in both form and
magnitude to the reductions observed with the modal adap-
tive procedure. This evidence came by way of a design that
varied threshold estimation procedures (MCS vs. staircase)
across participants. Stronger evidence for the hypothesis that
visual perceptual learning for contrast detection can involve
changes in bias for detection and/or identification would
come by way of a design that allowed both the adaptive pro-
cedure and the ability to obtain true false alarms. This type
of design would also allow us to address the distinction,
suggested in the introduction, between biases for detection
and identification. The design of Experiment 2 was moti-
vated by these two goals and followed from a design used
by Kaernbach (1990). If the pattern we had observed to date
was not an artifact of the specific experimental method,
we would expect that we should be able to obtain reliable
reductions in detection thresholds, along with reliable in-
creases in false alarm rates, within observers.

Method

Participants

A total of 9 paid observers were recruited to participate in this ex-
periment. The data from 3 observers were discarded prior to analysis
because of failures to complete the protocol, due primarily to dif-
ficulties with the scheduling of testing sessions. All the observers
had normal or corrected-to-normal vision and unencumbered use of
their hands. All were right-handed, and none had participated in any
previous studies of visual perceptual learning.

Materials, Design, and Procedure

The stimuli used in this experiment were the Gabor stimuli used
in Experiment 1. Half of the total number of trials in each block con-
tained a Gabor patch at contrast levels above 0. On half of these trials,
the Gabor appeared in the first of two temporally distinct intervals,
with the second interval being blank; on the other half of these tri-
als, the Gabor appeared in the second interval, with the first interval
being blank (see Figure 3). On the remaining half of the total number
of trials, both intervals were blank. Three of the observers who had
been retained practiced the task with trial-by-trial feedback, and the
remaining 3 received no feedback. The feedback status was manipu-
lated in order to address the possibility that changes in false alarm
rates in Experiment 1 may have been due to lack of feedback.

Each trial was initiated by the observer. The initial display on each
trial was a fixation cross, with a duration determined on each trial by
obtaining a value from an exponential distribution over the range from
400 to 500 msec. The offset of the fixation cross was followed by the
first of two display intervals, with a duration of 75 msec, followed by
a noise mask for 75 msec and an interstimulus interval of 925 msec.
This was followed by the second of the two display intervals and a
second noise mask, both of which were present for 75 msec. The off-
set of the second noise mask was the cue for the observer to respond.
The observers were instructed to use the button under their index
finger if they perceived the Gabor to be present in the first interval,
the button under their middle finger if they perceived the Gabor to be
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Figure 5. Experiment 2. (A) Changes in detection threshold
as a function of trial block for 3 observers who received trial-by-
trial feedback (fb+) and 3 observers who received no feedback
(fb—). The symbols are the values of relative threshold; the lines
are best-fitting power functions. (B) Changes in false alarm rates
as a function of trial block for 3 observers who received trial-by-
trial feedback (fb+) and 3 observers who received no feedback
(fb—). The symbols are the values of relative threshold; the lines
are best-fitting linear functions.

present in the second interval, and the button under their ring finger
if they perceived the Gabor to be absent from both intervals. For the
observers in the condition in which feedback was provided, a single
word (“Correct” or “Incorrect”) was presented in the center of the
screen for 500 msec immediately following the response.

The range of contrast values for each block of trials was set on
the basis of the observer’s threshold in the immediately preceding

block of trials. The increment separating contrast values was set by
dividing the range between the previous block’s threshold and the
lowest possible contrast value into 20 equal increments. The maxi-
mum value of contrast, and the starting value for that block of trials,
was set by adding 10 contrast increments to the threshold value from
the immediately preceding block. Contrast values in each block were
changed using a three-down one-up rule, applied only to perfor-
mance on the target-present trials. The observers completed a total
of 240 trials in each block, and completed two blocks of trials in each
session, with each session lasting between 40 and 45 min.

Results

Changes in Detection Thresholds

Detection thresholds were estimated for each observer
in each block of trials as the geometric mean of the con-
trast values for the final 15 contrast reversals. Figure SA
plots threshold estimates for all 6 observers as a function
of block of practice. Thresholds decreased in a manner
consistent with either power or exponential functions. Re-
liability of the changes in threshold was assessed using
simple linear regression with log threshold as the depen-
dent variable and log block as the predictor; the results
of this analysis are presented in Table 5. All 6 observers
showed reliable decreases in contrast detection threshold,
the standard evidence for perceptual learning.

Changes in False Alarm Rates

Data from the target-absent trials in each block were ana-
lyzed with respect to the relative frequency of false alarms
across blocks, using transformed values of the observed
false alarm rates (see Equation 6). The relative false alarm
rate for each of the 6 observers is plotted in Figure 5B. Linear

Table 5
Experiment 2: Regression Analyses of Changes
in Log Threshold As a Function of Log Block, for Each
of the Observers in Each of the Two Feedback Conditions

Feedback Observer B SE R?

Present 1 —0.8227* 0.1003 8215
2 —0.5298""* 0.0869 .8564
3 —0.6119"" 0.0721 7203

Absent 4 —0.6233""* 0.1058 .8052
5 —0.5282" 0.0748 7526
6 —0.4806" 0.1806 .6280

Note—/as, estimated slope of the line relating log threshold to log block;
SE, standard error of the estimate of 5; R2, proportion of variance ac-
counted for. *p <.05. **'p <.001.

Table 6
Experiment 2: Regression Analyses of Changes in Transformed
False Alarm Rate As a Function of Block, for Each
of the Observers in Each of the Two Feedback Conditions

Feedback Observers B SE R?

Present 1 0.0221"** 0.0033 .8995
2 0.0102*** 0.0006 .9030
3 0.0273*** 0.0004 .8813

Absent 4 0.0883"** 0.0083 .8436
5 0.0107*** 0.0009 .8723
6 0.0240"** 0.0017 9419

Note—ﬁ, estimated slope of the line relating transformed false alarm
rate to lock; SE, standard error of the estimate of f; R2, proportion of
variance accounted for. ***p < .001.
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Figure 6. Experiment 2: Ratio of rate of erroneously choosing
Display Interval 1 over Display Interval 2, for the target-present
(A) and target-absent (B) trials, for 3 observers who received
trial-by-trial feedback (fb+) and 3 observers who received no
feedback (fb—).

regression was used to assess the reliability of the increases
in transformed false alarm rates as a function of practice,
with the results of this analysis presented in Table 6. All
6 observers showed reliable increases in false alarm rates,
with final levels representing up to 15-fold increases.

Changes in Interval Errors
A benefit of the design used in Experiment 2 is that
it is possible to distinguish a potential bias for reporting

the presence of the target stimulus from a potential bias
for choosing one of the two intervals in which the target
stimulus could occur. The first potential type of response
bias is assessed using the false alarm rates, as described
in the preceding paragraph. The second potential type of
response bias is assessed using the relative rate of the ob-
servers’ erroneously choosing Display Interval 1 versus
Display Interval 2. We assessed this ratio separately for
target-present and target-absent trials for the two feedback
conditions, and the values of those ratios are presented in
the four panels of Figure 6. Note that these are noft relative
ratios but, instead, are the true values of the relative rates
at which Interval 1 was erroneously chosen over Inter-
val 2. As can be seen in the figure, in all cases, the value
of the ratio was very close to 1, suggesting no bias for re-
sponse interval. The reliability of the difference in propor-
tions (incorrect choice of Interval 1 vs. incorrect choice of
Interval 2) was assessed using a normal approximation of
%% (Zar, 1999, pp. 555-556). In all cases, the differences
were not reliable (all ps > .30). Thus, there is no evidence
to suggest that the observers were biased with respect to
response interval, either on target-present or target-absent
trials, and no evidence suggesting any change in identifi-
cation bias as a function of practice.

Changes in RTs

Given that levels of contrast on target-present trials
were systematically varied across trials within a block
(rather than randomized), we chose not to analyze the
RTs for correct responses on target-present trials (hits).
In addition, our primary concern with RTs was to docu-
ment possible speed—accuracy trade-offs. Consequently,
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Figure 7. Experiment 2: Changes in mean response times (RTs)
for false alarms as a function of trial block for 3 observers who
received trial-by-trial feedback (fb+) and 3 observers who re-
ceived no feedback (fb—). The symbols are the values of relative
threshold; the lines are best-fitting power functions. The values in
the legend are the initial level of false alarms for each observer.
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Table 7
Experiment 2: Regression Analyses of Changes in Log Response
Time (RT) for False Alarms As a Function of Log Block, for
Each of the Observers in Each of the Two Feedback Conditions

Feedback Observer B SE R?

Present 1 —0.1411"" 0.0422 .8003
2 —0.1733""* 0.0173 7822
3 —0.1167""* 0.0228 .8442

Absent 4 —0.1028 0.0423 .8161
5 —0.0974" 0.2085 7438
6 —0.1756™ 0.0707 7221

Note—ﬁ, estimated slope of the line relating log RT to log block; SE,
standard error of the estimate of 3; R2, proportion of variance accounted
for. *p<.05. *p<.0l. *p<.00l.

we restricted our analysis to RTs for false alarms. Figure 7
presents the mean RTs as a function of practice, with those
RTs showing very regular power function or exponential
decreases, as one would expect for RTs for correct re-
sponses. The reliability of the changes in RT was assessed
using simple linear regression for log RT as a function of
log block, and the results of that analysis are presented in
Table 7. All of the observers showed reliable decreases in
mean RT for false alarms as a function of practice, consis-
tent with the results of Experiment 1.

Discussion

Experiment 2 was designed to investigate the extent to
which the changes in both contrast detection thresholds
and false alarm rates could be observed within observ-
ers in a task that combined the two methods used in Ex-
periment 1. The design (see Figure 3) was a modification
of one used by Kaernbach (1990). Adding target-absent
trials to the standard 2I-2AFC design allowed us to esti-
mate thresholds and false alarm rates for each observer
in each block, using a trial sequence that is very similar
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Figure 8. Estimated values of four parameters of the multino-
mial model as fit to the data from Blocks 1 and 20 for Observer 1,
Experiment 2.

to those typically used in studies of perceptual learning.
Consistent with the results of Experiment 1, we obtained
reliable decreases in contrast detection thresholds, with
these decreases accompanied by reliable increases in false
alarm rates. Whereas the latter result suggests a liberal
shift in response criterion for detection, the absence of
any evidence for bias in the choice of presentation interval
is consistent with our hypothesis that biases for detection
and identification can exist independently of one another.
Finally, the reliable reductions in RT for false alarms sug-
gest, consistent with the results of Experiment 1, the pres-
ence of a speed—accuracy trade-off, a possibility we will
consider further in the General Discussion section.
Before continuing, it is worth considering the extent to
which the data from Experiment 2 can be used to demon-
strate the basic viability of the simple multinomial model
presented in the introduction (see Figure 1 and Table 1). To
do this, we fit a restricted version of the model to the data
from the first and last blocks of trials for Observer 1. The
restrictions were motivated by the fact that the full model
contains more parameters (eight) than there are degrees of
freedom in the data (six). We constrained D, = Dg, [, =
Iy, Dy = 0.01, and g = 0.50, resulting in four parameters
that needed to be estimated. Parameters were estimated by
minimizing the log likelihood measure G2 (e.g., Batchelder
& Riefer, 1999). Figure 8 shows the changes in the values
of the four parameters from the initial (G2 = 0.066) to the
final (G2 = 0.053) block. Here, it can be seen that, for
this observer, perceptual practice produced an increase in
the parameter for identification (/) and in the value of the
parameter for detection bias (), with no changes in the pa-
rameter for detection (D) or the bias for identification (a).

EXPERIMENTS 3-5

Although the results of Experiment 2 replicate the find-
ings of Experiment 1 and reinforce the possibility that
changes other than increases in perceptual sensitivity may
be present in perceptual learning for contrast detection,
it is still the case that the methods of Experiment 2 dif-
fered in a very critical way from standard practice in the
literature. Specifically, as it is commonly implemented
in studies of perceptual learning, the 2I-2AFC staircase
procedure does not require observers to explicitly make
present/absent judgments. This requirement was part of
both the MCS procedure used in Experiment 1 and the
21-3AFC procedure used in Experiment 2. Thus, it is pos-
sible that consistent practice in a task requiring present/
absent judgments may be critical in producing the patterns
that are suggestive of shifts in detection criterion.

Experiments 3—5 were designed to test this hypothesis,
by requiring present/absent judgments only at the out-
set and conclusion of training. For the majority of each
observer’s practice in the contrast detection task, thresh-
olds were estimated using one of three variations on the
21-3AFC staircase procedure, thus allowing the majority of
practice to be in a task context that did not require explicit
present/absent decisions. If the requirement to make such
decisions is critical in producing the patterns documented
in Experiments 1 and 2, we should observe no increases
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in false alarms and no reductions in RTs for false alarms,
when comparing initial with final performance. Alterna-
tively, however, if the patterns observed in Experiments 1
and 2 are not an artifact of requiring practice on the present/
absent judgments, we should continue to observe increases
in false alarms and reductions in associated RTs.

Method

The three experiments used nearly identical methods, differing
only in the implementation of the two display intervals. We selected
three variations, consistent with commonly used methods in the lit-
erature (see Figure 3). Experiment 3 used two temporally distinct
presentation intervals, Experiment 4 used two spatially distinct pre-
sentation intervals, and Experiment 5 defined the two response alter-
natives in terms of a dimension orthogonal to contrast (tilt).

Participants

A total of 11 paid participants were recruited for Experiment 3, with
data from 5 of those participants being discarded prior to analysis. A total
of 7 paid participants were recruited for Experiment 4, with data from
1 of those participants being discarded prior to analysis. Finally, a total of
9 paid participants were recruited for Experiment 5, with data from 3 of
those participants being discarded prior to analysis. The primary reason
for discarding observers’ data was difficulty in scheduling consistent
testing sessions. All the participants had normal or corrected-to-normal
vision and unencumbered use of their hands. All the participants were
right-handed, and none had participated in any of the preceding experi-
ments. Half of the participants in each experiment were assigned to a
condition in which they received trial-by-trial feedback, and half were
assigned to a condition in which they received no feedback.

Materials, Design, and Procedure

The stimuli used in Experiments 3—5 were identical to those used
in Experiments 1 and 2, with one exception for Experiment 5. In that
experiment, the response alternatives were defined with respect to
a dimension (tilt) orthogonal to contrast. In that experiment, 6 (tilt;
see Equation 1) was 53° for one subset of the stimuli and 37° for
the other subset. In all three experiments, the MCS procedure of
Experiment 1 was used to estimate thresholds and false alarm rates
in the first and final (12th) sessions. In Sessions 2—11, the 2I-2AFC
procedure that is common in the literature was used. In all three ex-
periments, contrasts in Sessions 2—11 were changed using the three-
down one-up rule of Experiment 2.

Each trial in Sessions 2—11 of Experiment 3 proceeded as follows.
The beginning of each trial was signaled with a dot centered in the dis-
play, and the trial was initiated with a button (pinky finger, left hand).
The dot was then replaced with a fixation cross, centered in the display
and present for between 400 and 500 msec, with the specific time on
each trial set on the basis of an exponential distribution over that inter-
val. This was followed by Display Interval 1, in which either a Gabor
(of the appropriate contrast) or a blank was presented for 50 msec,
followed by a randomly generated (on each trial) noise mask, also for
50 msec. Display Interval 2 followed 900 msec later, with the same
timings for the Gabor or the blank and noise mask. The Gabor was
present in only one of the two display intervals, with equal frequency
for each interval in each block. The observers responded by using
the index finger of their right hand to indicate that they perceived the
target stimulus to have been presented in Display Interval 1 and the
middle finger of their right hand to indicate that they perceived the
target stimulus to have been presented in Display Interval 2. Following
the response, feedback was provided to those observers assigned to
the feedback condition, using the procedure in Experiment 2.

The trial events in Sessions 2—11 of Experiment 4 differed from
those in Experiment 3 only in terms of the display intervals. In Experi-
ment 4, the two display intervals were defined spatially, rather than
temporally, with the first interval to the left of fixation and the second
interval to the right of fixation. The test display thus consisted of the
fixation cross, a Gabor patch at the appropriate level of contrast to

either the left or the right of the fixation cross, and a blank gray square
on the opposite side of the fixation cross. The display remained visible
for 50 msec, after which two randomly generated noise masks were
presented in the two display locations. The fixation cross remained
visible for the entire trial. Each of the two locations was used for the
placement of the target with equal frequency in each block. The ob-
servers used the index finger of their right hand to indicate that they
perceived the Gabor to be present to the left of the fixation cross and
the middle finger of their right hand to indicate that they perceived the
Gabor to be present to the right of the fixation cross.

In Sessions 2—11 of Experiment 5, the two display intervals were
defined by the state of the stimulus on a dimension orthogonal to
contrast: tilt. The test display consisted of a single Gabor, at the ap-
propriate level of contrast, at one of two distinct levels of tilt. The
two values of tilt were used with equal frequency in each block of
trials. The observers responded with the index finger of their right
hand to indicate that they perceived the Gabor at 6 = 53° and with
the middle finger of their right hand to indicate that they perceived
the Gabor at 6 = 37°.

Results

Changes in Detection Thresholds

Detection thresholds for the MCS blocks (first and
final) were estimated using the linearized Weibull (Equa-
tion 4); R? values for the obtained fits were greater than
.92 in all cases. Detection thresholds for the 2I-2AFC
staircase blocks (Days 2—11) were estimated by taking the
geometric mean of the contrast values for the final 15 re-
versals. Relative contrast detection thresholds for all three
experiments are presented in the three panels of Figure 9.
As in Experiment 2, the overall pattern of reductions in
thresholds followed power law or exponential decreases.
The reliability of these reductions was assessed using sim-
ple linear regression relating log threshold to log block.
The results of these analyses are presented in Table 8. The
changes in threshold were reliable for all the observers in
all three experiments, providing the standard evidence for
perceptual learning.

Changes in False Alarm Rates

The symbols at the far right of panels A—C in Figure 9
plot the relative value of the final false alarm rates (final
divided by initial) for each of the 6 observers in each of
the three experiments. The initial false alarm rates are in-
dicated in the legend of Figure 9. Reliability of the dif-
ferences between initial and final false alarm rates was
assessed using a normal approximation of y2 (Zar, 1999),
with all of the comparisons reaching standard levels of
statistical reliability (all ps < .02). Thus, even in the ab-
sence of making explicit present/absent judgments for the
majority of their experimental experience, all of the ob-
servers showed large and reliable increases in false alarm
rates. This strongly suggests that the patterns observed in
Experiments 1 and 2 (and, by extension, those documented
in Copeland, 2003; Wenger & Rasche, 2006)—particu-
larly the increase in false alarm rates that suggests the lib-
eral shift in response bias—are not artifacts of the method
used to assess changes in threshold due to practice.

Changes in Interval Errors
The design of Experiments 3—5, in comparison with
that of Experiment 2, allowed us to assess changes in the
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Figure 9. Experiments 3—-5: Changes in relative threshold
as a function of block of practice for the observers in Experi-
ments 3 (A), 4 (B), and 5 (C), for the observers who received trial-
by-trial feedback (fb+), and the observers who received no feed-
back (fb—). The symbols are the values of relative threshold; the
lines are best-fitting power functions.

Table 8
Experiments 3-5: Regression Analyses of Changes in Log
Threshold As a Function of Log Block, for Each of the
Observers in Each of the Two Feedback Conditions

Feedback Observer B SE R?

Experiment 3 Present 1 —0.8849" 0.3185 .7218
2 —0.7535"  0.2361 .8614

3 —1.0486™* 0.2577 .7491

Absent 4 —0.8714™"  0.2098 .7036

5 —0.5844" 0.1999 .7594

6 —0.7073" 0.2831 7525

Experiment4  Present 1 —0.5225* 0.2191 7112
2 —0.7143™  0.2249 8236

3 —0.4637* 0.3513 8820

Absent 4 =0.7767"  0.2221 .8341

5 —0.3376" 0.1784 7160

6 —0.8789"*  0.1990 .8200

Experiment 5  Present 1 —0.6130" 0.2510 .7340
2 —0.8205"  0.2459 .8429

3 —0.7646™* 0.1432 7413

Absent 4 —0.8578"  0.2337 .7422

5 —0.8599" 0.5558 .6840

6 —0.7553" 0.3187 7794

Note—/;’, estimated slope of the line relating log threshold to log block;
SE, standard error of the estimate of 3; R2, proportion of variance ac-
counted for. *p <.05. "p<.0l. *p<.001.

relative bias for choosing one of the two response intervals
only for the blocks of trials on Days 2—11. A check on the
relative rates of choosing the two intervals allows us to
distinguish a bias for detection (as revealed by the false
alarm rates) from a bias for identification. The rates of er-
roneously choosing Interval 1, relative to Interval 2, are
presented in the three panels of Figure 10. The reliability
of the differences in these error rates was assessed using a
normal approximation to y2 (Zar, 1999). None of the com-
parisons reached standard levels of statistical reliability
(all ps > .21). Thus, these results replicate those of Experi-
ment 2 and (along with the increases in false alarm rates)
provide evidence that an absence of bias for identification
can exist alongside a liberal shift in bias for detection.

Changes in RTs

Finally, as in Experiments 1 and 2, we examined RTs
for false alarms in the first and last blocks of the experi-
ment (the two blocks in which the MCS was used). Mean
RTs for each of the observers are presented in Figure 11.
The reliability of the differences in mean RTs as a func-
tion of block for each of the observers was assessed using
a one-tailed paired-sample ¢ test, performed separately for
each observer. The differences were reliable for all of the
observers (all s > 3.11, all ps < .005), consistent with the
results of Experiments 1 and 2.

Discussion

The results of Experiments 35 indicate that the basic
patterns observed in Experiments 1 and 2—specifically,
increases in false alarm rates accompanying reductions in
detection thresholds—are regular features of learning of
contrast detection and are not artifacts of a requirement
to make present/absent judgments. In each of these three
experiments, the majority of the observers’ practice with
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the contrast detection task (10 of 12 sessions) did not re-
quire that the observers make present/absent judgments.
Instead, the observers practiced the contrast detection task
in three variants of the 2I-2AFC paradigm, in which the
target stimulus was always present in one of the two inter-
vals. In each case, there were three regularities: (1) contrast
detection thresholds were reduced in a manner consistent
with either power or exponential change as a function of
practice; (2) false alarm rates increased linearly with prac-
tice, suggesting a liberal shift in bias for detection; and
(3) preference for either of the two response alternatives
was equal and stable as a function of practice, suggest-
ing a lack of bias for identification. The pattern of results
from these three experiments thus suggests that the pat-
terns originally observed by Copeland (2003; Copeland &
Wenger, 2003) and replicated in Experiments 1 and 2 (see
also Seitz et al., 2005; Wenger & Rasche, 2006) cannot be
explained by reference to any methodological artifact.

GENERAL DISCUSSION

Studies of perceptual learning date to the origins of
sensory science (see the discussions in, e.g., Ahissar &
Hochstein, 1998; Sinha & Poggio, 2002), with interest
over the past few decades being motivated, at least in
part, by the possibility that the structure and function of
early levels of the sensory systems may be highly plastic.
Theoretical accounts have typically considered this plas-
ticity in the context of feedforward systems, at levels well
below those associated with attention, memory, and other
cognitive processes. For example, perceptual learning has
been distinguished from higher level (or cognitive) learn-
ing on the basis of the specificity of the effects of experi-
ence and the very low levels of transfer across stimulus
variations (e.g., Dosher, Liu, Blair, & Lu, 2004; Dosher
& Lu, 1999; Fahle & Poggio, 2002; Hawkey, Amitay, &
Moore, 2004). However, this logic has been criticized for
ignoring data suggesting that central and high-level pro-
cesses can be at work in the absence of transfer (Mollon
& Danilova, 1996; Vogels & Orban, 1994; Yu, Klein, &
Levi, 2003, 2004). In addition, there are a number of par-
allels between perceptual and cognitive learning, includ-
ing the power law or exponential improvements in perfor-
mance (Dosher & Lu, 2007; Logan, 1988, 1992; Newell
& Rosenbloom, 1981; Palmeri, 1999) documented in the
present study. Finally, there is accumulating evidence
that multiple levels of representation may be involved
in perceptual learning and that tasks assumed to reflect
low-level changes in perceptual sensitivity may involve
a variety of high-level influences, as is the case for both
cognitive and motor skills (e.g., Chase & Ericsson, 1981;
Ericsson & Lehmann, 1996; Rosenbaum et al., 2001;
Wenger & Payne, 1995).

The results of the present study also suggest the pos-
sibility of multiple levels of influence in perceptual learn-
ing. Most critically, the set of results presented here sug-
gests that there may be liberal shifts in response criteria
for detection across the course of learning, with these
liberal shifts being evidenced by the regular increases in

false alarm rates for detection. Importantly, these liberal
shifts in detection responses were not accompanied by any
shifts in bias for identification. That is, although the rate
of false positive detection responses increased as a func-
tion of practice, this increase was not accompanied by any
detectable shift in the relative rates of choosing one of
the two response alternatives used for the presence of the
target stimulus.

Stimulus and Task Factors

A modal interpretation of the changes in false alarm rates
for detection would make reference to volitional, strategic,
and/or attentional factors, many of which can be reliably
influenced by a variety of stimulus and task manipulations.
We will begin with a consideration of these factors and then
will move to a set of additional possibilities.

Response feedback is one of the most obvious manip-
ulations that can be considered with respect to shifts in
response criteria (e.g., Atkinson, Carterette, & Kinchla,
1964; Green & Swets, 1966; Herzog & Fahle, 1997, 1999;
Mackie, Wylie, & Smith, 1994; Tanner, Rauk, & Atkinson,
1970). Each of the experiments presented here involved a
between-observers manipulation of the presence of feed-
back, with a consistent outcome: The presence of feed-
back made no reliable difference in the rate of false alarms
as a function of practice. This is not altogether surprising,
given the mixed evidence for the effects of feedback in
perceptual learning (e.g., Fahle, 2002; Fahle & Edelman,
1993; McKee & Westheimer, 1978).

A second manipulation of potential interest involves
the objective and subjective relative frequency of target-
present and target-absent trials. Manipulating relative fre-
quency has been shown, under various conditions (see,
e.g., Craig, 1976; Green & Swets, 1966; Macmillan &
Creelman, 2005; Parducci & Sandusky, 1965; Parks &
Kellicutt, 1968; Schulman & Greenberg, 1970; Tanner,
Haller, & Atkinson, 1967), to cause shifts in observers’
response criteria. It is possible that, as learning proceeds,
observers’ subjective estimate of the relative frequency of
target-present trials increases. Consequently, by reducing
the relative frequency of target-present trials as a function
of practice, it may be possible to attenuate or reverse the
increase in false alarm rates.

A third manipulation of potential interest involves the
subjective value of correct and incorrect responses as a
function of learning. It may be the case that the subjective
benefit of being correct, given the presence of a weak sig-
nal, is far greater than the subjective cost of being incor-
rect, given the absence of a signal. Consequently, by ma-
nipulating explicit payoffs (e.g., Maddox & Bohil, 2003),
possibly in conjunction with informational feedback and
variations in relative frequencies, it may be possible to at-
tenuate the increases in false alarm rates.

Speed—Accuracy Trade-Offs

A standard signature of potentially confounding strate-
gic influences in task performance is the speed—accuracy
trade-off: a reduction in RT that comes at the cost of an
increase in errors (e.g., Pachella, 1974; Pachella & Fisher,
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1972; Pachella & Pew, 1968). If such a trade-off were at
work in our data, we would expect to see consistent and
reliable reductions in mean RTs on false alarm trials as
the relative frequency of false alarms increased. This, in
fact, was the pattern we observed in all five experiments
(see Figures 4A, 7, and 11). Although the regularity of
the trade-off suggests that simple strategic emphasis on
detection responses is at the core of our findings, there
is at least one reason to be skeptical of this as a com-
prehensive explanation. Specifically, if the changes we
have documented are due to volitional, strategic choice,
it would seem reasonable to expect that feedback would
have some effect, with the trade-off present for observers
who did not receive feedback and absent for those who
did. However, the trade-off was present for all the observ-
ers, independently of the presence or absence of trial-by-
trial feedback. Consequently, although the data are, at one
level, consistent with the hypothesis that our effects reflect
strategic trade-offs, we would assert that there are reasons
to consider alternative explanations.

Changes in Performance, Assuming Optimality

An alternative hypothesis for the source of the increases
in false alarm rates and decreases in RTs for false alarms
emerges from a recent analysis by R. D. Thomas (2006).
This analysis makes the provocative suggestion that in-
creases in false alarm rates may be obtained even when
observers are responding optimally. The analysis takes
into consideration the dynamics of the accrual of percep-
tual evidence for two-alternative response tasks. A key
element of this analysis, for present purposes, is the no-
tion that there is a subjective cost for waiting for the ac-
crual of additional evidence (Edwards, 1965; Townsend &
Wenger, 1996, 1999). Assume, for the sake of the present
argument, that as observers increase their experience with
the contrast detection task, they develop an expectation
for the relative amount of evidence available as a func-
tion of time since the beginning of the trial. Furthermore,
assume that as a consequence of this developing expecta-
tion, observers are increasingly less willing to wait for
evidence to accumulate as their experience with the task
increases. Such changes would be consistent with the na-
ture of the task, since the exposure durations are short and
relative contrasts decrease as practice proceeds. Finally,
assume that at all points in practice, observers set their re-
sponse criteria for the two alternatives in order to respond
optimally (maximizing the expected value of the response
on each trial).

Under these assumptions, R. D. Thomas (2006) has
shown that it is possible to numerically determine the ex-
pected rate of false alarms and RT for false alarms, as a
function of the discriminability of the two alternative stim-
uli and the subjective cost of waiting. Figure 12A presents
the results of a set of such numeric simulations; the details
of the simulation methods are presented in Appendix B.
In Figure 12A, Au is the difference (dissimilarity) of the
two stimuli, and c is the subjective cost of waiting. Here,
it can be seen that at low levels of dissimilarity between
the two response alternatives (low levels of contrast in the

detection task), as the subjective cost of waiting increases,
so does the probability of a false alarm. Figure 12B pre-
sents analogous results for the RTs for false alarms. Con-
sequently, this analysis suggests that the patterns we have
observed (here and in Copeland, 2003; Wenger & Rasche,
2006) can occur even when observers can be assumed to
be responding optimally.

Sustained Activation

The last possibility that we will consider is one that
allows for the types of changes in behavior that we have
documented but does not require any type of strategic or
conscious control. The mechanism here is sustained activa-
tion in cortical regions responsible for coding the critical
stimulus properties. Many of the cortical regions that can
be reasonably assumed to be involved in coding for contrast
detection—including the primary visual cortex, intrapari-
etal sulcus, and dorsolateral prefrontal cortex—are laminar
structures that have been shown to produce patterns of sus-
tained activation that can act as short-duration memories
(e.g., Bisley, Zaksas, Droll, & Pasternak, 2004; Brown &
Bashir, 2002; Dehaene & Changeux, 2005; Del Giudice,
Fusi, & Mattia, 2003; Harris, Miniussi, Harris, & Dia-
mond, 2002; Major & Tank, 2004; McCormick et al., 2003;
Ranganath, Cohen, Dam, & D’Esposito, 2004; Rigas &
Castro-Alamancos, 2007; Roelfsema, 2005; Zhang & Al-
loway, 2004). The question of interest with respect to the
present project is the extent to which such sustained acti-
vation might be operative in producing increases in false
alarms with increasing experience.

To consider the potential role of sustained activation,
we modeled the decay in sustained activation in a cortical
population, using a simple exponential decay function for
neuronal firing rate. Our goal was to determine whether a
reasonable model for decay could be perturbed by the ad-
dition of noise in order to produce outputs consistent with
increases in false alarm rates. The dependent measure of
interest was the probability that the presentation of the
target-absent stimulus would produce a level of activity
consistent with that of the target-present stimulus with
variations in onset asynchrony. Details of the simulation
method are presented in Appendix C.

Figure 13 shows two characteristics of model perfor-
mance following training. First, following offset of the
target-absent stimulus, the model produces output that is
consistent with the target’s being present, with this acti-
vation declining slowly over time. Second, a 100-msec
presentation of a target-absent (noise) stimulus is capable
of driving this activation up, at onset asynchronies that
are long enough to be consistent with the time between a
target-present and a target-absent trial in a typical experi-
ment. This suggests that such sustained activation could
lead to increases in false alarms, with such increases being
dependent on the time that has elapsed since the most re-
cent target-present trial, and with this dependency being
most pronounced following training. We thus examined
our data for any evidence that such a pattern might be pres-
ent. The nine panels of Figure 14 present the data from all
five experiments. In each of the experiments, the probabil-
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ity of a false alarm decreases with increasing lag between
the most recent target-present trial, with this effect being
most pronounced following extensive practice on the con-
trast detection task. Thus, there is evidence from all of the
experiments that is consistent with the pattern that would
be produced by sustained activation (note that this pattern
could also reflect factors related to sequential effects; see,
e.g., Kornblum, 1969). The critical point here is that this
pattern does not of necessity require any type of top-down,
conscious, or strategic influence; instead, it may be an
emergent functional property of the laminar structures.

CONCLUSIONS

The theoretical and empirical work presented here
strongly suggests that perceptual learning can involve
more than improvements in perceptual sensitivity or iden-
tification abilities. Critically, and consistent with other
recent reports in the literature (e.g., Seitz et al., 2005;
Seitz & Watanabe, 2005; Wild & Busey, 2004), practice
on contrast detection produces both reliable decreases in
detection thresholds and reliable increases in false alarm
rates. Critically, these increases in false alarm rates with
practice occur in the absence of any changes in identi-
fication preferences and occur even when observers do
not practice the task by making explicit present/absent
decisions. Thus, the results of the five experiments re-
ported here are consistent with the two central hypotheses
of this study. The initial finding (Copeland, 2003; Wenger
& Rasche, 2006) of a reliable liberal shift in response bias
accompanying reliable decreases in detection thresholds
was replicated in the task that originally revealed this
pattern (MCS), in a modification of the more standard
(for this literature) adaptive procedure (see also Kaern-
bach, 1990; Klein, 2001), and in an assessment follow-
ing practice with three variations on the modal adaptive
procedure. In addition, the data from Experiments 2—-5
demonstrate that the increases in the false alarm rates for
identification (the evidence for the liberal shift in detec-
tion thresholds) occur in the absence of any evidence for
a bias, or a change in bias, for identification responses,
consistent with the simple theoretical model presented in
the introduction. Specifically, although false alarm rates
for detection increased, there was no evidence suggesting
that this increase in target-present responses was accom-
panied by any change—or any change in preference—
for the response alternatives indicating the presence of
contrast. Finally, these patterns occurred independently
of the presence or absence of trial-by-trial feedback and,
critically, the presence or absence of the requirement for
explicit present/absent judgments (Experiments 3-5).

Although this evidence suggests the possibility of a shift
in an explicit, volitional response strategy, and although
there are patterns in the data that are consistent with this
possibility, we believe there are viable alternatives to this
inference, each of which finds some level of support in
the data. In particular, there are alternative explanations,
including changes that would be consistent with either
optimal responding or sustained activation in regions of

the visual system, that would be capable of producing
increases in false alarm rates without the need to posit
any type of strategic change on the part of the observer.
Further analysis and experimentation, of course, is needed
in order to test among these possibilities. Whatever the
outcome, we argue that the nature of the changes involved
in perceptual learning is likely to be more complex than
current theory might suggest, with the potential for in-
volvement of a range of cortical regions beyond the visual
and necessary recurrent connectivity from higher cortical
regions (Ahissar & Hochstein, 1993, 2002, 2004; Hoch-
stein & Ahissar, 2002; Li et al., 2004).
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NOTES

1. Here, and again in the General Discussion section, we use a set of
mathematical and computational models to either illustrate a theoretical
point or demonstrate the viability of a theoretical alternative. We in no
way wish to suggest that any of these models represent comprehensive or
complete accounts of perceptual learning or alternatives to truly compre-
hensive models of perceptual learning (as in, e.g., Lu & Dosher, 2008;
Petrov et al., 2005).

2. Note that we could also vary the value of the guessing parameter g,
either alone or with a. We chose to restrict consideration here to mod-
eling identification bias assuming perceptual evidence sufficient for
identification.

3. Note that the lack of false alarm rates in the staircase procedure is
not an inherent limitation. Rather, it reflects standard implementations of
that task. Kaernbach (1990) implemented a modification of the staircase
procedure that does allow for trials on which the target is absent from both
presentation intervals, and we present a similar design in Experiment 2.

4. We thank an anonymous reviewer for this suggestion.



EVIDENCE FOR CRITERION SHIFTS

1271

APPENDIX A
Methods: Use of the Multinomial Model

The multinomial models for the example in the text (see also Kaernbach, 1990, and Experiment 2 in the pres-
ent study) assume three possible states for the stimulus and three possible responses (see Figure 1). The equations
for each possible response, given each state of the stimulus, are provided in Table 1. Specific model parameters
(Table A1) were varied to show how practice-related changes in processing can affect the psychometric function
(and thus, the threshold estimate), the rate of identification errors, and the rate of false alarms. Stimulus energy
was modeled as a variable ranging from 0.0 to 1.0 in all cases. Improvement in detection (Case 1 in Table A1)
was modeled by increasing the value of the parameters D, and Dy at each level of stimulus energy. Improvement
in identification (Case 2 in Table A1) was modeled by increasing the value of the parameters /, and Iz, with
the specific values being constant across levels of stimulus energy. The liberal shift in detection bias (Case 3 in
Table A1) was modeled by increasing the value of b, with specific values being constant across levels of stimulus
energy. The shift to a bias for identifying a stimulus as being in state 4 (Case 4 in Table A1) was modeled by
increasing the value of a, with specific values being constant across levels of stimulus energy.

Table A1
Parameters for the Multinomial Models and Their Values, Ranges, and Constraints
Case
Parameter  Practice Level 1 2 3 4
D, Initial .000:.075:.750 .000:.100:1.000  .000:.100:1.000  .000:.100:1.000
Final .000:.150:1.000  .000:.100:1.000  .000:.100:1.000  .000:.100:1.000
Dy Both =D, =D, =D, =D,
Dy Both .100 .100 .100 .100
I Initial 950 .500 900 .900
Final 950 950 .900 .900
Iy Both =1 =1 =1 =1
a Initial .500 .500 .500 .500
Final .500 .500 .500 900
b Initial .100 .100 .100 .100
Final .100 .100 .400 .100
g Both .500 .500 .500 .500

Note—Ranges are noted as initial:step size:final. Case 1 models an improvement in detection, Case 2 models
an improvement in identification, Case 3 models a liberal shift in detection bias, and Case 4 models a shift in
identification bias in favor of response 4.

We imposed the following constraints in producing the data. The detection parameters D, and Dy were con-
strained to be equal, as were the identification parameters /, and /5. The detection parameter for the situation in
which a stimulus was absent, Dy, was constant across all cases, as was the guessing parameter g.

APPENDIX B
Methods: Numeric Simulation From R. D. Thomas (2006)

Here, we present the form of the numeric simulations used to obtain the predictions in Figure 12. These
simulations are drawn from R. D. Thomas’s (2006) analysis of the implications of factorial additivity for three
general models of perception: signal detection theory with the latency distance hypothesis, stochastic general
recognition theory, and a random-walk model of exemplar classification. The second of these three models
provided the basis for considering how the increase in false alarms and reductions in RTs for false alarms could
emerge even if it is assumed that observers are responding optimally. We recapitulate (with minor notational dif-
ferences) the critical equations from R. D. Thomas; interested readers should consult that source for a complete
description and extended contrasts.

Let Sy and S; be the stimulus states corresponding to the absence and presence (respectively) of contrast,
and let R, and R, be the responses indicating (respectively) presence and absence of contrast. Assume that
the perceptual input to the eventual decision process is dynamic (as in, e.g., Ashby, 2000), reflecting an ongo-
ing sampling of the proximal stimulus energies, and that it can be modeled as a stochastic process x;(f) given
stimulus S;. Assume that for any fixed value of 7 following the onset of the stimulus, the distribution of x;(¢) is

(Continued on next page)
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Gaussian with parameters u,; and 03,. At each instant #, the decision process computes a discriminant function
yi(t) = h[x;(1)] in support of a decision

> 4,respond R,
if y.()= h[xl.(t)] <-B, respond R,

otherwise, continue sampling,

(B

where 4 and B are criterion levels of perceptual evidence. Assuming further that y; and o7 are the mean and
variance for the discriminant function y;(¢), the conditional response probabilities follow from the theory of
standard diffusion processes:
2u,B
I—exp| —
Gi

{ Zui(A+B)}
l-exp| —————F5—

(o

i

P(R,1S,)= (B2)

and
P(RO‘SI')ZI_P(Rllsi)'

Similarly, the expected conditional decision times 7} are given by

(B3)
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Finally, assume that the observer computes an expected value for the trial, on the basis of the current payoff
structure and the cost of waiting for additional information (continuing to sample). If we let the payoffs for the
four stimulus—response pairs be V,, > 0, with cost —v,, when r # s, and let the cost per unit time of waiting be
u < 0, the expected value for the trial is given by

EV= P(Sl){P(Rl \ Sl)[v“ ~uE(T, | lesl)J+P(R2 \ Sl)[—v21 ~uE(T, | RzmSl)]}

+P(8,{ P(R,1S,)[ o —uB(T, | R, 08, ) |+ PR, 5, vyy —uB(T, | R,nS,) [} (B6)
where P(S;) is the overall probability of stimulus S;. The parameter values used in these numeric simulations
are listed in Table B1. Note that the values obtained for Equations B2-B6 are exact once parameter values have

been specified.

Table B1
Parameters and Values Used in the Simulations of the Dynamic
Stochastic Signal Detection Analysis of R. D. Thomas (2006)

Parameter Description Value(s)
P(S)) Overall probability of stimulus S; .50
Vi1, V12, V21, Va2 Payoffs/costs 1.00
o Mean, stimulus S, 1.00
Au Difference in means, S; and S, 0.50 to 3.00 by 0.10
o Variance, S; and S, 1.00
u Cost per unit time of waiting 0.03 to 3.00 by 0.01
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APPENDIX C
Simulation of Decay of Sustained Activation

The model for the decay of sustained activation is based on empirical and theoretical investigations of the role
of sustained activation in perception and attention (e.g., Amit & Brunel, 1995, 1997; Grent-t-Jong & Woldorff,
2007; Muresan & Savin, 2007; Sturm et al., 2006). A general result from this work is that sustained activation
of structured patterns of cortical responses (e.g., following learning) decays in a roughly exponential manner,
with the time course of that decay ranging from milliseconds to seconds. We modeled the overall activity (spike
rate in a cortical population) R(7) as a function of time # since the offset of a trained stimulus, using a simple
exponential decay function with additive noise:

R(t)=Re™ +N(u, 0;1), (C1)

where R is the level of activity at the time of stimulus offset, 1 is the constant for the rate of decay, and N(u, o; 1)
is an independent sample drawn from a Gaussian distribution at time z. All parameter values were set on the basis
of published empirical and modeling data (e.g., Amit & Brunel, 1995, 1997; Muresan & Savin, 2007).

The hypothesis we wished to test was whether sustained activation could be a possible contributor to the in-
crease in false alarm rates observed in our experimental work. To test this hypothesis, we perturbed the decay by
adding 100 msec of Gaussian noise at a 1,000-msec delay from the offset of the stimulus. Following the offset of
the noise, the value of R, was reset to the value of R(), and the decay was allowed to proceed from that value. We
then asked whether that event (approximating a blank display) would cause the decay function to be perturbed
in a way that would be consistent with a false alarm. We asked this question by comparing the activation func-
tion R(f) with an overall criterion y: R(f) > y was taken to indicate that the activation was consistent with the
presence of the test stimulus. Table C1 lists the values of all of the parameters of the simulation that produced
the data summarized in Figure 13.

Table C1
Parameters and Values Used in the Simulations
of the Decay of Sustained Activation

Parameter Description Value(s)
Ry Initial population level of activity 500
A Decay rate constant 0.0007
u Mean, noise distribution 0
o Standard deviation, noise distribution 20
n Total number of simulation trials 500

(Manuscript received December 28, 2007;
revision accepted for publication April 7, 2008.)
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