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Abstract

People with higher IQ-scores also tend to perform better on elementary
cognitive-perceptual tasks, such as deciding quickly whether an arrow points
to the left or the right (Jensen, 2006). The worst performance rule
(WPR) finesses this relation by stating that the association between IQ) and
elementary-task performance is most pronounced when this performance is
summarized by people’s slowest responses. Previous research has shown that
the WPR can be accounted for in the Ratcliff diffusion model by assuming
that the same ability parameter —drift rate— mediates performance in both
elementary tasks and higher-level cognitive tasks. In this preregistration
proposal, we aim to test four qualitative predictions concerning the WPR
and its diffusion model explanation in terms of drift rate. In the first stage,
the diffusion model will be fit to data from 1000 participants completing a
perceptual two-choice task; crucially, the fitting will happen after randomly
shuffling the key variable, i.e., each participant’s score on a working mem-
ory capacity test. In the second stage, after all modeling decisions have been
made, the key variable is unshuffled and the adequacy of the predictions eval-
uated by means of confirmatory Bayesian hypothesis tests. By temporarily
holding back the mapping of the key predictor we retain flexibility for proper
modeling of the data (e.g., outlier exclusion) while preventing biases from
unduly influencing the results.

Keywords: Response time model; preregistration; predictions; intelli-
gence.



Over the past decades, the field of mental chronometry has revealed several ro-
bust associations between high-level cognitive ability (e.g., IQ, working memory) and re-
sponse times (RT) in elementary cognitive-perceptual tasks (Jensen, 2006; van Ravenzwaaij,
Brown, & Wagenmakers, 2011). The main finding is that people with relatively high 1Q-
scores tend to respond relatively quickly in simple RT tasks that do not appear to involve
deep cognitive processing; one example of such a task is the random dot kinematogram
which requires participants to detect the direction of apparent motion in a cloud of dot
stimuli.

Another important finding is known as the worst-performance rule (WPR): the fact
that the worst performance in these simple tasks —that is, the slowest responses— is most
indicative of high—level cognitive ability (Baumeister & Kellas, 1968; Larson & Alderton,
1990a). In this preregistered study, we aim to assess the presence and intensity of the WPR
in a large data set. In addition, we test a prediction from the Ratcliff diffusion model
(Ratcliff, 1978; Ratcliff, Schmiedek, & McKoon, 2008a), namely that speed of information
processing is the factor that underlies the WPR.

The Worst Performance Rule

Since the seminal work by Baumeister and Kellas (1968), the WPR has been shown
to exert itself in various forms. In its most general form, the WPR holds that the worst
performance on multi-trial elementary cognitive-perceptual tasks is more predictive for g—
loaded measures than is the best performance on these tasks (Coyle, 2003). This prediction
is usually confirmed by demonstrating that higher RT bands correlate more strongly than
lower RT bands with both I1Q measures (e.g., Larson & Alderton, 1990b; Jensen, 1982;
Larson & Alderton, 1990b) and working memory capacity (WMC; e.g., Unsworth, Redick,
Lakey, & Young, 2010). For example, Figure 1 presents the results from Larson and Alderton
(1990b), showing that the negative correlation between RT and IQ gets stronger as RT
lengthens.

The WPR expresses itself in several related ways as well. Coyle (2001), for example,
found that the worst performance on a word-recall task (i.e., the lowest number of words
from a list recalled by each participant) correlates higher with 1Q than the best performance
on this task (i.e., the highest number of words from a list recalled by each participant).
Furthermore, Kranzler (1992) and Ratcliff, Thapar, and McKoon (2010) showed that the
WPR is strongest for multi-trial tasks that are relatively complex.

Several explanations for the WPR have been proposed. The most dominant explana-
tion holds that performance on cognitive tasks of any level in any domain (e.g., IQ, WMC,
speeded perceptual choice) is facilitated by the general neural processing speed of an in-
dividual’s brain (Jensen, 2006). Inspired by this idea, Ratcliff, Schmiedek, and McKoon
(2008b) suggested that the drift rate parameter of the diffusion model reflects precisely this
speed of processing.

The Ratcliff Diffusion Model

The diffusion model (Ratcliff, 1978) describes the observed RT distributions of cor-
rect and error responses on two-choice tasks as the finishing times of a diffusion process
with absorbing bounds. When presented with a stimulus, a decision maker is assumed to
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Figure 1. An example of the worst performance rule. The negative correlation of RT with 1Q gets
stronger as RTs lengthen. Data from Larson & Alderton (1990b).

accumulate noisy evidence from that stimulus (i.e., the meandering lines in Figure 2) until
either of two pre-set evidence boundaries is reached and the associated response is initiated.
On average, the accumulation of evidence approaches the correct boundary at a speed that
is quantified by the drift rate parameter. Due to noise in the accumulated evidence, the
diffusion process sometimes reaches the incorrect boundary, leading to error responses. This
within-trial noise is also responsible for the right-skewed distribution of RT. In the model’s
most extended form the diffusion process is governed by seven parameters, including drift
rate. Thus, drift rate is a key parameter of the diffusion model, as it corresponds to the
signal-to-noise ratio in the evidence accumulation process; hence, drift rate quantifies the
speed of information processing.

Ratcliff et al. (2008b) pointed out an important property of the diffusion model for
the explanation of the WPR: increasing drift rate acts to reduce RT. Crucially, this re-
duction is most pronounced for higher percentiles of RT (cf. Van Ravenzwaaij, Brown, &
Wagenmakers, 2011), as is illustrated in the upper part of Figure 2. The figure shows RT
distributions that originate from two different drift rates. The solid vertical lines indicate
the .1 quantiles of the distributions resulting from a high drift rate (dark line) and a low
drift rate (grey line). The dashed vertical lines indicate the .9 quantiles of these distribu-
tions. Clearly, the change in drift rate leads to a larger shift of the slow .9 quantile than
of the fast .1 quantile. Thus, differences in drift rate and differences in IQ have the same
qualitative effect on RT, in the sense that both are most strongly expressed in the slowest
RTs. This observation adds credibility to the idea that the diffusion model’s drift rate
parameter quantifies the speed of processing that is thought to underlie the WPR. as well
as other associations between higher-level and lower-level cognitive tasks. In order to test
this idea, several empirical studies related drift rate to IQQ and WMC. Ratcliff, Thapar, and
McKoon (2011) and Ratcliff et al. (2010) showed that IQ correlated positively with drift
rate in recognition memory tasks. Ratcliff et al. (2010) further showed that 1Q) correlated
positively with drift rate in a lexical decision task and a numerosity judgement task. A
study by Leite (2009), however, found no evidence of a correlation between 1Q and drift
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Figure 2. The Ratcliff diffusion model. Noisy evidence is accumulated until one of two pre-set
boundaries is reached. The lower half of the figure shows two exemplary accumulation paths (me-
andering lines) and two different drift rates (the average rate of information accumulation, straight
lines). The upper part shows the correct RT distributions that result from a low and a high drift
rate. Vertical lines indicate the shift in .15 (solid lines) and .9*" (dashed lines) percentiles caused
by a change in drift rate.

rate in either a brightness discrimination task or a letter discrimination task. Schmiedek,
Oberauer, Wilhelm, Siif}; and Wittmann (2007) showed that WMC could be predicted from
drift rate on a range of RT tasks.!

Van Ravenzwaaij et al. (2011) made another important observation about the relation
of drift rate and RT. The diffusion model holds that both stimulus difficulty and subject
ability are expressed in drift rate. In fact, drift rate can be viewed as a pair of scales
weighting two intrinsically related constructs: difficulty and ability. The drift rate is the
deflection of the pointer of this scale and is most pronounced in the slowest RTs, that is, in
the worst performance. From this observation, Van Ravenzwaaij et al. (2011) suggested that
difficulty, just as ability (e.g., IQ), should be reflected most strongly in the higher ranges of
RT, a prediction that was empirically confirmed by Van Ravenzwaaij et al. (2011). From this
same interconnection of IQ and difficulty we hypothesize that the WPR is more pronounced
for difficult than for easy items of an elementary RT task. Figure 3 illustrates this hypothesis
with a concrete example. The figure shows four hypothetical correct RT distributions
generated by four drift rates that differ across IQ group and stimulus difficulty. The effect
of 1Q on slow (.9 quantile) responses is larger than the effect on fast (.1 quantile) responses.

'In fact, Schmiedek et al. (2007) constructed a measurement model to distill for each participant a latent
factor for drift rate, boundary separation, and non-decision time.
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Figure 3. Four hypothetical drift rates v for easy stimuli (solid lines) and difficult stimuli (dotted
lines), for participants with a relatively high IQ (light lines) and participants with a relatively low
IQ (dark lines). The density lines show the predictions of the diffusion model, given these drift rates.
The vertically drawn quantile lines show that the IQ effect on the higher ranges of RT (i.e., the .9
quantile) relative to the lower range of RT (i.e., the .1 quantile) is stronger for the difficult than for
the easy stimuli.

This difference is more pronounced for difficult stimuli (dotted lines) than for easy stimuli
(solid lines). This prediction is closely in line with the observations of Kranzler (1992) and
Ratcliff et al. (2010), who showed that more complex tasks show a more pronounced WPR.

Overview of Hypotheses

The current study proposes a rigorous, preregistered test of four hypotheses related
to the WPR and the account provided by the Ratcliff diffusion model. First, we test the
existence of the WPR. Second, we test the prediction that the WPR is larger for difficult
than for easy trials in a simple RT task. Third, we test the prediction that the diffusion
model drift rate parameter correlates with WMC. Fourth, we test the prediction that the
correlation between drift rate and WMC is higher for difficult trials than for easy trials from
the perceptual RT task. We test these hypotheses by analyzing an existing data set with
1000 participants for which we measured both perceptual choice RT and WMC. A detailed
account of the design, hypothesis, and proposed analyses is provided below.
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Data Collection and Method

The data at hand have been collected in a large-scale study on the genetic under-
pinnings of risk preferences, funded by the Swiss National Science Foundation. For this
study, 1000 participants (500 participants in Berlin, Germany; 500 in Basel, Switzerland)
were tested on a range of psychological tasks. Among the participants, 65% were students,
and 62% were female. The age range spans 18-36 years with a mode at 24 years. For the
current study, we will analyze the data of two relevant tasks: a WMC test and a perceptual
two-choice RT task.

Working Memory Capacity Battery

To measure working memory we used the WMC battery developed by Lewandowsky,
Oberauer, Yang, and Ecker (2010). This battery was constructed as a tool to measure
working memory capacity with a heterogeneous set of tasks that involves both verbal and
spatial working memory. A pre-defined measurement model described in Lewandowsky et
al. (2010) allows the calculation of a single WMC score for each participant. Lewandowsky
et al. (2010) show that this score has a strong internal consistency and correlates highly
with Raven’s test of fluid intelligence (r = .67).

Speeded Perceptual Two-Choice Task

In the elementary RT task, participants were presented with 10 x 10 matrices of black
and white dots (Figure 4). Participants were instructed to indicate whether the matrix
contained more black or more white dots by pressing either of two mouse buttons. In this
simple perceptual task, difficulty can be manipulated by adjusting the number of black and
white dots. Participants saw 90 easy trials (proportion of black and white dots: 60/40,
40/60) and 90 difficult trials (proportions 55/45, 45/55). In addition, there were trials
with an equal proportion of black and white dots. These stimuli are “undoable”, and
are of no special interest in this perceptual task but were included for comparison with
another task conducted in the large scale study. In the current analyses, we nonetheless
include these trials in order to facilitate the estimation of the diffusion model parameters.
Participants received no feedback, but were instructed to respond as fast and accurately as
possible. A “too slow” message was displayed after responses slower than 3.5 seconds. Our
task originates from Dutilh and Rieskamp (in press) and resembles tasks that have been
modeled successfully with the diffusion model, such as the brightness discrimination task
(Ratcliff & Rouder, 1998) and the numerosity task (Ratcliff et al., 2010).

Figure 4. Example of a stimulus in the perceptual RT task. Participants pressed the left or right
mouse button to indicate quickly whether the stimulus contained more black or more white dots.
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Registered Analysis Plan

In this study, we aim to test four key hypotheses in a manner that is described in detail
below. For all hypotheses, we use the Bayes factor to quantify the degree of confirmation
provided by the data (Jeffreys, 1961); we will also provide the posterior distribution for the
parameters of interest. The registered analysis plan will be carried out on the complete
data set (subject to the outcome-blind decisions by the modeler; see the next section on the
two-stage analysis process). In a second, exploratory analysis, we will test the hypotheses
separately for the relatively homogeneous student group and the relatively heterogeneous
non-student group.

Note that, with 1000 participants, we collected data that are sufficiently informative
to pass Berkson’s “interocular traumatic test” (Edwards, Lindman, & Savage, 1963) such
that the confirmatory hypothesis tests serve merely to confirm what is immediate apparent
from a cursory visual inspection of the data.

Analysis of Hypothesis 1: Worst Performance Rule

For each participant we obtain a single WMC score from the WMC battery. Further-
more, for each participant we obtain the 1/6, 2/6, 3/6, 4/6, and 5/6 quantiles of correct RT's;
it is possible to use more quantiles, but only at the cost of reducing the precision with which
the mean RT within each bin is estimated. Hypothesis 1 states that the correlation between
WMC and mean RT within each quantile is negative (i.e., higher WMC is associated with
faster responding). More specifically, Hypothesis 1 states that the absolute magnitude of
this correlation increases monotonically from the fastest to the slowest quantile (i.e., the
WPR). Hypothesis 1a refers to the WPR for easy stimuli, and Hypothesis 1b refers to the
WPR for difficult stimuli.

Both Hypothesis 1a and 1b will be tested separately, in the following manner. Denote
by p; the estimated Pearson correlation coefficient for quantile ¢. Then, the simplest linear
version of the WPR predicts that p; = Bo + B11;, where I; indicates the quantile, 5y is
the intercept of the regression equation, and f3; is the slope. We then use the Bayes factor
(Jeffreys, 1961; Kass & Raftery, 1995) to quantify the support that the data provide for
two competing hypotheses: the null hypothesis Hy : f1 = 0 versus the WPR alternative
hypothesis H; : 51 < 0. Under H1, we assign each p; an independent uniform prior from
—1 to 0, in order to respect the fact that all correlations are predicted to be negative.
Furthermore, we assign a uniform prior to 8y that ranges from —1 to 0, in order to respect
the fact that even for the fastest RTs, the correlation is not expected to be positive. Finally,
we assign a uniform prior to 81 that ranges from its steepest possible value to 0. Specifically,
since the quantiles are on the scale from zero to one, and the highest possible value of the
intercept Bp equals 0, the assumption of linearity across the scale implies that the steepest
slope is —1. Hence, we assign 51 a uniform prior from —1 to 0.

With the model specification in place, the Bayes factor between Hy : 81 = 0 versus
Hi : p1 ~ U[—1,0] can be obtained using an identity known as the Savage-Dickey density
ratio (e.g., Dickey & Lientz, 1970; Wagenmakers, Lodewyckx, Kuriyal, & Grasman, 2010).
Specifically, this involves focusing on parameter 81 in H; and comparing the prior ordinate
at /1 = 0 to the posterior ordinate at f; = 0, that is, by computing BF1y = p(8; =
0| H1)/p(B1 =0 |y, H1), where y denotes the observed data. Bayes factors higher than 1
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favor H1 and provide support for the WPR. All parameters will be estimated simultaneously
using a hierarchical Bayesian framework and Markov chain Monte Carlo (MCMC, e.g., Lee
& Wagenmakers, 2013).

Analysis of Hypothesis 2: Stronger Worst Performance Rule for More Difficult Stimuli

The WPR tested under Hypothesis 1 is predicted to be more pronounced for difficult
stimuli than for easy stimuli. In the previous WPR model, p; = Bo+ 511;; now denote (1 for
the difficult stimuli by 814 and B for the easy stimuli by £1.. Hypothesis 2 holds that S, >
B14- We multiply both parameters by —1 so that we obtain variables on the probability
scale, and hence 7, > (.. We use a dependent prior structure (Howard, 1998), apply a
probit transformation, and orthogonalize the parameter space (Kass & Vaidyanathan, 1992).
Specifically, denoting the probit transformation by ®~!, we write ®1(37,) = p + 6/2 and
®~Y(Bf,) = p — /2. We assign the probitized grand mean parameter ;1 an uninformative
distribution, that is, u ~ N(0, 1), and then use the Bayes factor to contrast two models: the
null hypothesis Hg : § = 0 versus the alternative hypothesis Ho : § > 0. We complete the
model specification for Hs by assigning the difference parameter § a default folded normal
prior defined only for positive values, that is, § ~ N(0,1)". As before, parameter estimates
are obtained from MCMC sampling in a hierarchical Bayesian model and Bayes factors will
be computed using the Savage-Dickey density ratio test on parameter § under Hs.

Analysis of Hypothesis 8: Working Memory Capacity Correlates Positively with Drift Rate

We fit the diffusion model to the data using hierarchical Bayesian estimation (e.g.,
Wabersich & Vandekerckhove, 2014; Wiecki, Sofer, & Frank, 2013). This hierarchical
method allows us to exploit the vast number of participants and estimate parameters even
for participants whose data contain little information (for example due to a small number of
errors, which are crucial for diffusion model parameter estimation). Hypothesis 3 holds that
WMC correlates positively with drift rate. Hypothesis 3a refers to the positive correlation
between WMC and drift rate for the easy stimuli, and Hypothesis 3b refers to the positive
correlation between WMC and drift rate for the difficult stimuli. Both Hypothesis 3a and
3b will be tested separately, in the following manner.

First WMC is included within the hierarchical structure. WMC will then be correlated
with drift rate estimates (Hypothesis 3a: for the easy stimuli; Hypothesis 3b: for the
difficult stimuli) in a hierarchical structure. The null hypothesis holds that there is no
correlation, Hg : p = 0, whereas the alternative hypothesis holds that the correlation is
positive, Hs : p > 0. Specifically, we assign p a uniform prior from 0 to 1. Bayes factors
can be obtained by a Savage-Dickey density ratio test on parameter p under Hs.

Analysis of Hypothesis 4: Stronger Correlation Between Working Memory and Drift Rate
for More Difficult Stimuli

Hypothesis 4 holds that WMC correlates more strongly with drift rates for difficult
stimuli than with drift rates for easy stimuli. Denote by pgy the WMC-drift rate correlation
for the difficult stimuli, and by p. the WMC-drift rate correlation for the easy stimuli.
Hypothesis 4 states that pg > p.. Moreover, both p; and p. are assumed to be positive,
so that both are on the probability scale. Consequently, the proposed analysis mimics that
of Hypothesis 2: We use a dependent prior structure, apply a probit transformation, and
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orthogonalize the parameter space. We write @~ !(pg) = p + /2 and &~ 1(p.) = u — §/2.
We assign the probitized grand mean parameter p an uninformative distribution, that is,
i~ N(0,1), and then use the Bayes factor to contrast two models: the null hypothesis
Ho : 6 = 0 versus the alternative hypothesis Hy : § > 0. We complete the model specification
for H4 by assigning the difference parameter § a default folded normal prior defined only
for positive values, that is, § ~ N(0,1)". As before, parameter estimates are obtained from
MCMC sampling in a hierarchical Bayesian model and Bayes factors will be computed using
the Savage-Dickey density ratio test on parameter § under Hy.

Two-Stage Analysis

We pursue an unbiased method to test the diffusion model account of the WPR.
Therefore, we propose a two-stage analysis with a special status for coauthor JV who fits
the diffusion model to data (e.g., Vandekerckhove & Tuerlinckx, 2007; Vandekerckhove,
Tuerlinckx, & Lee, 2011; Vandekerckhove & Tuerlinckx, 2008; Wabersich & Vandekerck-
hove, 2014). In the first stage we provide JV with the perceptual RT data and a randomly
permuted version of the WMC variable. With these data in hand, JV produces code to fit
the model while respecting the analysis choices outlined above (i.e., Hypothesis 1-4). This
first stage allows JV to model the data at will, by excluding outliers, introducing contami-
nant processes, adding transformations, and generally make any other reasonable modeling
choice. Since the crucial WMC score variable is randomly permuted, the correlation be-
tween drift rate and WMC estimated in this stage-one model is meaningless. The first stage
is terminated when JV indicates the model code is ready. At this point the code is fixed
and made available on the Open Science Framework (https://www.osf.io). In the second
stage the true sequence of WMC scores is revealed, and the code created by JV is applied
to the data in a deterministic manner to address each of the hypotheses outlined above.

This two-stage analysis is both flexible and fair. It is flexible because the modeler
retains the freedom to exclude data and make adjustments to the model to account for
eventual peculiarities of the data. And it is fair because the modeling choices are not
outcome-driven, that is, guided by expectations about the main hypotheses.
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