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In repetitive tasks, latencies typically display non-random variation called 1/f noise, but the magnitude of 1/f
noise can depend on effort. Between-participant variation in 1/f noise might therefore predict differences in
performance for tasks that are sensitive to effort. Feedback was manipulated to suggest that participants had
(or had not) shown bias on a preliminary task. Participants then completed a computer-based measure of
prejudice. Consistent with an ironic process account, participants who were falsely informed that they had
shown bias ultimately did show increased prejudice. But ironic processes should depend on control-related
effort. Taking 1/f noise as a proxy for effort, results show that the effect of the feedback was moderated by 1/f
noise. Participants demonstrating a low-effort 1/f pattern were unaffected by the manipulation (!p

2b .01),
whereas those demonstrating a high-effort 1/f pattern showed larger effects (!p

2=.19). Results thus suggest
that 1/f noise can provide novel explanatory power regarding behavior.

© 2011 Elsevier Inc. All rights reserved.

Whether they are looking for constellations in the night sky or
trends in the stock market, people search for patterns in the en-
vironment. This quest for order in a complex world may constitute a
primary motivation (Proulx & Heine, 2009) and a basic capacity of the
human mind (McClelland, Rumelhart, & the PDP Research Group,
1986). In similar fashion, the current research seeks to identify subtle
patterns of non-random variation in one of psychology's favorite de-
pendent measures, response times (RTs). But this study goes beyond
mere identification of this pattern, and ultimately tests the possibility
that this pattern actually predicts behavior.

Long ago, Jean Baptiste Joseph Fourier (1808) showed that complex
and (otherwise) mathematically intractable data can often be decom-
posed into a set of simpler, mathematically tractable components. This
decomposition is critical to a number of fields that explore complex
phenomena because, by allowing researchers to quantitatively analyze
the simple components, Fourier analysis sheds light on the complex
phenomena from which those components were derived.

By way of example, imagine a participant who completes a 200-
trial computer task, pressing a button whenever a stimulus appears.
Her average RT is 500 ms, but on some trials she is relatively fast and
on others she is relatively slow. A researcher may wonder whether
those trial-to-trial fluctuations occur randomly (is there or is there not
anything systematic about these deviations from the mean?). Fourier
analysis might address this question by treating the RT data as a noisy
waveform, in which RT fluctuates across trials (Fig. 1, panel A), and
decomposing this wave into its sinusoidal components (panel B).

Because the components vary on only a few dimensions (i.e., ampli-
tude, frequency and phase), the waves can be analyzed quite easily,
revealing critical characteristics of the original trial series. For ex-
ample, the frequency and power (power is a function of amplitude)
can be presented in a scatterplot called a power spectral density (PSD)
chart (panel C).

Random waveforms should produce random components. If RTs
fluctuate in a purely randommanner, the frequencies and amplitudes of
the component waves should vary randomly, too (i.e., independently).
Analysis, however, typically reveals a negative relationship (e.g., the
negative slope in panel C). This systematic relationship suggests that the
RTs do not fluctuate randomly. Though the raw RTs seem to bounce
around meaninglessly, Fourier analysis reveals a subtle pattern that
characterizes a range of RT tasks (Gilden, 2001; Holden, Van Orden, &
Turvey, 2009), and numerous other phenomena from dripping faucets
to tidal currents (Bak, 1990). The pattern is sometimes called 1/f noise
because amplitude varies as a functionof the reciprocal of frequency: 1/f.

A 1/f pattern may seem like no more than a bizarre epiphenom-
enon— ubiquitous but meaningless, like the tendency for toast to land
butter-side-down when dropped (cf. Matthews, 1997). It is one thing
for a pattern to exist, but something else for that pattern to predict
something important. Rather than simply demonstrating the exis-
tence of 1/f noise, the current work seeks to show that researchers can
actually utilize 1/f noise to predict or account formental processes and
human behavior.

For 1/f noise to have this kind of explanatory power, it must
correspond to mental operations in some way. Previous work has
indeed shown that 1/f noise decreases when participants exert effort
(Correll, 2008). Participants in one study performed a computer task
designed to measure racial bias. Some were simply asked to perform
the task well (a control condition). Others were instructed to try to
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avoid showing bias on the task, and a third group was instructed to try
to showmore bias (this was a replication of Payne, Lambert, & Jacoby,
2002). Although their goals differed, both experimental conditions
were thus asked to exert additional effort in an attempt to moderate
their behavior. These high-effort participants showed reductions in 1/
f noise — flatter PSD slopes, more like random variation. These results
are important because they suggest a correspondence between a
psychological process (effort) and the manifestation of 1/f noise.

Leaving 1/f noise aside for the moment, this study demonstrated a
second critical effect. Consistent with Payne's original results (Payne
et al., 2002), participants in the avoid-race condition showed somewhat
greater bias than controls— their efforts backfired. Payne attributed this
effect to an ironic process, drawing on Wegner's (1994) model, which
suggests that when people try to control their mental contents, they
invoke two distinct processes. First, a monitoring process sensitizes
people to thoughts that are discrepant with their current goals. For
participantswith the goal of avoiding racial bias, a Black facemay trigger
a kind of mental alarm, increasing the accessibility of thoughts about

race andprejudicebecause those thoughts represent a clear threat to the
goal. Thismonitoringprocess is relatively fast and effortless, functioning
“automatically” even in difficult tasks. Second, an operating process
strives to effortfully anddeliberatelybring thoughts back in linewith the
goal, for example by calling to mind positive thoughts about Black
people. This deliberative modification of mental contents may be
difficult in the context of a computer task that requires rapid responses,
and as a result, the operating process may fail. If the monitor succeeds
and increases the accessibility of prejudicial thoughts, but the operating
process fails to strategically revise those thoughts, an intentional effort
to avoid showing biasmay increase prejudice, in direct opposition to the
participant's goal. Critically, this ironic process depends on the extent to
which the participant makes an effort to regulate behavior. When
participants are more anxious or stressed, for example, ironic processes
increase (Amodio, 2009; Lambert et al., 2003). If the participant makes
little effort, neither the monitor nor the operating process will be
engaged, and no ironic increase in bias should emerge.

Having established that 1/f noise (a) exists and (b) is sensitive to
effort, the current work attempts to utilize an ironic process account to
test the proposition that (c) researchers can utilize 1/f noise as a
predictor of behavior. In other words, 1/f noise – a “hidden” pattern
culled from residual RT data – may provide meaningful information
about human behavior. Participants in the present study completed a
measure of racial attitudes. After a practice phase, they received bogus
feedback about their performance. Participants in a “Fair” condition
were informed that they had shown no bias, and those in a “Bias”
condition were informed that they had shown “anti-Black” prejudice.
Two hypotheses guided this work. On average, the bogus feedback
should affectperformance. If participants in the “Bias” condition attempt
to detect and avoid using racial cues, the monitoring process should
ironically increase the salience of prejudicial thoughts — the very
thought participants are trying to ignore (Wegner, 1994). Accordingly,
their efforts may backfire and generate more extreme anti-Black bias
(H1) (Correll, 2008; Hausmann& Ryan, 2004; Payne et al., 2002). But, as
noted above, ironic processes should only emerge to the extent that
participants make a concerted effort to control their behavior. Some
participants may be highly focused on regulating their behavior, and
they should show pronounced ironic process effects; other participants
may exert minimal effort, and the “Bias” feedback should have little or
no impact on their performance. In contrast, participants in the “Fair”
condition (who have been informed that they are unbiased) should be
less concerned about detecting and counteracting racist thoughts
because the feedback should minimize their concern over appearing
biased. Accordingly, even if these participantsmake an effort to perform
well, they should exhibit no ironic process effects. If the ironic con-
sequences of feedback depend on task-focused effort, and if 1/f noise
varies as a functionof thateffort, it stands to reason that the ironic effects
of feedback will be more pronounced among participants whose 1/f
profile suggests greater effort. In essence, 1/f noise shouldmoderate the
effect of condition, helping to explain why the feedback manipulation
has a greater effect for some participants and weaker effect for others
(H2). Rather than treating 1/f noise as a dependent variable (as in
previouswork), the current study thus examines 1/f noise as a predictor,
testing thepossibility that between-participant variation in 1/fnoise can
account for differences in behavior. It is certainly possible that the
feedback may, itself, affect 1/f noise (for example, participants in the
“Bias” conditionmaybemotivated to exertmore effort thanparticipants
in the other conditions), but the goal of the present study was to
manipulate feedback orthogonally to effort. Though participants were
given feedback, they were free to respond as they saw fit. Regardless
of condition, some might respond with a concerted effort, others
might disengage entirely. This variability in effort is critical because
the goal of the paper is to test whether variability in effort (as indexed
by1/fnoise)moderates theeffect of the feedbackmanipulation. To serve
as a moderator, effort must vary between participants in the same
condition.

Fig. 1. Simulated RT data over multiple trials (Panel A) are decomposed into sinusoidal
component waves (Panel B), represented in a power spectral density (PSD) chart
showing a scatterplot of the power and frequency of each component (Panel C).
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Methods

Participants and design

University of Chicago students (42 female, 23 male, mean
age=20.95) participated for course credit. Forty-five reported their
race as White, 7 as Black, and 13 as Asian. Black participants were
excluded from analyses. Two participants in the control condition
were identified as outliers (Cook's DN .28), and one participant in the
“Fair” condition emerged as an outlier in the analysis of 1/f slopes
(Cook's D=.19). They were excluded from analyses, leaving a sample
of 55, but their retention does not affect the 4-way interaction
reported below.

Each participant was randomly assigned to one of three conditions,
which determined the feedback they received after the practice phase.
Twenty-two participants were assigned to the “Bias” condition, 16 to
the “Fair” condition, and 17 to a control condition. All participants
performed a task in which they judged positive and negative words
paired with either a Black or a White face. This study involved a 3
(Feedback Condition: “Bias,” “Fair,” Control)!2 (Word Valence:
positive, negative)!2 (Face Race: Black, White) mixed-model design,
with the last two factors varying within participant.

Materials

Visual stimuli were presented on Apple eMacs. On each trial, a
500-ms fixation cross appeared at the center of the screen. Next, two
stimuli appeared simultaneously. At the center of the screen, a face
appeared. 4 Black and 4 White faces were cropped above the eye-
brows and below the nose to form rectangles 270 pixels wide by 200
pixels high. A randomly chosen word (from a set of ten positive and
negative words: cheer, happy, gentle, sunrise, laughter, grief, death,
poison, tragedy, sickness) appeared next to the face, at a randomly
selected corner. Participants were instructed to identify the valence of
the word, pressing A for positive and L for negative. RTs greater than
1000 ms and errors prompted a 500-ms message in red (Please
respond more quickly! or XXX, respectively). Participants initially read
instructions describing the task as a measure of racial attitudes. They
then completed a 32-trial practice phase.

Key feedback appeared after the practice phase. Participants
received one of three messages, which constituted the experimental
manipulation. Participants in the “Bias” feedback condition received
information suggesting that their performance fell at the high end of
“moderate” anti-Black bias:

You have completed the practice phase. Note: estimates based on
the practice phase can be unreliable due to the low number of
trials.

Mean Reaction Times (milliseconds)
Black face, positive: 732
White face, positive: 649
Black face, negative: 614
White face, negative: 664
Bias Score: 133
Bias Category: Moderate Anti-Black/Pro-White Bias (85 to 140).

Participants in the “Fair” condition learned that they had shown no
bias (RTs that showed no facilitation for Black-negative or White-
positive trials, a Bias score of !05, and classification in the “No Bias”
range from !30 to 30). Participants in the control condition received
no feedback.

The test phase began with 8 buffer trials, then transitioned
seamlessly to 160 test trials. At the conclusion, to allay concerns,
participants in the “Bias” and “Fair” conditions received feedback that
their performance fell in the “No Bias” range.

Procedure

Participants were greeted by a White female researcher and as-
signed to individual computers. They completed a consent form, the
computer task, and a demographic questionnaire. Theywere debriefed
to probe for suspicion and to inform them that the feedbackwas bogus.

Results

General analytic approach

Practice trials and trials on which RTs were greater than 1000 ms
or less than 300 ms were excluded. Remaining RTs were log
transformed. For the calculation of racial bias, only trials on which
the participant responded correctly were analyzed. The analysis of 1/f
noise included both correct and incorrect trials. RTs have been back-
transformed to the millisecond metric for presentation.

To test effects of Condition, I specified two orthogonal contrasts.
One (“Fair”=!1, Control=0, “Bias”=+1) tested the linear effect of
feedback, ranging from the “Fair” conditionwhere concerns about bias
were allayed, through the baseline Control condition, to the “Bias”
condition where concerns were exacerbated. This linear code is the
focus of all hypotheses: greater concern with avoiding bias should
magnify the ironic process, and this linear effect should be enhanced
for participants whose 1/f profile suggests greater effort. A residual
contrast (“Fair”=+1, Control=!2, “Bias”=+1) assessed devia-
tions from linearity. This contrast is not relevant to the hypotheses, but
it is potentially interesting because it tests the difference between
providing any feedback (“Fair” or “Bias”) versus providing no feedback
at all (Control).

1/f noise

The assessment of 1/f noise involved three stages. First, a within-
participant regression estimated RTs for each trial as a function of Face
Race, Word Valence, and the Race!Valence interaction. Trial number
and accuracy for the current and previous trial were included as
predictors because they may plausibly affect latency. These regres-
sions remove obvious sources of variance. The residuals, then,
represent variance that cannot be explained as a function of the
independent variables. Second, each participant's residuals were
submitted to Statistical Analysis Software's SPECTRA procedure. This
procedure decomposed each participant's trial series (roughly 160
residuals) into approximately 80 sinusoidal waves (from the lowest
frequency, cycling once per 160 trials, to the highest frequency,
cycling once every 2 trials). Waves with frequency lower than 1 cycle
per 128 trials were excluded because, with only 160 trials, low-
frequency estimates may be unstable. Each wave's power and fre-
quency were natural-log transformed, and waves with log-frequency
greater than zero were excluded because they obscure 1/f noise
(Gilden, 2001). Third, power and frequency estimates were submitted
to another within-participant regression, in which each wave's power
was regressed on its frequency. In a random trial series, power and
frequency should be unrelated, yielding a regression slope of zero. A
significant relationship between the variables represents non-random
trial-to-trial variation.

Effects of Condition. On average, all 3 conditions showed negative
PSD slopes (i.e., 1/f noise) (MBias=!0.25, MControl=!0.37, MFair=
!0.40, F'sN10.4, !2's N .33, p'sb .004) (see Fig. 2). The linear effect was
not significant, but the pattern of means suggested that participants in
the “Bias” condition showed slightly flatter PSD slopes than par-
ticipants in the “Fair” condition, FLinear(1.52)=2.19, !2=.19, pb .15.
(FResidualb .22, ns). If participants in the “Bias” condition generally
exerted more effort than those in the “Fair” condition, this effect
should be significant. The means are directionally consistent with this
prediction, but the effect is weak.
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Racial bias

Effects of condition — practice phase
To verify that the randomly assigned feedback was, in fact, un-

related to performance during the practice phase, RTs during practice
trials were analyzed (see below for details). As expected, given
random assignment, there were no differences between conditions
prior to the experimental manipulation, F's(1,52)b1.22, !p

2'sb .03
p'sN .22.

Effects of condition — test phase
Log-RTs from correct trials in the test phase were averaged within

each cell of the FaceRace!WordValencedesign, yielding fourmeans for
each participant, whichwere submitted to a 3 (Feedback Condition)!2
(Word Valence)!2 (Face Race) mixed-model analysis. This basic
ANOVA was then expanded to incorporate each participant's PSD
slope as a predictor. Further, PSD slopes (centered at the grand mean)
were allowed to interact with Condition. In essence, this analysis
examines four questions: First, is there a pattern of bias? Second, does
Feedback Condition affect that bias (H1)? Third, is there a relationship
between 1/f noise and bias? Fourth, and most importantly, does the
effect of condition depend on the magnitude of 1/f noise (H2)?

First, controlling for condition, PSD slope, and all interactions, this
analysis showed evidence of bias: a Race!Valence interaction, F
(1,49)=9.00, !2=.16, pb .005. Second, in support of H1, participants
who received “Bias” feedback demonstrated greater bias than those
who received “Fair” feedback, FLinear(1,49)=5.76, !p

2=.10, pb .021
(FResidual=.36, ns). This demonstrates the ironic process effect.
Participants who were falsely told that they had shown bias in the
practice phase actually did show more bias in the test phase
(M=31 ms, F(1,21)=10.30, !2=.33, pb .005) than participants
who were told that their practice performance was unbiased
(M=2 ms, F(1,15)=0.03, ns). Control participants, who received
no feedback, fell between these extremes (M=18 ms, F(1,16)=7.51,
!2=.32, pb .015) (see Fig. 3). With regard to the third question, there
was no evidence that participants with more positive PSD slopes
showed greater bias in general, F(1,49)=0.53, ns.

Moderation of condition effects by 1/f noise
Most critically, as predicted by H2, the analysis showed that PSD

slopes significantly moderated the effect of condition, FLinear(1,49)=
6.55, !p

2=.12, pb .014 (FResidual=0.24, ns) (see Fig. 4). One way to
conceptualize this interaction is to consider the effects of Condition

among participants showing different degrees of 1/f noise. For parti-
cipants showing average PSD slopes (sample mean: b=!0.33),
feedback affected performance [this is the same test as the condition

Fig. 2. PSD slopes for each participant as a function of Feedback Condition. The condition means are enlarged. More negative slopes correspond to more pronounced patterns of 1/f
noise (associated with lower effort); more positive slopes correspond to reduced 1/f noise (associated with greater effort).

Fig. 3. Mean RTs as a function of Word Valence and Face Race for each of the three
Feedback Conditions.
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effect reported above: FLinear(1,49)=5.76, pb .021]. Participants in the
“Bias” condition displayed greater bias than participants in the “Fair”
condition (!p

2=.10). By contrast, participants with steeper-than-
average PSD slopes (1 SD below the mean; a profile associated with
reduced effort) showed virtually no effect of the manipulation, FLinear
(1,49)=0.003, !p

2=.00005, pb .96; whereas participants showing
flatter-than-average slopes (a profile associatedwith increased effort)
showed robust condition effects, FLinear (1,49)=11.36, !p

2=.19,
pb .002. Differences in 1/f noise thus account for dramatic variation
in the ironic effects of the feedback manipulation. Looking at values of
!p
2, the variance explained by the linear code increased from .00005

for steep PSD slopes to .10 for average slopes to .19 for flat slopes. This
finding directly supports H2. More generally, when bias was analyzed
as a function of Condition, alone, R2=.10. The addition of PSD slope
and its interactions dramatically increased the variance explained,
yielding R2=.24.

An alternate interpretation of the interaction is that the relation-
ship between 1/f noise and bias was stronger in some conditions than
in others. Specifically, the correspondence between the two variables
strengthened as concern over bias increased. For participants who
were told that they showedno bias, 1/f profiles associatedwith greater
effort were not associated with greater bias — in fact the relationship
was non-significantly negative, b=!0.06, F(1,14)=1.99, !2=.12,
pb .18. In the control condition, profiles associated with greater ef-
fort were non-significantly positively associated with bias, b=0.047,
F(1,15)=.74, !2=.05, pb .41. But among participants who had been
told that they showed bias (participantswho should have been oriented
to detect and correct for prejudicial thoughts), high-effort 1/f profiles
were associated with increased bias, b=0.081, F(1,20)=5.11, !2=.20,
pb .036. This finding is perfectly consistent with an ironic process
account, which suggests that efforts to screen for undesirable thoughts
inadvertently magnify their accessibility (Wegner, 1994).

Discussion

The primary goal of this study was to test whether 1/f noise, a subtle
pattern of non-random variation in residual RT data, could be used to
predict differences in the behavior of participants. Participants com-
pleted a computer-basedmeasure of racial bias after ostensibly learning
that they either did or did not demonstrate bias during a practice phase.
Though that feedback was false, it proved self-fulfilling: participants

who were informed that they showed bias did, in fact, demonstrate
more extreme bias. This finding replicates previous work suggesting
that concern over showing bias can induce ironic process effects (e.g.,
Hausmann&Ryan, 2004; Payne et al., 2002). But ironic effects should be
especially pronounced among participantswhomake a concerted effort
to regulate their mental processes and behavior; if participants make
little effort in this regard, the mechanisms thought to induce ironic
process effects should never be set inmotion (Wegner, 1994). Thus, the
critical aspect of the current studywas to show that individual variation
in 1/f noise, taken as a rough proxy for task-focused effort (see Correll,
2008), moderates the impact of the feedback manipulation (i.e., the
ironic process effects). As predicted, participants who showed 1/f
profiles associated with lower effort were insensitive to the feedback
manipulation, whereas participants with high-effort profiles showed
dramatic condition differences. These data, then, provide the first
evidence that residual but non-random 1/f variation in RT data can
actually help us understand behavior.

Like previous research (e.g., Gilden, 2001; Holden et al., 2009), this
study shows that 1/f noise is prevalent in RT data. In the present study,
obvious sources of trial-to-trial fluctuation (e.g., the nature of the
stimulus) were statistically removed from the data prior to analysis,
leaving only the residual or error term. These residual RTs are typically
ignored in psychological analyses because, once the effects of
independent variables have been assessed, researchers assume that
nothing valuable remains. That assumption is often unjustified (Gilden)
because the residual RT data in this study (and many others) are not
random. Further, the systematic patterns of 1/f noise derived from those
residuals may provide valuable information. In the present study,
participants whose 1/f profile suggested higher effort were much more
responsive to the experimental manipulation than participants who
showeda low-effort pattern. Thus, a subtle patternhidden in the chaotic
trial-to-trial fluctuations of residual RTs actually predicts behavior.

Although 1/f noise was tentatively taken as a proxy for effort in this
study, the exact relationship between the psychological construct (task-
focused effort) and the operational measure (the PSD slope) is not yet
clear. Previous work has shown that increased effort reduces 1/f noise
(Correll, 2008), and this effect may even be a consequence of the basic
physical properties that govern the brain's operation. Grigolini, Aquino,
Bologna, Lukovic, andWest (2009) have developed statistical models of
the brain based on the physics of complex systems that predict a
correspondence between effort and 1/f noise. However, a potentially

Fig. 4. Predicted racial bias as a function of PSD slope within Feedback Condition. Bias = [(Black-positive — White-positive)–(Black-negative — White-negative)]. Point markers on
the slopes represent the following PSD values: –1 SD, the mean, and +1 SD.
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infinite number of other psychological, biological and physical factors
(e.g., expertise or fatigue) may also affect PSD slopes. One emerging
theme seems to be that 1/f noise is more prominent when performance
is highly routinized and smoothly functioning (Wijnants, Bosman,
Hasselman, Cox, & Van Orden, 2009), but when performance is con-
strained by systems that regulate trial-to-trial fluctuations (Correll;
Grigolini et al.; Schmit, Regis, & Riley 2005, 2006, Schmit et al., 2006),
trial-to-trial variation becomes more random. At first glance, this may
seemcounterintuitive, but control systemsserve to constrain andcorrect
behavior. A patient with Parkinson's disorder (which affects muscular
control) may reveal sustained rhythmic (i.e., non-random) variation in
posture because of an inability to quickly correct for imbalance. A trained
ballet dancer, by contrast, quickly corrects for the slightest imbalance,
and so, shows more random (less rhythmic) variation (Schmit et al.,
2005, 2006). Cognitive effort, then, may represent only one of many
possible control systems that reduce rhythmic or 1/f-like phenomena.

Researchers still face the challenge of trying to understand what,
exactly, 1/fnoise represents (e.g., Holden et al., 2009;VanOrden,Holden,
& Turvey, 2003; Wagenmakers, Farrell, & Ratcliff, 2004) and how it
responds to changes in an individual's state of mind. In spite of, and in
part because of, these lingeringquestions, these analysesmayhave great
potential to deepen our understanding. By bringing hidden patterns into
focus, analyses of 1/f noise and other dynamic analytic techniques (e.g.,
Jones & Zhang, 2004; Kelly, Heath, Heathcote, & Longstaff, 2001; Ratcliff,
Van Zandt, &McKoon, 1999) provide potentially invaluable information
about human behavior and the processes that govern it.
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