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Abstract
Despite long-standing concerns about the use of free reaction times (RTs) in cognitive psychology, they remain a prevalent 
measure of conflict resolution. This report presents the forced-response method as a fresh approach to examine speed–accu-
racy trade-off functions (SATs) in conflict tasks. The method involves fixing the overall response time, varying the onset 
of stimuli, and observing response expression. We applied this method to an arrow flanker task. By systematically varying 
the time between stimulus onset and response, we reveal a comprehensive time course of the flanker interference effect that 
is rarely observed in previous literature. We further show that influential manipulations observed in free-RT paradigms 
similarly affect accuracy within the forced-response technique, suggesting that the forced-response method retains the core 
cognitive processing characteristics of traditional free-RT conflict tasks. As a behavioral method that examines the time 
course of cognitive processing, the forced-response method provides a novel and more nuanced look into the dynamics of 
conflict resolution.
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Imagine visiting a country where traffic flows on the oppo-
site side of the road compared to the United States (e.g., 
the UK) Most American drivers who visit such a country 
struggle to adapt to this change. Or imagine that you are on 
a diet, but you smell the delicious flavor of fried chicken 
from a restaurant and feel compelled to stop in for a bite. 
These scenarios exemplify situations in which well-learned 
and nearly automatic responses conflict with goal-directed 
responses. The question arises: How do we overcome such 
habits to produce responses appropriate to a goal at hand?

For decades, cognitive psychologists have used so-called 
conflict tasks to model response conflicts of this sort. One 
widely used such task is the flanker task (Eriksen & Eriksen, 
1974). In one popular version of the flanker task, partici-
pants are asked to indicate the direction of a middle arrow 
when flanking arrows could either be congruent (e.g., → → 
→ → →) or incongruent (e.g., ← ← → ← ←) in direction 
compared to the middle arrow. Typically, participants can 
respond to the stimulus whenever they are ready to respond 

on each trial1. The existence and efficacy of conflict resolu-
tion is typically indexed by the difference in free response 
times (RTs) between congruent and incongruent conditions.

The flanker task is but one of many tasks in which a pre-
potent response conflicts with a goal-oriented response. 
Two other popular conflict tasks are the Stroop task (Stroop, 
1935) and the Simon task (Simon, 1969). The congruency 
effect, as indexed by the difference in mean response time 
between congruent and incongruent trials in these tasks, has 
been the driving force behind the development of theories 
and models of conflict resolution over the years (Botvinick 
et al., 2001; Cohen et al., 1992; Egner, 2007; Gratton et al., 
1992; Lu & Proctor, 1995).

However, there have been long-standing concerns about 
using free RT to index cognitive processes (Cronbach & 
Furby, 1970; Draheim et al., 2019; Edwards, 2001; Friedman 
& Miyake, 2004; Hedge et al., 2018, 2020; Miller & Ulrich, 
2013). Despite these concerns, the practice of using free RTs 
to measure conflict resolution persists, with a recent survey 
finding that 84% of the difference scores in conflict tasks 
were based on mean RTs differences (von Bastian et al.,  *	 Taraz G. Lee 

	 tarazlee@umich.edu
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1  In some cases, a response deadline may be imposed, but it is rather 
lenient in order to time out extremely long responses. We still con-
sider these tasks as “free RT” tasks because participants have sub-
stantial freedom to decide when to respond.
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2020). The sheer reliance on mean RT differences, coupled 
with the issues associated with free RTs (discussed more 
below), calls for the development of alternative approaches 
to study conflict resolution.

In this paper, we revisit several issues having to do with 
using free RT to study conflict resolution. Then, we intro-
duce a “forced-response” method as a new approach to 
studying conflict resolution that is complementary to the 
traditional free-RT-based approach. We will discuss how the 
forced-response method overcomes many issues with using 
free RT as a dependent measure of conflict resolution. We 
will also demonstrate that the forced-response method pro-
vides novel insights into the dynamics of conflict resolution 
beyond existing methods.

Free‑RT‑based approach

Since at least the 1960s, cognitive researchers have appreci-
ated many of the shortcomings of free RT as a dependent 
measure, and several alternative methods have been adopted 
which allow for the explicit examination of the time course 
of cognitive processing. A complete review of these issues 
is beyond the scope of this paper and can be found else-
where (Dosher, 1976; Draheim et al., 2019; Heitz, 2014; 
Wickelgren, 1977). However, we do point out several issues 
relevant to the current paper.

First, free-RT difference scores (and free RTs in general) 
do not consider the speed–accuracy trade-off, which dif-
fers from person to person and task to task (Heitz, 2014). 
Participants who are fast but error-prone may appear better 
than participants who are slower but more careful when only 
free RT is considered. One might think that this is resolv-
able by somehow combining RT and accuracy into a sin-
gle composite measure of performance. Several composite 
speed–accuracy measures have been proposed in the litera-
ture with mixed success (Liesefeld & Janczyk, 2019; Staf-
ford et al., 2020; Vandierendonck, 2017, 2021). Although 
these methods have been useful in some applications, they 
often make assumptions that are at odds with the trade-off 
between speed and accuracy (Heitz, 2014; Stafford et al., 
2020). Most importantly, there is no theoretically justified 
basis for adjusting free RTs based on how accurate a person 
is (Pachella, 1974).

Second, RT difference scores are confounded with gen-
eral processing speed in that they are proportionally larger 
for overall slower individuals than for overall faster individu-
als. Although applying a data transformation, such as using 
the logarithm of each RT, can mitigate this concern some-
what, this can reduce power and can eliminate significant 
effects that would be observable using the raw RT (Schramm 
& Rouder, 2019; Whelan, 2008). This makes it difficult to 

compare conflict resolution across populations that might 
differ in general processing speed.

Yet another problem has to do with whether RT itself is 
a pure measure of the cognitive processing required for a 
task. One study found that when participants were forced to 
respond earlier than they would normally, they could pro-
duce accurate responses with much less response time than 
suggested by their free RT (Haith et al., 2016). This indi-
cates that RT is not an ideal measure of the time to complete 
processing of all component stages, as there is a substan-
tial delay between this time point and the actual initiation 
of the response. Another recent study found that response 
times exhibit a use-dependent bias, meaning that people are 
biased to respond at times similar to their previous response 
times (Wong et al., 2017). This result again suggests that a 
person’s response time reflects factors above and beyond 
the processing required to produce an accurate response. 
Overall, then, whereas RT is traditionally thought of as the 
duration of various information processing steps, an alterna-
tive view is that RT is itself an independent motor-control 
parameter. By this view, people decide when to respond as 
well as what to respond.

Speed–accuracy trade‑off approaches

Many cognitive psychologists have argued for the superi-
ority of methods that specifically examine speed–accuracy 
trade-off functions (SATs) as a tool to better understand 
cognitive processes of interest (Dosher, 1976; Heitz, 2014; 
Wickelgren, 1977). Though dwarfed by the volume of 
research examining mean RT, the explicit examination of 
SATs has allowed researchers to advance our understanding 
of the dynamics of conflict resolution since at least the 1990s 
(Gratton et al., 1992; Heitz & Engle, 2007; Ridderinkhof, 
2002).

Conditional accuracy functions

One frequently used approach is to simply partition data 
from free RT tasks into a number of different time bins (e.g., 
200–300 ms, 301–400 ms, 401–500 ms, etc.) and then calcu-
late an accuracy rate in each time bin. These are sometimes 
called conditional accuracy functions (CAFs). With this 
binning method, researchers can examine the speed–accu-
racy trade off inherent in the responses participants make. 
This approach has been used to attempt to examine the time 
course of interference resolution (Gratton et al., 1992; Heitz 
& Engle, 2007; Manohar et al., 2015).

There are several shortcomings of this approach, though. 
Binning RT leaves the sampling within each bin up to 
chance, which often leads to certain time bins being less well 
represented for a particular individual than others. A conse-
quence of this is that some participants may provide a good 
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deal of data for a particular bin whereas others may leave 
that bin underrepresented. Also, if the true SAT function 
varies randomly trial-to-trial, accuracy will be overestimated 
at fast RTs and underestimated at slow RTs. Unfortunately, 
it is the short reaction times that are often the most impor-
tant when examining conflict resolution. This is because 
researchers are interested in investigating the latency at 
which fast, incorrect responses driven by prepotent or auto-
matic cognitive processing give way to slower, more goal-
directed responses. Additionally, as noted above, using free 
RT here still gives participants strategic control over when to 
respond and may not reflect the time course of the underly-
ing cognitive processing required to emit a response.

Response deadlines and/or payoffs

Another class of methods that has been used to empirically 
obtain SATs has been to use response deadlines and/or pay-
offs (Fitts, 1966; Pachella & Pew, 1968). Participants can be 
instructed to respond before some time deadline following 
stimulus presentation. This time deadline can be varied from 
one block of trials to the next and participants can be given 
feedback to ensure that they produce enough responses that 
fall below each deadline. An experimental manipulation that 
is somewhat similar is to give participants monetary payoffs 
for speed vs. accuracy. Correct responses can be rewarded, 
errors can be punished by taking away accumulated rewards, 
and these values can be proportional to RT. For example, 
participants can be paid P − k × RT for each correct response 
and punished −k × RT for incorrect responses. P and k can 
be varied in different blocks of trials to induce participants 
to respond at different speeds and with different accuracy 
rates (Swensson & Edwards, 1971). Although these methods 
allow researchers to plot SATs, they also leave a substan-
tial opportunity for participants to exert strategic control 
over how they are responding. Especially when payoffs and 
deadlines are blocked, participants may choose to adopt dif-
ferent strategies that vary systematically over the different 
conditions.

Response signals

To deal with some of the drawbacks in these SAT methods, 
some researchers have adopted what is often referred to as 
“the response-signal paradigm” (Reed, 1973). In a typical 
response-signal task, a stimulus is presented and is then 
followed at some short time lag by a signal that tells the 
research participant to initiate a response. This procedure 
allows the researcher to use the timing of the response sig-
nal as an independent variable and allows an examination 
of accuracy as the dependent measure. The timing of this 
response signal is usually varied randomly from trial to trial 

from very short times at which performance is at chance 
to long times at which performance reaches an asymptote.

Although this procedure may seem similar to tasks which 
employ a time deadline with a fixed lag following the stimu-
lus, it is much more difficult for subjects to adjust their strat-
egy as a function of the given processing time in that they 
are not informed of the timing before the trial begins. It is 
often assumed that a subject’s strategy does not vary in any 
controlled way. By varying the timing of the response signal 
relative to the timing of stimulus presentation from trial to 
trial, researchers can be more certain that a subject is in the 
same state following stimulus presentation at any given time 
across all trials up until the timing of the response cue.

The response-signal paradigm has been fruitful in exam-
ining a variety of cognitive processes in several domains 
including psycholinguistics, memory, and decision-making 
in perceptual tasks (e.g., McElree & Dosher, 1989; Ratcliff, 
2006; Ratcliff & McKoon, 1982). This has been especially 
true in investigations of component processes, like those 
in conflict tasks, that differ with respect to their underly-
ing time courses and may lead to competing responses. For 
example, long-term memory researchers have suggested 
that performance on recognition memory tasks is driven by 
two processes with different latencies: familiarity and recol-
lection (see Yonelinas, 2002 for a comprehensive review). 
Using a response-signal paradigm in concert with an item 
recognition task, McElree and Dosher (1989) showed that 
lures that were members of a previous, no longer relevant 
study list led to increased false alarm rates early in the time 
course of processing. When more ample time was given 
to make a response, these false alarms were eliminated. 
This finding was interpreted as familiarity initially driving 
responses, which is later corrected by the retrieval of items 
on the current study list. McElree (1998) later extended this 
finding to show that both episodic familiarity and semantic 
similarity can drive early false alarm rates using the response 
signal procedure. However, to our knowledge, the response-
signal paradigm has seldom been used to examine the con-
flict resolution process by applying it in conjunction with 
conflict tasks commonly used in the cognitive control litera-
ture (but see Hilchey et al., 2011 and Teichert et al., 2014).

A path forward

We believe a path forward in the study of conflict resolution 
is to move from RT as a dependent variable and instead 
treat it as an independent variable by adopting a significant 
variant of the response-signal paradigm which we call the 
“forced-response method.” A version of this method was 
one of the first response-signal paradigms ever reported 
(Schouten & Bekker, 1967), but it has never been widely 
adopted, likely due to its difficulty in administration prior 
to the use of modern computer-based stimulus presentation. 
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In the balance of this article, we outline the forced-response 
method and note its specific advantages for studying conflict 
resolution. To allay fears that adopting a forced-response 
method might alter the nature of the processing in conflict 
tasks, we additionally present evidence showing that using 
this method to study conflict preserves several of the classic 
effects observed when using the free-RT methodology.

Methods

The forced-response method involves fixing overall response 
time from trial to trial, varying the onset of stimuli prior to 
a demanded response, and observing response expression. 
In this way, the forced-response method differs importantly 
from the response-signal paradigm. As we comment above, 
with a typical response-signal paradigm there is constant 
uncertainty in when a response will be required. With the 
forced-response method, there is complete certainty as 

illustrated with the procedure shown in Fig. 1. Participants 
receive N equally spaced signals (e.g., an auditory beep or 
a visual cue presented every 500 ms) and are instructed to 
respond exactly at the onset of the final “go” signal. Pro-
cessing time (PT) is manipulated by varying the time from 
stimulus onset to the “go” signal, but response time is fixed 
on each trial by virtue of participants having to respond at 
the time of the “go” signal. So, the timing of the demanded 
response is always predictable on each trial and from trial 
to trial; however, which particular response is required is 
unknown until the stimulus appears. Response accuracy 
at each PT is the dependent measure. Next, we describe in 
detail an application of the forced-response method to an 
arrow flanker task.

Forced‑response flanker task

Participants  We recruited 137 participants from Prolific.co 
to participate in this study. Participants were compensated 

Stimulus

Response

PT

Cue0 ms 500 ms 1000 ms 1500 ms 2000 ms

Congruent Incongruent

> > > > > < < < < < > > < > > < < > < <
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Fig. 1   A schematic illustration of the forced-response flanker task. 
A shows the forced-response procedure. As a trial began, white ink 
filled 25% of each rectangle’s inner space every 500 ms, resulting in 
a fully filled rectangle at 2000 ms. Participants were asked to respond 
exactly when the two rectangles were completely filled, namely at 
2000 ms. The imperative stimulus appears unpredictably during the 
last 1000 ms of the countdown. B shows the task display at 2000 ms, 

at which participants must press the left or the right key to respond 
to the direction of the middle arrow. Note that although this figure 
shows an example where a response is made exactly at the time of the 
“go” signal, in all analyses PT is defined as the time from stimulus 
presentation to when a response was actually made (i.e., usually not 
at the exact time of the “go” signal)
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at a rate of $10 per hour for participating. Participants com-
pleted the forced-response flanker task (described in detail 
below) plus several questionnaires which are not relevant to 
the presentation of the method that is the topic of this paper. 
The duration for completing the forced-response task alone 
was about 35 minutes. Data from 11 participants were dis-
carded due to poor timing accuracy in producing a response 
at the “go” signal (< 30% of trials ±100 ms), leaving a total 
of 126 participants for analysis (mean age = 36.9, SD age = 
12.4, 64.3% female).

Task and experimental timeline  All experiments were 
programmed using PsychoPy and were run online using 
Pavlovia (Peirce et al., 2019). A demo of the experiment is 
available online: https://​run.​pavlo​via.​org/​hanzh/​forced-​respo​
nse-​flank​er-​demo.

The task consisted of two practice phases and one experi-
mental phase. In the first practice phase, participants trained 
for 40 trials on a free-response flanker task. On each trial, 
five arrows appeared on the screen and participants were 
asked to indicate the direction of the center arrow while 
ignoring the direction of the flanking arrows. They were 
instructed to press the “W” key (for left) or the “P” key (for 
right). There were two types of trials that appeared equally 
often: congruent trials (e.g., <<<<<<) and incongruent tri-
als (e.g., <<><<). Each arrow had a size of (.06, .06), with 
the unit being a percentage of screen height. On each trial, 
two outlined rectangles that had the same width as the row 
of arrows were also shown on the screen, one above and one 
below the arrows, as illustrated in the example presented 
in Fig. 1B. These outlined rectangles served as response 
signals in later phases of the task. The arrows appeared in 
between the two outlined rectangles as shown in the fig-
ure. The arrows remained on the screen until the response 
expression. Once a response was made, participants received 
feedback about their response accuracy. The feedback mes-
sage was displayed for 400 ms.

In the second practice phase, participants were given 30 
trials of training to learn to produce a response at the time 
of a “go” signal. In this phase, there were no arrows shown 
on the screen. Instead, on each trial the two outlined rectan-
gles were incrementally filled with white ink (see Fig. 1A). 
As a trial began, white ink filled 25% of each rectangle’s 
inner space every 500 ms, resulting in a fully filled rectan-
gle at 2000 ms. The filling began at the center of each rec-
tangle and expanded to the edges, and the rectangles were 
filled synchronously. The rectangles were removed from the 
screen after 2100 ms (i.e., 100 ms after the “go” signal). 
Participants were instructed to respond exactly when both 
rectangles were filled with white ink, (i.e., 2000 ms). Par-
ticipants were told that they could respond with either the 
W key or the P key, but they were encouraged to practice 
timing with both keys. After each trial, participants were 

given feedback for 1000 ms about whether they responded 
too quickly (< 1900 ms from the start of the trial), too slowly 
(> 2100 ms), or with perfect timing.

The experimental phase was a combination of the two 
practice phases (see Fig. 1A). Participants performed 10 
blocks of 48 trials of the flanker task with forced-response 
timing and with stimulus presentation time that was uni-
formly varied prior to the “go” signal. As in the first practice 
phase, participants were asked to respond to the direction 
of the center arrow using the “W” and “P” keys. As in the 
second practice phase, participants were asked to respond 
exactly when the two rectangles were filled with white ink 
(i.e., 2000 ms). The onset time of the arrows was selected 
with replacement from a uniform distribution between 1000 
ms and 2000 ms in increments of 20 ms, with the value on 
each trial unpredictable. In other words, the arrows would 
appear at a random time within one second before the “go” 
signal. This approach allowed us to measure the accuracy of 
responses when the exact amount of time allowed for stimu-
lus processing and response preparation was controlled. The 
entire display (rectangles and arrows) was removed 100 ms 
after the “go” signal. After each trial, participants received 
feedback about their timing accuracy, as in the second prac-
tice phase. After the feedback, there was an intertrial interval 
of 1000 ms before the next trial began. Participants were 
not given feedback on their response accuracy in an effort 
to reduce sequential effects and changes in strategy due to 
feedback. For example, it is well known that people tend 
to slow down responses following errors. Delays in emit-
ting a response are particularly problematic for our forced-
response studies as there is a timing criterion (±100 ms) and 
we are specifically interested in examining the time course of 
cognitive processing (see Adkins et al., 2024 for a discussion 
of post-error effects in forced response paradigms).

Analysis  We define processing time (PT) as PT = RT − t, 
where RT is the time of the response relative to the start of 
the trial and t is the time of stimulus onset. For example, if 
on a given trial the stimulus appeared at 1500 ms from the 
start of the trial, and the response was made at 2050 ms, PT 
is then calculated as 2050 − 1500 = 550 ms. This calcula-
tion method accounts for the fact that participants are not 
always accurate in responding exactly at the “go” signal, and 
it reflects the actual time it took for participants to generate 
a response. Note that a negative PT occurred when partici-
pants responded before the stimulus appeared. We removed 
trials if PT was smaller than 0 ms or greater than 1000 ms 
(3.99% of trials).

The data produced by the forced-response method consist 
of response accuracies and their corresponding processing 
times. This type of data can be analyzed in many differ-
ent ways at either the group or individual level, including 
binning by PT, sliding window analyses, and/or fitting 

https://run.pavlovia.org/hanzh/forced-response-flanker-demo
https://run.pavlovia.org/hanzh/forced-response-flanker-demo
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computational models (e.g., Adkins et al., 2024; Adkins & 
Lee, 2023; Hardwick et al., 2019). Here we present analy-
ses using SMART, a state-of-the-art technique for recon-
structing the time course from one-sample-per-trial data, 
which also permits statistical analysis of the accuracies (van 
Leeuwen et al., 2019). Simply put, the method involves first 
smoothing the data of each participant and then using a 
weighted average to construct a group-average time course. 
Furthermore, a cluster-based permutation test can be used 
to examine differences between time courses or from a base-
line. Python scripts for implementing the SMART method 
can be found at the project’s OSF website: https://​osf.​io/​
qa2uc/.

Results

The relationship between response accuracy and PT for 
congruent and incongruent trials, as analyzed using the 
SMART method, is shown in Fig. 2. Several features in 
these data are worth highlighting. First, when PT is short 
(before approximately 200 ms), response curves are no dif-
ferent from chance (50%). This suggests that on these trials, 
participants were simply guessing as there was little time 
for any meaningful processing of the stimulus to take place.

The most intriguing feature of this plot appears at inter-
mediate levels of PT. On congruent trials, response accuracy 
rose monotonically from chance as PT became longer. By 
contrast, on incongruent trials, response accuracy initially 
decreased from chance as PT increased, followed by a recov-
ery in response accuracy at longer PTs. A cluster-based per-
mutation test shows that response accuracy for incongruent 
trials was significantly below 50% from 236 to 415 ms, with 
a nadir at 367 ms. In essence, for incongruent trials, there 
exists a period when accuracy worsened despite longer pro-
cessing times. This time window reflects the influence of 
the prepotent, automatic response that eventually gives way 
to the goal-directed response when more time is allowed for 
processing.

Using a cluster-based permutation test, we also deter-
mined that the two curves diverged significantly starting at 
227 ms. If we define the flanker interference effect as the 
difference in accuracy between congruent and incongruent 
trials, then this point of divergence represents the earliest 
time point when the flanker interference effect emerges. At 
391 ms, the two curves reached their maximum divergence 
with a difference in accuracy rate of 44.9%. Following the 
same definition, this point represents when the flanker inter-
ference effect was the strongest.

To illustrate the advantage of the forced-response method 
relative to the free-response method, let us compare the 

Fig. 2   Response accuracy as a function of PT. The relationship 
between processing time (PT) and response accuracy in the forced-
response flanker task. In the top panel, the shaded area between the 
two curves indicates the period of significant divergence in accura-
cies for congruent and incongruent trials. The black segment on the 
incongruent curve represents the period when accuracy for incongru-

ent trials was significantly below 50%. Confidence bands indicate a 
95% confidence level. In the bottom panel, the teal distribution rep-
resents PTs. For comparison, the green distribution shows RTs in the 
incongruent condition for the same participants completing a free-RT 
practice block

https://osf.io/qa2uc/
https://osf.io/qa2uc/
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distributions of PTs and free RTs. In the bottom panel, the 
teal distribution represents the distribution of PTs in this 
task, which is roughly uniformly distributed by design. For 
comparison, the green distribution shows free RT in the 
incongruent condition for the same participants complet-
ing a free-RT practice block. The bulk of the distribution 
of free RT is located after the largest interference effect, as 
revealed by the forced-response analysis. Indeed, the maxi-
mally divergent point (391 ms) has a percentile rank of only 
2.28% in this free-RT distribution. In other words, the free-
RT distribution missed the bulk of the time period when 
the flanker effect was the strongest according to our forced 
response paradigm. But the forced-response method by its 
very design captures this effect and samples this time point 
relatively densely.

Finally, response accuracy on incongruent trials never 
recovered to the same level as that on congruent trials. For 
incongruent trials, response accuracy appears to have pla-
teaued after roughly 750 ms of PT, even though there is still 
“room for improvement” (accuracy at PT = 750 ms was 
91.2 % for incongruent trials and 96.4% for congruent tri-
als). This suggests a lingering effect of response conflict 
despite sufficient time to process the stimuli. Of course, if we 
had extended PT beyond 1000 ms, this difference between 
congruent and incongruent trials may have been reduced. 
Indeed, consider the thought experiment of giving partici-
pants as long as 10 sec of processing time. By that time, it is 
likely that accuracy for the congruent and incongruent trials 
would be nearly if not entirely identical.

To summarize, the forced response method offers a more 
nuanced understanding of response conflict dynamics than 
the traditional free-RT method. By systematically varying 
the time between stimulus onset and response, this approach 
uncovers the complete time course of the flanker interference 
effect, from its early emergence to its peak, and its lingering 
presence even with extended processing time.

Next, we assess several aspects of the forced-response 
paradigm that speak to the validity of the method.

Timing accuracy

One might wonder to what extent participants can be forced 
to respond at a specific time. Figure 3 shows the distribu-
tion of when participants emit their response relative to the 
start of each trial in this task. These responses were gen-
erally centered around the “go” signal (2000 ms), with a 
mean of 2017 (Fig. 3A). Of course, it is virtually impos-
sible to force a response at precisely the “go” signal. There 
was variance around this value with a standard deviation 
of 128 ms. Nevertheless, we consider this standard devia-
tion to be quite small relative to that of a canonical free-
RT distribution. Overall, 67.68% of the trials were judged 

as “on time,” meaning that participants responded within 
an arbitrarily defined 100-ms margin of error. In contrast, 
12.70% of the trials were “too fast,” meaning that partici-
pants responded more than 100 ms prior to the “go” signal, 
whereas 19.62% of trials were "too slow,” meaning that par-
ticipants responded more than 100 ms after the “go” signal.

Recall that the calculation of PT is based on the time from 
stimulus onset to the actual time the response was emit-
ted rather than when the “go” signal actually occurred (i.e., 
2000 ms), which accounts for the variation in the distribu-
tion of responses around the timing goal. It is also important 
to emphasize that the decision to categorize responses as 
"fast,” "slow,” and "on time" was arbitrary. The purpose of 
this was simply to display a feedback message after each 
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trial so that participants could adjust their response timing 
accordingly. Therefore, it may not be appropriate to simply 
discard “fast” and “slow” trials during data analysis. We 
recommend a sensitivity analysis to examine the potential 
impact of the timing criterion on the results. We provide an 
example of such an analysis in the next section.

We also examined the relationship between the time of 
stimulus onset and the timing of responses with respect to 
the “go” cue (see Fig. 3B). We fit a linear mixed model 
with the time of stimulus onset, the time of response, and 
their interaction term as fixed effects. Additionally, the 
model included random intercepts and random slopes for 
each combination of participant and congruency. We found 
that there was a significant positive relationship between 
stimulus onset and the timing of responses (β = 0.239, t 
= 18.471, p < 0.001). That is, when the stimulus was pre-
sented earlier in a trial, participants responded slightly faster 
relative to the “go” cue. However, we did not find a signifi-
cant effect of congruency on the timing of responses (β = 
0.021, t = 0.791, p = 0.43) nor did we find a significant 
interaction between congruency and stimulus onset time (β 
= −0.005, t = −0.298, p = 0.77). Given that we did not 
observe any difference between congruent and incongruent 
trials with respect to the influence of stimulus onset time, 
it is unlikely that participants were strategically delaying 
their responses in a way that would impact our measure of 
conflict resolution.

Sensitivity analysis of the timing criterion

We varied the timing criterion from ±25 to ±400 ms in 
increments of 5 ms. These criteria encompass a range 
from 22.8% to 98.8% of the entire distribution of responses 
depicted in Fig. 3. For each cutoff point, we constructed 
group-average time courses using the SMART method and 
calculated the nadir of the incongruent condition, referring 
to the point at which accuracy was lowest. The results are 
displayed in Fig. 4. As illustrated in the figure, the time 
courses based on different timing criteria are strikingly 
similar. The nadir distribution centers around 367 ms, which 
is the original value calculated based on “on-time” trials. 
These results reinforce the argument against simply discard-
ing “too fast” or “too slow” trials: What truly matters is 
not whether participants were actually on time, but rather 
whether they were attempting to be on time.

Does the forced‑response method change 
the nature of the task?

The forced-response method requires participants to resolve 
response conflict while at the same time monitoring when 
to emit their responses at the proper time. One might won-
der whether this dual-task situation yields performance in 

conflict tasks that is fundamentally different from perfor-
mance that would be seen with free responding. To examine 
this issue, we selected three variables that are well known to 
modulate the congruency effect in free-response tasks, and 
we examined whether qualitatively similar effects can be 
observed using the forced-response task. The three variables 
are distractor salience, conflict frequency, and previous-trial 
congruency.

Distractor salience  In the flanker task, a larger interference 
effect (i.e., poorer performance on incongruent vs. congru-
ent trials) can be obtained by increasing the salience of the 
flanking arrows relative to the center arrow (Zeischka et al., 
2011). We recruited 45 participants from Prolific.co to com-
plete a forced-response flanker task with a distractor salience 
manipulation. Data from six participants were discarded due 
to poor performance (accuracy less than 50%, less than 30% 
of trials on time, or more than 15 trials in a row not being 
on time). Participants were randomly assigned to one of two 
conditions: low salience (N = 20) or high salience (N = 
19). In the low distractor-salience condition, the flanking 
arrows were smaller than the center arrow (flanking arrows: 
(.04, .04), center arrow: (.08, .08), unit: percentage of screen 
height). In the high distractor salience condition, the flanking 
arrows were larger than the center arrow (flanking arrows: 
(.08, .08), center arrow: (.04, .04), unit: percentage of screen 
height). In addition, there were two minor differences from 
the task described above. First, the feedback message was 
displayed only when participants were too slow or too fast. 
Second, the intertrial interval randomly varied between 0 to 
1 second. All other aspects of the task were the same as the 
original task.

Fig. 4   The time course of response accuracies for different timing 
criteria. Each line represents a distinct timing criterion (ranging from 
±25 to ±400 ms in increments of 5 ms). The inset panel displays the 
distribution of the nadir across various timing criteria
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To facilitate comparison, we computed the average 
response accuracy for each condition, aggregating across 
all PTs (see Fig. 5A). The data were then analyzed using a 2 
(trial type: congruent/incongruent) × 2 (distractor salience: 
high/low) analysis of variance (ANOVA). The results of the 
ANOVA show a statistically significant interaction between 
trial type and distractor salience (F(1, 37) = 5.90, p = 0.020, 
�
2

p
 = 0.14). This was driven by a larger interference effect 

when distractor salience was high (0.045 difference in accu-
racy rate), a result that is similar to what the literature has 
shown for free response situations (Zeischka et al., 2011).

Conflict frequency  Previous research has shown that 
increasing the proportion of incongruent trials leads to 
smaller interference effects (Logan, 1980). We recruited 61 
participants from Prolific.co to complete a forced-response 
flanker task with a conflict frequency manipulation. Data 
from seven participants were removed due to poor perfor-
mance (accuracy less than 50%, less than 30% of trials on 
time, or more than 15 trials in a row not being on time). Par-
ticipants were randomly assigned to one of two conditions: 
low conflict frequency (N = 36) or high conflict frequency 
(N = 18). In the low conflict-frequency condition, congru-
ent trials had a 70% chance of appearing on each trial and 
incongruent trials had a 30% chance. In the high conflict-
frequency condition, congruent trials had a 30% chance 
of appearing, and incongruent trials had a 70% chance of 
appearing on each trial. All arrows had an equal size of (.06, 
.06). All other aspects of the task were the same as those of 
the distractor salience task.

We again computed the average response accuracy for 
each condition, aggregating across all PTs (see Fig. 5B). A 
2 (trial type: congruent/incongruent) × 2 (conflict frequency: 
high/low) ANOVA show a statistically significant interaction 

between trial type and conflict frequency (F(1,52) = 6.48, 
p = 0.014, �2

p
 = 0.11). Again, this pattern of results mimics 

what the literature has documented for free response tasks 
(Logan, 1980): interference effects are smaller when conflict 
frequency is high (0.074 difference in accuracy rate).

Previous‑trial congruency  The effect of previous-trial 
congruency on the congruency effect, or the “congruency 
sequence effect” (CSE), is the observation that congruency 
effects are typically smaller following incongruent trials than 
following congruent trials (Gratton et al., 1992). For this 
variable, we simply reanalyzed the forced-response flanker 
data reported in the previous section with the addition of 
previous-trial congruency (N = 126).

We observed a CSE effect using the forced-response 
flanker task (see Fig. 5C). A 2 (current trial congruency: 
congruent/incongruent) × 2 (previous-trial congruency: con-
gruent/incongruent) show a statistically significant interac-
tion between current and previous-trial congruency (F(1, 
125) = 7.34, p = 0.008, �2

p
 = 0.06). Once again, this mimics 

the results from free response experiments (Gratton et al., 
1992): interference effects are smaller following incongruent 
trials (0.023 difference in accuracy rate).

In short, we have compared results from the forced-
response method to previously documented results using 
free-response methods, and we found qualitatively similar 
outcomes in all cases: Greater salience of the distractors 
resulted in more interference; lower distractor frequency 
resulted in more interference; and the CSE effect was dem-
onstrated. We take these data to indicate that in spite of 
the forced-response method requiring a “dual-task” on the 
part of participants, this method does not do injustice to the 
underlying interference effect in the flanker task.
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Discussion

The forced-response method we advance here can be fruit-
fully used to explicitly examine speed–accuracy trade-off 
functions in a variety of conflict resolution tasks to gain 
greater insight into the mechanisms of cognitive control. 
We show that the effects of classic manipulations that 
affect behavior in free-RT paradigms are preserved when 
accuracy is examined using the forced-response technique. 
We found that increasing the salience of the distractor led 
to worse accuracy, especially on incongruent trials. We 
also observed the classic conflict-frequency effect wherein 
a high proportion of incongruent trials leads to a reduc-
tion in interference and relatively improved performance 
on incongruent trials. Finally, we observed a congruency-
sequence effect whereby an incongruent trial leads to 
improvement in performance if the subsequent trial is also 
incongruent, but a worsening in performance if the subse-
quent trial is congruent. These findings give us confidence 
that the forced-response method does not fundamentally 
change the nature of cognitive processing seen in conflict 
tasks with free RT and allows researchers to empirically 
observe how the speed–accuracy trade-off function shifts 
with respect to independent variables of interest. Com-
pared with free-RT tasks, the forced-response method 
is RT-irrelevant, accuracy-based, and provides a more 
nuanced look into the dynamics of conflict resolution.

The advantage of speed–accuracy trade‑off 
methods

Arguments for the superiority of explicitly measuring 
speed–accuracy trade-offs relative to free-RT experiments 
are not new (e.g., Wickelgren, 1977). However, it seems 
that the force behind these arguments has diminished over 
time, or perhaps they have just been forgotten as the vast 
majority of experimental psychology experiments over 
the last several years have employed free-RT measures. 
In addition to some of the issues we raised in the intro-
duction, the basic issue is that participants can trade their 
accuracy for speed such that any mean value of reaction 
time is possible for any task depending on what level of 
accuracy participants set as their criterion. Unless accu-
racy is carefully measured, mean RT is not a good indica-
tor of task difficulty or the time it takes for the cognitive 
processes of interest. Often researchers seek to have par-
ticipants maintain an extremely high level of accuracy so 
that RT differences are more interpretable. Unfortunately, 
if one simply observes the form of a speed–accuracy trade-
off function, it is exactly at near ceiling levels of accuracy 
where one would expect to observe large variation in RT 

with negligible changes in accuracy (Pachella, 1974; Reed, 
1973; Wickelgren, 1977). That is, very small changes in 
accuracy may lead to RT differences that might be larger 
than RT differences due to independent variables of inter-
est. The forced-response method we advance here wrests 
control of the speed–accuracy criterion away from our 
participants back to the experimenter and obviates these 
concerns.

Forced‑response versus other response signal 
paradigms

As we outline in the introduction, there are several different 
methods that can be used to empirically obtain speed–accu-
racy trade-off functions (e.g., response deadlines, response 
signals, etc.). While the forced-response method is quite 
similar to response signal methods used in previous litera-
ture, there are particular advantages and disadvantages to 
each approach. The response signal method used most often 
in previous work presents a stimulus at the start of each trial 
and varies the timing of a response signal (usually an audi-
tory tone) that cues the participant to respond immediately. 
From trial to trial, there is uncertainty about when a response 
is to be emitted, but full certainty about when a stimulus will 
appear. Although lags in responding to the response signal 
in these paradigms are usually quite short (~ 200 ms), this 
may make it difficult to effectively sample the earliest state 
of cognitive processing following a stimulus. For example, 
one of the only prior efforts that has attempted to combine 
the response signal paradigm with a conflict task was unable 
to get participants to reliably respond within ~300 ms of 
stimulus presentation (Hilchey et al., 2011).

In the forced-response method, there is full certainty 
about when to respond on each trial, but there is uncertainty 
about when the stimulus will appear and what response will 
be required. This approach could make sampling short PTs 
more effective, but also has its own drawbacks. There could 
be a concern that stimuli presented early on in a trial (long 
PT) could be processed differently than those presented later 
on in a trial (short PT) as participants have more certainty 
about how much time they will have to process the stimu-
lus and make a response as the trial unfolds. The forced-
response method might also not be ideal for studying tasks 
that require relatively long amounts of processing time to 
reach asymptotic levels of accuracy. To keep the response 
cues (filling rectangles here) consistent across the experi-
ment, each trial needs to be as long as the longest processing 
time the researcher would like to sample from. This could 
make a complete session take an infeasible amount of time. 
Nevertheless, both the standard response signal approach 
and the forced-response method yield the same type of data 
(the underlying time course of processing), and researchers 
should carefully consider whether one approach would be 
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more appropriate to the tasks used in studying the cognitive 
processes of interest.

Application to other conflict and dual‑process tasks

While the results presented here combine the forced-
response task with classic interference resolution tasks 
in cognitive psychology, we believe that this and other 
response-signal methods can be fruitfully extended to any 
task that seeks to examine dual processes that have different 
latencies and competing responses. For example, the most 
frequent use of the response signal paradigm in the extant 
literature has been to examine memory processes (Benja-
min & Bjork, 2000; Hintzman & Curran, 1994; McElree 
& Dosher, 1989; Öztekin & McElree, 2007, 2010; Wick-
elgren et al., 1980). Specifically, these studies have been 
interested in dissociating the contribution of familiarity (a 
fast, automatic process) and recollection (a slower, con-
trolled process) to performance on recognition memory 
tasks. By ensuring that familiarity and recollection corre-
spond with competing responses, researchers have been able 
to reveal the time course of each process and their relative 
contribution to performance in a variety of situations. The 
forced-response method could similarly be used to examine 
memory processes such as these.

Many visual search tasks involve visually scanning an 
array of stimuli for a target stimulus with salient compet-
ing distractor stimuli. Researchers who are interested in the 
dynamics of distractor and target processing could adopt the 
forced-response methodology to fruitfully examine the time 
course of both automatic attention capture and more endoge-
nous, goal-oriented attention (e.g., Zhang et al., 2024). Addi-
tionally, a recent study applied the forced-response method 
to look at how trained stimulus–response mappings affect 
goal-directed processing when stimulus–response relation-
ships are remapped (Hardwick et al., 2019). There are also 
many applications of this methodology outside of the strict 
domain of cognitive psychology. Dual-process models in 
social psychology have been used to explain stereotyping 
using tasks such as the implicit-association task and dual-
process models in behavioral economics are often invoked 
to explain reasoning and decision-making in a variety of 
contexts such as delayed discounting. The application of the 
forced response method might provide insights that would 
not be possible using standard tasks in these domains.

Compared with the traditional free-RT approach, the 
forced-response method is capable of revealing a compre-
hensive time course of conflict resolution. The data this 
method returns allows for several different ways in which 
one could conceptualize and measure conflict resolution. For 
example, the nadir of accuracy on incongruent trials (the 
“dip”), the total area enclosed between the congruent and 
incongruent curves, or the earliest timepoint in which the 

two curves diverge could all reflect unique aspects of the 
conflict resolution process. The richness of this information 
gives us a more in-depth view of conflict resolution than a 
simple RT difference score.

The current analyses all report effects of interest at the 
group level. However, it is certainly possible to analyze data 
generated by the forced-response method for a single par-
ticipant if individual differences are of interest. Although 
beyond the scope of the current manuscript, future work 
could examine whether data obtained via this method 
are more reliable within an individual relative to free-RT 
methods.

Limitations

Like any method used in cognitive psychology, there are still 
some potential limitations for the forced-response method. 
The method requires a large number of trials to produce 
the sort of speed–accuracy trade-off curves shown in Fig. 2 
relative to free-RT experiments that simply seek to measure 
a mean RT. This is because the entire time course of pro-
cessing must be sampled to allow for inference. Trials that 
are not “on time” either need to be thrown out or accounted 
for when drawing inferences about the nature of cognitive 
processing at a particular processing time (although see our 
analysis above showing that what criterion one uses has very 
modest effects on the outcome). Additionally, there might 
still be concern that the forced-response method changes the 
nature of the task. Since participants are required to resolve 
conflict while monitoring their timing, one might wonder if 
this yields a dual task that differs in performance observed 
using free response. However, this concern should be miti-
gated somewhat by our experiments above showing clas-
sic findings in conflict resolution using the forced-response 
method. Although the effect sizes we report for these effects 
(i.e., distractor salience, conflict frequency, previous-trial 
congruency) are quite robust, they are somewhat weaker 
than the effect sizes reported when using free RT as the 
dependent variable as in prior work (e.g., Blais & Bunge, 
2010). This attenuation is at least partially driven by the 
fact that there is a limited overall congruency effect to be 
modulated at the short PTs where participants are simply 
guessing and at the longer PTs where accuracy has reached 
its asymptote. Researchers who are interested in using the 
forced-response method to investigate these effects could 
consider more densely sampling PTs from the critical win-
dow where the congruency effect is the largest to magnify 
the overall effects of interest.

At very short processing times at which the stimulus 
appears just before a response must be emitted, responding 
accurately or responding on time is a special challenge. This 
is illustrated in the bottom panel of Fig. 4, which shows a 
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drop in the proportion of PTs at early time points. Although 
these responses should essentially leave participants at 
chance performance, a critical number of trials is required to 
establish this with a high level of confidence. There also may 
be concerns that when the error rate across the experiment is 
high, participants might change their response strategy due 
to a high number of errors. Although this concern is again 
somewhat allayed by the fact that our method can reproduce 
classic effects in the cognitive control literature, researchers 
should bear in mind that the error rate in a forced response 
experiment may be much higher than tasks they typically 
use and may alter participants’ strategies. If this is of con-
cern, it can be mitigated by oversampling longer processing 
times where accuracy is expected to be higher. Finally, as 
is the case with response-signal methods, participants have 
to withhold their response until the cue at longer process-
ing times. Researchers should again interrogate whether 
this situation is too distinct from the real-world situations 
in which they are interested, and whether using the forced-
response method would fundamentally change the nature of 
the relevant cognitive processing.

Conclusion

As we reviewed, the response-signal method is a true 
advance in the study of cognitive control in that it provides 
a view of the entire chronometric course of processing in a 
task. However, its limitation is that there is uncertainty on 
the part of participants about when a response has to be emit-
ted. What we have proposed here is a significant variant of 
the response-signal method that eliminates this uncertainty 
in response production. Participants learn through training to 
emit a response when it is demanded using this method, and 
by varying the timing of the onset of the stimulus that they 
must process, we preserve the value of the response-signal 
method in that we can trace out the entire course of process-
ing from start to finish as opposed to free-RT methods that 
provide information at just one slice of time. We recommend 
application of the forced-response method to a variety of 
tasks for which it is appropriate, ones in which a prepotent 
response competes with a goal-directed response. Apply-
ing it to these tasks should enrich our understanding of the 
underlying cognitive processes that are engaged.
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