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Abstract

Binary sequences are characterized by various features.

Two of these characteristics—alternation rate and run

length—have repeatedly been shown to influence judgments of randomness. The two characteristics, however, have
usually been investigated separately, without controlling for the other feature. Because the two features are correlated
but not identical, it seems critical to analyze their unique impact, as well as their interaction, so as to understand more
clearly what influences judgments of randomness. To this end, two experiments on the perception of binary sequences
orthogonally manipulated alternation rate and maximum run length (i.e., length of the longest run within the sequence).
Results show that alternation rate consistently exerts a unique effect on judgments of randomness, but that the effect of
alternation rate is contingent on the length of the longest run within the sequence. The effect of maximum run length
was found to be small and less consistent. Together, these findings extend prior randomness research by integrating lit-
erature from the realms of perception, categorization, and prediction, as well as by showing the unique and joint effects
of alternation rate and maximum run length on judgments of randomness.

Keywords: alternation rate, maximum run length, judgments of randomness, binary sequences.

1 Introduction

In everyday life, individuals often encounter binary se-
quences of outcomes, such as tossing of coins, gains and
losses in gambles, black and red outcomes on roulette
wheels, birth orders in families, or ups and downs in the
stock market (see Oskarsson, Van Boven, McClelland, &
Hastie, 2009). Whether such sequences are perceived as
either random or lawful and patterned has important im-
plications, both on the level of cognitive processes (e.g.,
categorizations, inferences) and on the level of behavioral
manifestations (e.g., following up on a “streak”). Under-
standing how individuals form judgments of randomness
is therefore critical. The present manuscript contributes
to this goal by investigating the effects of two critical fea-
tures of binary sequences—the length of the longest run
and the alternation rate—on judgments of randomness.
Imagine a coin being tossed five times. First, the coin
comes up heads. Then, heads again. The same is true
for the third, fourth, and fifth toss, resulting in a se-
quence of five heads (HHHHH). Most individuals who
perceive this sequence would judge it as non-random, be-
cause they evaluate randomness not based on the gener-
ating mechanism—a coin toss—but on the resulting se-
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quence of outcomes, such as HHHHH or HTHTH (Falk
& Konold, 1997). To understand how judgments of ran-
domness are formed, it is therefore important to analyze
the features of outcome sequences.

Two characteristics of binary sequences of outcomes,
alternation rate and run length, have repeatedly been
identified as determining judgments of randomness. Usu-
ally, however, these two characteristics have been inves-
tigated in separate lines of research, without controlling
for the other. Specifically, research on the perception
and categorization of randomness primarily has focused
on alternation rate (e.g., Ayton & Fischer, 2004; Falk &
Konold, 1997; Lopes & Oden, 1987; McDonald, 2009;
Wagenaar, 1970; Wiegersma, 1982, 1987), while neglect-
ing run length. In contrast, research on the prediction
of randomness has primarily focused on run length (e.g.,
Altmann & Burns, 2005; Ayton & Fischer, 2004; Croson
& Sundali, 2005; Edwards, 1961; Nicks, 1959), while
neglecting alternation rate. Because the two features are
correlated but not identical, we argue that it is critical to
isolate the separate effects of the two characteristics so as
to understand more clearly what influences judgments of
randomness. Here we offer evidence that the two char-
acteristics may not only have unique effects, but that the
effect of one may be contingent on the other. In particular,
we argue that the effect of alternation rate is contingent on
run length. To lay the foundation for this argument, we
first introduce the concepts of alternation rate and (maxi-
mum) run length.
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Figure 1: The probability tree illustrates the possible outcomes of a sequence of 5 coin tosses. For the sake of brevity
only the 16 sequences starting with heads and their characteristics—relative frequency of heads and tails, longest run
within the sequence, number of runs within the sequence, and alternation rate—are displayed.
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1.1 Characteristics of random sequences
and their interrelations

Coin tosses often serve as models for random devices
(for a discussion, see Ford, 1983). If a coin is tossed 5
times, 2° = 32 different sequences of head and tail can
result. Figure 1 shows a probability tree illustrating the
possible outcomes of a sequence of 5 coin tosses. For
the sake of brevity, only the 16 sequences starting with
heads are displayed. While the probability of occurrence
for each single sequence is the same, namely 1/2" (here:
1/25 = 1/32), the 5-toss sequences differ in their internal
structure, which can be described in terms of runs or in
terms of alternations.

A run is defined as a series of identical consecutive
elements preceded or followed by a different element or
no element at all, e.g., HHHHT, THHHT, or THHHH.
The run length! is the number of times the repeated ele-

IThe term “run length” may refer to average run length or to the
length of single runs within a sequence. The average run length of a
sequence is calculated by multiplying each type of run length by its
frequency of occurrence, by summing up the resulting products and by
dividing this sum by the number of runs r within the sequence. This
means relating the number of elements n within a sequence to the num-
ber of runs r. As indicated by the formula Myp length = 0/1, the sequence
HHHTT is characterized by an average run length of 2.5. Averaging,
however, neglects the length of the various runs within a sequence. For
instance, the sequences HHHTT and HHHHT are both characterized by
a mean run length of 2.5, but differ in the length of single runs within
the sequence: While the former contains a run of 3 heads (HHH) and
a run of 2 tails (TT), the latter contains a run of 4 heads (HHHH) and
arun of 1 tail (T). Neglecting the length of single runs is problematic
as longer runs are more perceptually salient (Wiegersma, 1987). In the
following the term “run length” refers to the length of single runs within

ment occurs, e.g., HTHTH; HHTHT, HHHTH, HHHHT,
or HHHHH. The number of runs r within a sequence is
the total number of different runs, e.g., the sequence HH-
HTT contains 2 runs, namely 1 run of length three (HHH)
and 1 run of length two (TT).

Finally, an alternation is a change between consecutive
elements, i.e., HHHHT or TTTTH. The alternation rate
relates the actual number of alternations between consec-
utive elements to the maximum number of possible al-
ternations in the sequence. For instance, the sequence
HHHTT contains 2 runs (r)—1 run of three consecutive
heads (HHH), and 1 run of two consecutive tails (TT)—
hence, (r-1) = 2—1 = 1 alternation between head and tail.
As the sequence is the result of 5 coin tosses (n), there is a
maximum of (n-1) = (5-1) = 4 alternations between head
and tail. The ratio of actual alternations to the maximum
of possible alternations is assessed by the formula P(A)
= (r-1)/(n-1), which results in a rate of alternation of P(A)
= (2-1)/(5-1) = .25 for the current example.

Run lengths and alternation rate are negatively corre-
lated in most samples of sequences. The longer the runs
in a sequence of a given length, the smaller the alternation
rate. Long runs reduce the total number of runs and ac-
cordingly the alternation rate. For instance, the sequence
HTHTH contains five runs of length 1 and has an alter-
nation rate of 1; in contrast, the sequence HHHHH con-
tains only one run of length 5 and has an alternation rate
of 0. Note, however, that alternation rate and run length
are not perfectly correlated. Any alternation rate may be

a sequence. This is in line with studies on the prediction of randomness
which also focus on the length of single runs.
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associated with a variety of different run lengths. As il-
lustrated in Figure 1, an alternation rate of .50 may—in
our example—contain either one run of length 3 and two
runs of length 1 (e.g., HHHTH) or two runs of length 2
and one run of length 1 (e.g., HHTTH). Alternation rate
and run length are thus not equivalent, so that—when in-
vestigating which characteristics influence judgments of
randomness—it is critical to isolate their unique and pos-
sibly contingent effects.

1.2 Judgments of randomness

Numerous studies have investigated which characteristics
of binary sequences influence individuals’ judgments of
randomness. Usually, however, these studies have fo-
cused on either alternation rate or run length. Specifi-
cally, alternation rate has primarily been investigated in
studies on the perception and categorization of random-
ness, while run length has primarily been investigated in
studies on the prediction of randomness.

Studies on the perception of randomness generally
investigate the ability to recognize randomness by us-
ing binary sequences of outcomes as stimuli (e.g.,
XXXO000XXO00X0OXOXX0XX). In these studies,
various sequences are presented and participants are
asked to infer whether a given sequence is random (Alt-
mann & Burns, 2005; Olivola & Oppenheimer, 2008), to
order sequences according to their perceived randomness
(Falk & Konold, 1997; McDonald, 2009), or to select the
only random (Kunzendorf & Pearson, 1984), the most
random (Konold, Pollatsek, Well, & Lohmeier, 1993,
Wagenaar, 1970; Wiegersma, 1982, 1987), or the least
random (Green, 1982; Konold et al., 1993) sequence out
of a set of sequences. Categorization studies also present
several sequences of outcomes to their participants, but
ask their participants, for instance, whether a given se-
quence was produced by a random or nonrandom process
(Ayton & Fischer, 2004; Lopes & Oden, 1987). Note
that perception and categorization studies usually evalu-
ate responses by focusing on alternation rate (e.g., Ayton
& Fischer, 2004; Falk & Konold, 1997; Lopes & Oden,
1987; McDonald, 2009; Wagenaar, 1970; Wiegersma,
1982, 1987) without controlling for the impact of max-
imum run length or by focusing on maximum run length
(Olivola & Oppenheimer, 2008) without controlling for
alternation rates.

One key finding of perception and categorization stud-
ies is that participants judge sequences with an alternation
rate of .60 to .70 as most random or most likely to be pro-
duced by a random process. In particular, judgments of
randomness usually first increase and then decrease with
an alternation rate of .60 to .70 as the transition point.
This tendency towards “overalternation” is generally re-
ferred to as “negative recency effect” (for overviews, see
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Bar-Hillel & Wagenaar, 1991; Falk & Konold, 1997;
Nickerson, 2002).

Prediction studies typically emphasize the importance
of run length. They generally follow a different method-
ological approach by asking participants to predict single
outcomes of random devices such as coin tosses. Studies
focus primarily on the length of a run of a particular out-
come (e.g., Altmann & Burns, 2005; Ayton & Fischer,
2004; Croson & Sundali, 2005; Edwards, 1961; Nicks,
1959) without controlling for alternation rates.

While the results of manipulating alternation rate have
been reliably replicated across different studies, investi-
gations of run length offer a less coherent set of results:
many studies identified negative recency, but there are
also some studies that reported on positive recency or
no effects. For instance, Ayton and Fischer (2004) have
identified a negative linear trend for run lengths varying
from 1 to 5, indicating that the longer the run of a par-
ticular outcome, the less likely participants were to pre-
dict that outcome on the next trial. Similarly, investigat-
ing gambling behavior in a casino, Croson and Sundali
(2005) reported a negative trend for increasing run length.
Gamblers were more likely to bet against a run than to bet
with it after experiencing a run of 5 or more consecutive
repeated outcomes (but not for runs of length 1 to 4). An
opposite trend was reported by Edwards (1961), who in-
vestigated run lengths varying from 1 to 8. For runs of
up to four events, a positive trend occurred in that par-
ticipants were more likely to predict the same event the
longer the run; for runs of four and more events, however,
predictions were not influenced by run length. Finally,
Olivola and Oppenheimer (2008) did not find an effect of
run lengths 5 versus 7 on judgments of randomness.

While most studies focused either on alternation rate
or on run length, only a few studies have considered both
concepts within one design. None of these earlier studies,
however, allows for inferences about the characteristics’
unique impact on randomness judgments and whether the
influence of one characteristic is contingent on the other
characteristic. For instance, McDonald (2009) investi-
gated the effect of causal beliefs on predictions of future
outcomes and varied the alternation rate, while control-
ling only for the length of the run at the very end of each
sequence and not the length of the other runs within the
sequence (which could be longer than the final run). Al-
though conducive to the study’s goals, that approach pre-
cludes conclusions about the unique impact of alterna-
tion rate versus maximum run length. Similarly, Huet-
tel, Mack and McCarthy (2002) addressed the question
of how the disruption of alternation-patterns versus run-
patterns influenced reaction times and blood oxygen lev-
els in a reaction task. Alternation patterns were charac-
terized by exhibiting an alternation rate of 1, while run-
patterns were characterized by exhibiting an alternation
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rate of 0. Because that study did not investigate vary-
ing degrees of alternation, it can only suggest the relative
importance of length of alternation- to run-patterns and
cannot disentangle their impact in sequences of varying
alternation rates. Finally, Green (1982) asked his par-
ticipants which characteristics of binary sequences they
thought they had used in making randomness judgments.
He classified participants’ answers as referring to relative
frequency, run pattern, or alternation rate. Verbalizing
reasons, however, does not allow for disentangling the
impact of alternation rate and (maximum) run length on
randomness judgments. Moreover, verbal reports are of-
ten seen as varieties of introspection (Nisbett & Wilson,
1977) and thus less reliable than inferring the effect of
different characteristics from participants’ responses, as
in these experiments.

1.3 The present research

This manuscript aims to integrate results from studies in-
vestigating the effect of alternation rate as well as those
investigating the effect of run length on judgments of
randomness. Extending prior research, we investigate
the unique effects of alternation rate and maximum run
length, as well as their contingent effect on randomness
judgments within a single experimental design. We ex-
amine the effect of run length by manipulating the longest
run within the sequence. This methodological choice
reflects the fact that long (in comparison to short) runs
are perceptually more salient. Because alternation rate
has previously been shown to have consistent effects (see
Bar-Hillel & Wagenaar, 1991), we predicted a main effect
of alternation rate on randomness judgments. With regard
to maximum run length, the heterogeneity of previous re-
sults does not allow for specific predictions. We there-
fore investigate the main effect of maximum run length
on randomness judgments in an exploratory fashion only.

Going beyond unique main effects, we hypothesized
that the effect of alternation rate on judgments of ran-
domness would be contingent on maximum run length. In
particular, we assumed that the effect of alternation rate
would decrease with increasing maximum run lengths.
To substantiate this argument, a conceptual parallel can
be drawn to Gestalt Theory (Wertheimer, 1923). Gestalt
research has revealed that, in heterogeneous visual fields,
individuals tend to group similar elements together (e.g.,
elements similar in form, size, or color: J. Beck, 1967;
Houtkamp & Roelfsema, 2010). and that these clusters of
similar elements become apparent against a background
of rather dissimilar elements. For instance, when individ-
uals inspect a picture consisting of white and black dots,
they perceive a mosaic of white and black clusters instead
of a grey picture. In a review on judgments of random-
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ness, Bar-Hillel and Wagenaar (1991) have argued that
such clustering tendencies are responsible for mispercep-
tions of randomness in binary matrices (see also Feller,
1950; Wiegersma, 1987). We argue that organizing ten-
dencies apply not only to binary matrices but also to se-
quences of consecutive elements, as in a series of coin
tosses. Specifically, we expected that elements in binary
sequences would appear to cluster with identical previ-
ous and subsequent elements. We assumed these runs of
identical elements would become more apparent against
a background of more irregular elements (Wiegersma,
1987; see also D. M. Beck & Palmer, 2002; Palmer &
Beck, 2007).

We propose that the perceptual salience of runs is de-
termined by two factors—run length and the context in
which the run occurs: First, it has generally been ar-
gued that the more identical elements co-occur, the easier
grouping is and the more perceptually salient a cluster—
here a run—becomes (e.g., see Treisman & Gormican,
1988, for the length of lines). Similar results have
been reported for attention (Vitz & Todd, 1969), sus-
piciousness regarding “true” randomness (Lepley, 1963;
Wiegersma, 1987), and the belief that a streak has oc-
curred (Bar-Hillel & Wagenaar, 1991; Carlson & Shu,
2007; Wagenaar, 1970). Second, perceptual salience is
also determined by the context in which a run occurs. The
longer the run within a sequence of fixed length and fixed
alternation rate (the context), the more salient it is.

To summarize, we suggest that, when similar elements
co-occur, individuals focus on co-occurrence rather than
on change, which leads to certain consequences for the
perception of runs in binary sequences: The longer the
longest run, the greater the focus on it, and the less fo-
cus on both other (shorter) runs and the alternation be-
tween these runs. Accordingly, the longer the longest
run, the less the influence of alternation on randomness
judgments. Statistically, this prediction translates into an
interaction effect between maximum run length and alter-
nation rate.

We test hypotheses across two experiments while con-
trolling for potential confounding effects of symbol type
and varying the position of the longest run within the se-
quence. We expected to find a negative recency effect
in that randomness judgments are negatively skewed as a
function of alternation rate and peak for alternation rates
bigger than .50. This is reflected either in a linear or in
a linear plus a quadratic relationship between alternation
rate and judged randomness in the current experiments.
Furthermore, we expected the effect of alternation rate on
randomness judgments to be negatively linearly related to
maximum run length, such that short (long) runs result in
a more (less) pronounced impact of alternation rate on
judgments of randomness.
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2 Experiment 1

Experiment 1 was designed to disentangle the unique and
contingent effects of alternation rate and maximum run
length on judgments of randomness. Participants eval-
uated the randomness of binary sequences consisting of
21 elements in a perception task. Sequences consisted
of Xs and Os to minimize conceptual or linguistic influ-
ences. Furthermore, the ratio of Xs and Os was close to
.50. Alternation rate and the maximum run length within
the sequences were manipulated orthogonally.

2.1 Method

Thirty-two University of Mannheim students (16 fe-
males; mean age = 23.6 years, SD = 4.0) participated in
return for 1 EUR in a 3 (alternation rate .40 vs. .50 vs. .60)
x 3 (maximum run length 3 vs. 4 vs. 5) x 2 (complement
X vs. O) within-subjects design.

In a computer based study, participants were informed
that they would see 72 binary sequences and that each se-
quence was produced by tossing a coin 21 times. Instruc-
tions explained that a coin toss was used as the generating
device, because prior research has shown that random-
ness judgments are based on beliefs about the generating
process; for instance, whether a sequence was produced
by humans or inanimate devices (Ayton & Fischer, 2004),
or by the assumed randomness of the generator (Burns
& Corpus, 2004; Tyszka, Zielonka, Dacey, & Sawicki,
2008).

Sequences consisted of 11 Xs and 10 Os (or 10 Xs
and 11 Os) with sequences starting and ending with the
more frequent element (for a similar approach, see Ay-
ton & Fischer, 2004; Falk & Konold, 1997). The 21
elements were presented all at once. Sequences var-
ied in the alternation rate (.40 vs. .50 vs. .60) and in
the length of the longest run within the sequence (for
a similar approach in a study on the generation of ran-
domness, see Kubovy & Gilden, 1991). Each sequence
contained one longest run of length 3, 4, or 5 (plus two
runs of length 3; all other runs were of length 2 or 1,
e.g., XOOOOXOXOXXX0O0XXX0OXOX). The longest
run was of length 3 or longer because Carlson and Shu
(2007) have demonstrated that a run of three repeated
consecutive symbols is critical to the perception of a
streak (see also Bar-Hillel & Wagenaar, 1991) and be-
cause a run length of 3 is the shortest maximum run
length possible for sequences characterized by an alter-
nation rate of .40 and equal relative frequencies (e.g.,
OO0XXX0O0OXXX000XX0O0XX0O0). At the same time,
the longest run was of length 5 (or shorter) as a run
length of 5 is the longest possible run length for se-
quences with an alternation rate of .60 and equal rel-
ative frequencies (e.g., OXOXXXXX0O0O0OX0O0O0OXOX-
0XO). Note that implementing all maximum run lengths
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and the smallest and highest alternation rates possible for
sequences characterized by equal relative frequencies al-
lowed for direct comparisons of the effects of alternation
rate and maximum run length.

To control for perceptual confounds, such as the pos-
sibility that a run in Os is perceived differently from
a run in Xs, we used complementary sequences (e.g.,
XXOXX0X0X000XX0O0000XXX and OOXO0XOX-
OXXX0O0OXXXX000). Examples of each of the 18
types of sequences are provided in Table 1. We always
used four versions of each type of sequence (e.g., four
sequences characterized by an alternation rate of .40,
a maximum run length of 3, and complement X). To
control further for a potential influence of the position
of the longest run within the sequence, the longest run
was either at the beginning of the sequence, middle-left,
middle-right, or at the end of the sequence. The order in
which sequences were presented to participants was de-
termined randomly for every participant. Each sequence
was presented individually and remained on the screen
until judgments of randomness were made. Participants
were asked to indicate how random they perceived each
sequence of coin tosses to be. They provided their an-
swers by mouse clicks on a 7-point Likert-type scale (1
= not random at all, to 7 = absolutely random; for a
similar approach, see Altmann & Burns, 2005) that was
presented underneath each of the sequences. After each
judgment, participants started the next trial. At the end of
the experiment, participants were debriefed, probed for
guessing hypotheses, thanked, and remunerated.

2.2 Results

Preliminary analyses. Falk and Konold (1997) have
proposed that, when evaluating randomness, a minor-
ity of individuals will focus on the generating device,
whereas the majority will focus on the sequence of out-
comes. Because those who focus on the generating de-
vice should not be influenced by variations in character-
istics of the sequence, we first analyzed the variance each
individual participant displayed across randomness judg-
ments. Three participants (9.38 %) judged all sequences
as equally random, providing only judgments of 7, pre-
sumably because they focused on the generating device,
and were therefore excluded from further analyses (for
a similar approach, see McDonald, 2009). The remain-
ing 29 participants (90.62 %) showed a mean variance in
randomness judgments of M =2.03 (SD = 1.34).

Judgments of randomness. To disentangle the unique
and joint effects of alternation rate and maximum run
length on judgments of randomness, participants’ judg-
ments were subjected to a 3 (alternation rate .4 vs. .5 vs.
.6) x 3 (maximum run length 3 vs. 4 vs. 5) x 2 (com-
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Table 1: Examples of each of the 18 types of sequences in Experiment 1.

Type of sequence

Example

Alternation rate .40, max. run length 3, complement O XXOOO0XXO0O0OXXX0O0OXX0O0XX
Alternation rate .40, max. run length 3, complement X OOXXXOO0XXXO0O0OXXO0OXXOO0
Alternation rate .40, max. run length 4, complement O XXOOOXXX0O0XXO0O0O0OXX0OXX
Alternation rate .40, max. run length 4, complement X OOXXXO0O0XXOOXXXX00XOO
Alternation rate .40, max. run length 5, complement O XXOOOO0OXXX0OXX0OXX000XX
Alternation rate .40, max. run length 5, complement X OOXXXXXO0O0OXO0OX0O0OXXXOO0
Alternation rate .50, max. run length 3, complement O XXOXXXO00XXO0OXX000X0OX
Alternation rate .50, max. run length 3, complement X OOXOOOXXXOOXXOO0XXX0XO
Alternation rate .50, max. run length 4, complement O XXOXXO0OO0OX0OX0O0O0O0XXX0XX
Alternation rate .50, max. run length 4, complement X OOXOOXXX0OXOXXXX0O00XO0
Alternation rate .50, max. run length 5, complement O XXXOO0OXO0O0O0O0OXOX0OXXXOXX
Alternation rate .50, max. run length 5, complement X OOOXXOXXXXXOXO0XO0O0OX00
Alternation rate .60, max. run length 3, complement O XXOO0OXOX0O0O0XXXOX0OXOXX
Alternation rate .60, max. run length 3, complement X OOXXXOXOXXXO00X0X0XO0
Alternation rate .60, max. run length 4, complement O XXXOX0O0OX0OXO0O0OOXXXOXOX
Alternation rate .60, max. run length 4, complement X OOOXOXXOXOXXXX0O00X0OXO
Alternation rate .60, max. run length 5, complement O XOXOOOOOXXXOXXXO0OXOXOX
Alternation rate .60, max. run length 5, complement X OXOXXXXXO00X0O00X0X0XO

plement X vs. O) repeated measures design. Polynomial
contrasts were used for testing our hypotheses:> specif-
ically, whether participants exhibited a negative recency
effect indicated either by a significant linear contrast for
alternation rate (-1 0 1) or by a significant linear contrast
plus a significant quadratic contrast for alternation rate (-
101)(-12-1). A ssignificant linear contrast indicates that
sequences with an alternation rate of .60 are rated as more
random than sequences with an alternation rate of .40. A
significant quadratic contrast indicates that randomness
judgments curve for sequences with an alternation rate of
.50. Furthermore, polynomial contrasts were used to test
whether the effect of alternation rate decreased linearly
with increasing maximum run length. Specifically, the
linear effect of alternation rate (-1 0 1) and the quadratic
effect of alternation rate (-1 2 -1) were expected to inter-
act with the linear effect of maximum run length.
Analyses revealed the predicted unique effect of al-
ternation rate: Sequences with an alternation rate of .60
were judged as more random than sequences with an al-

2We report contrast statistics for the planned contrasts and repeated
measurement statistics for the analyses regarding maximum run length
and the perceptual control factor complement X versus O, so as to match
hypotheses and statistical tests. In the repeated measures designs in Ex-
periments 1 and 2, we also calculated the main effect for alternation rate
and the interaction between alternation rate and maximum run length,
which were significant for all reported contrasts, all F's > 6.25, ps <.001,
nps > .12.

ternation rate of .40, as indicated by the significant linear
contrast, Fiieqr(1, 28) = 30.80, p < .001, 1,2 = .52. Fur-
thermore, randomness judgments curved for sequences
with an alternation rate of .50, as shown by the quadratic
contrast, Fyadraiic(1, 28) = 8.95, p < .01, np? = .24.

As hypothesized, the strength of both the linear and
the quadratic effect of alternation rate linearly decreased
with increasing maximum run length (for a summary
of statistics, see Table 2). This was reflected in a sig-
nificant interaction between the linear effect of alterna-
tion rate and the linear effect of maximum run length,
Flinear-linear(1, 28) = 25.28, p < .001, 1,2 = .47, and a sig-
nificant interaction between the quadratic effect of alter-
nation rate and the linear effect of maximum run length,
F guadratic-tinear(1, 28) = 7.71, p < .02, np%2 = .22. The linear
contingency of the effect of alternation rate on maximum
run length is illustrated in Figure 2. The interactions of
alternation rate with the quadratic effect of maximum run
length were not significant, F's < 2.56, ps > .14.

Analyses additionally revealed a tendency to-
wards a unique effect for maximum run length,
F(1.35,37.79) = 3.27, p < .07, ny? = .10. Post-hoc poly-
nomial contrasts with a Bonferroni-adjusted alpha-level
of .025 showed that randomness judgments tended to
increase linearly with increasing maximum run length,
Flinear(1,28) =3.72, p < .07, np? = .12, F guadraic < 1. All
other F's < 1.86, ps > .17.
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Table 2: Linear and quadratic effects of alternation rate for linearly increasing maximum run lengths of 3, 4, and 5 in

Experiment 1.

Maximum run length

Linear effect of alternation rate

Quadratic effect of alternation rate

3 F(1,28) =31.51, p < .001, ,? = .53 F(1,28) = 1046, p < .01, n,2 = .27
F(1,28) = 16.56, p < .001, n,2 = 37 F(1,28) =349, p< .08, n,2 =11
5 F(1,28)=9.19, p < .01, 2 = .25 F(1,28) = 1.75, ns, n,? = .06

Figure 2: Means (with standard errors) of participants’
randomness judgments in Experiment 1, separately for a
maximum run length of 3, 4 and 5, and an alternation rate
of .40, .50, and .60.
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2.3 Discussion

To summarize, Experiment 1 shows that alternation rate
exerts a unique effect on randomness judgments. Ran-
domness judgments increased for sequences character-
ized by an alternation rate of .40 to .60, and curved for
an alternation rate of .50. Importantly, the effect of alter-
nation rate was contingent on the longest run within the
sequence. The longer the longest run in the sequence,
the lower the effect of alternation rate on randomness
judgments. The unique effect for maximum run length
was rather weak or non-existent—despite the fact that the
chances of finding an effect were maximized by imple-
menting all possible maximum run lengths for binary se-
quences of length 21 that are characterized by equal rela-
tive frequencies and alternation rates from .40 to .60.

It is noteworthy that Experiment 1 controlled for
perceptual factors: specifically, we used complementary
sequences to control for whether the longest run is
perceived differently depending on whether it is made
up of Xs or Os. Additionally, we took care that the
position of the longest run within the sequence for each
type of sequence varied from the left beginning of the
sequence to the right end of the sequence. This high
level of control allows for reasonable confidence in
the results obtained. However, one may argue that the
longest run length might have a systematic differential
impact on randomness judgments depending on the

position of the longest run within the sequence. En-
countering a “run-pattern” or an ‘“‘alternation-pattern”
at the beginning of the sequence might result in a first
“impression” of the sequence as being more or less
random. To rule out a systematic impact, we ran a
replication study (N = 30) which systematically manipu-
lated the position of the longest run within the sequence
by creating a mirror image of every single sequence
(e.g., XXXOOOOXXOOOXOXOXXOXX became
XXOXXOX0OX000XX0000XXX)?. Substantiating
the findings of Experiment 1, the results show that
alternation rate exerted a unique impact on randomness
judgments. Again, this effect was contingent on the
longest run within the sequence. Neither maximum
run length nor position of the longest run (see also
Olivola & Oppenheimer, 2008) had a reliable impact on
randomness judgments.

3 Experiment 2

To control for linguistic and conceptual factors, Exper-
iment 1 employed the symbols X and O and speci-
fied that the sequence resulted from coin tosses. While
this methodological choice reduced ambiguities in be-
liefs about the generating device, it may have appeared
odd to those few who defined randomness based on the
generating device rather than on the observed pattern of
the outcome sequence (see Falk & Konold, 1997). To
prevent potential misunderstandings and to further sub-
stantiate the findings of Experiment 1, no allusion to the
generating device is made in Experiment 2. Instead, par-
ticipants were asked to indicate whether they believe that
a given sequence is random or not.

3Replication study: Randomness judgments were subjected to a 3
(alternation rate .40 vs. .50 vs. .60) x 2 (maximum run length 4 vs. 5)
x 2 (complement X vs. O) x 2 (mirroring longest run left vs. longest
run right) within-subjects design. Results replicated the findings of Ex-
periment 1. 27 participants (90 %) showed variance in their random-
ness judgments and judged sequences with an alternation rate of .60
as more random than sequences with an alternation rate of .40, with
judgments curving at .50 (Fiipeqr(1, 26) = 25.08, p < .001, 7,2 = .49,
Fguadraiic(1, 26) = 8.03, p < .01, np? = .24). Again, the impact of alter-
nation rate on randomness judgments was contingent on maximum run
length: The strength of the linear effect decreased with increasing maxi-
mum run length, Fiizear-iinear(1, 26) =8.28, p < .01, np? = .24. Maximum
run length did not exert a unique effect, F' < 1.
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A second change introduced in Experiment 2 is a new
answering format. Specifically, participants were asked
to make binary random/not random judgments, which are
more easily interpreted and allow for testing whether the
observed pattern of results holds for different ways of as-
sessment.

In addition, we introduced two changes to the random
sequences presented: alternation rates are varied in five
steps from .42 to .74; maximum run lengths of 4 to 6
were implemented. To accommodate these changes, the
sequences were extended to 39 elements.

3.1 Method

Forty-six University of Mannheim students (32 females;
mean age = 22.5 years, SD = 2.5) participated in return
for 1 EUR in a 5 (alternation rate .42 vs. .50 vs. .58 vs.
.66 vs. .74) x 3 (maximum run length 4 vs. 5 vs. 6) x 2
(complement X vs. O) within-subjects design.

Participants were presented 90 binary sequences con-
sisting of 20 Xs and 19 Os (and vice versa). Materials
were the same as in Experiment 1, except for the follow-
ing changes: First, alternation rate was manipulated on 5
levels to produce alternation rates that varied from .42 to
.74. Second, maximum run length was manipulated on 3
levels from 4 to 6, with a length of 6 being the longest
possible run length for alternation rates of .74. Third, the
position of the longest run was controlled for in that it
was either at the beginning, in the middle, or at the end of
the sequence. Finally, there were always three (instead of
four) versions of each type of sequence.

3.2 Results and discussion

Preliminary analyses.  No participant (0 %) answered
that all sequences were random.

Judgments of randomness. = We counted how often
participants judged sequences of a given sequence type as
random, related this sum to the 3 sequences per sequence
type and multiplied the result by 100. This yielded a per-
centage measure varying between 0 (all sequences not
random) and 100 (all sequences random). These percent-
age measures were subjected to a 5 (alternation rate .42
vs. .50 vs. .58 vs. .66 vs. .74) x 3 (maximum run length 4
vs. 5 vs. 6) x 2 (complement X vs. O) within-subjects de-
sign. Polynomial contrasts were used to test hypotheses.*

Alternation rate exerted the predicted unique effect:
Randomness judgments linearly increased with increas-
ing alternation rates, Fjj.,-(1, 45) = 10.39, p < .01,
1p? = .19, and curved for alternation rates of .50, .58 and

4Main effects and interactions with cubic and quartic effects of al-
ternation rate were not expected and did not reach conventional levels
of significance, Fs <3.51, ps > .07.
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Figure 3: Means (with standard errors) of participants’
randomness judgments in Experiment 2, separately for a
maximum run length of 4, 5, and 6, and an alternation
rate of .42, .50, .58, .66, and .74.
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.60, Fguadraiic(1, 45) = 66.77, p < .01, np2? = .60. Again, as
shown in Figure 3 (for a summary of statistics, see Table
3), the effect of alternation rate on randomness judgments
was contingent on maximum run length: The strength
of the linear effect of alternation rate decreased with in-
creasing maximum run length, Fieqriinear(1, 45) = 24.22,
p <.001, n,2 = .35. The quadratic-linear interaction be-
tween alternation rate and maximum run length was not
significant, Fyuadratic-tinear(1, 45) = 1.10, p > .30. However,
on a descriptive level, the pattern observed in Experiment
1 was replicated: The strength of the quadratic effect of
alternation rate tended to decrease with increasing max-
imum run length. Maximum run length did not exert a
unique effect, F(1.65, 74.08) = 1.01, p > .36. All other
Fs<1.61,ps>.21.

In sum, Experiment 2 replicated the results from Ex-
periment 1 despite the fact that characteristics and length
of sequences, instructions regarding generating device
and task, and answering formats were changed. Alterna-
tion rate had a unique effect on randomness judgments.
Importantly, this effect was contingent on maximum run
length. Specifically, the longer the longest run in the se-
quence, the lower the effect of alternation rate on ran-
domness judgments. Maximum run length did not exert a
unique effect.

4 General discussion

Binary sequences are characterized by various features.
Two of these characteristics—alternation rate and run
length—were repeatedly shown to influence randomness
judgments. To date, the two characteristics have been
investigated in different lines of research, usually with-
out controlling for the other characteristic. The present
contribution was intended to investigate both alternation
rate and maximum run length within one design, so as
to isolate their unique impacts as well as to understand



Judgment and Decision Making, Vol. 6, No. 6, August 2011

539

Judgments of randomness

Table 3: Linear and quadratic effects of alternation rate with linearly increasing maximum run lengths of 4, 5, and 6

in Experiment 2.

Maximum run length

Linear effect of alternation rate

Quadratic effect of alternation rate

F(1,45)=25.76, p < .001, n,2 = .36
5 F(1,45)=4.08, p < .05, 7,2 = .08

6 F(1,45) = 0.20, ns, n,%2=.00

F(1,45)=57.69, p <.001, ny2=.56
F(1,45)=52.73, p < .001, ny2 = .54
F(1,45)=41.56, p <.001, n,2 = .48

their joint impact on randomness judgments. In two ex-
periments, alternation rate exerted both a linear and a
quadratic effect on randomness judgments, independent
of maximum run length. Isolating this unique effect ex-
tends prior research that has already documented an effect
of alternation rate on randomness judgments (e.g., Ayton
& Fischer, 2004; Falk & Konold, 1997).

The findings obtained go beyond previous research by
demonstrating an interaction between alternation rate and
maximum run length on randomness judgments: In two
experiments, the impact of alternation rate on random-
ness judgments was contingent on maximum run length
in that the impact on randomness judgments decreased
linearly with increasing maximum run length. Specifi-
cally, when sequences contained the longest run possi-
ble, the difference in randomness judgments between the
minimal and the maximal alternation rate was less pro-
nounced than when sequences contained a shorter maxi-
mum run length. Furthermore, for sequences containing
the longest run length possible, judgments of random-
ness curved less strongly than for sequences containing
a shorter maximum run length. This finding supports the
assumption that due to perceptual grouping, longer runs
reduce the impact of alternation rate on randomness judg-
ments.

Regarding the main effect for maximum run length on
randomness judgments, the results obtained suggest that
maximum run length exerts either no effect or only a
weak unique effect. While Experiment 1 identified by
tendency a unique main effect for maximum run length,
no such main effect was found in the replication study or
in Experiment 2. Note that all experiments implemented
the longest maximum run length possible and therefore
maximized the unique effect of maximum run length on
randomness judgments.

In addition to our primary findings, several aspects of
this evidence deserve short mention. First, the effects of
alternation rate and maximum run length on judgments
of randomness were comprehensively assessed by con-
trolling for perceptual characteristics of sequences (Ex-
periment 1 & 2: using complementary sequences; Repli-
cation Study: using complementary sequences and mir-
roring sequences in that the longest run was left versus
right). This high level of control ensures reliable con-

clusions about the unique and joint impact of alternation
rate and maximum run length on randomness judgments.
Second, the effects of alternation rate and maximum run
length were directly comparable as experiments imple-
mented all maximum run lengths and the smallest and
highest alternation rates possible for sequences charac-
terized by equal relative frequencies. Third, the results
were replicated despite the fact that length and character-
istics of sequences, instructions regarding generating de-
vice and task, and answering formats had been changed.

Of course, the present research does not address all
questions. It remains an open question how other char-
acteristics of sequences additionally influence judgments
of randomness. For instance, what is the unique impact of
correlation, entropy, or relative frequency on randomness
judgments? Do joint influences exist? Furthermore, it
would be interesting to investigate which characteristics
of binary sequences individuals attend to most strongly
when forming judgments of randomness, in other words,
to investigate whether a hierarchy of characteristics ex-
ists. Our finding that the impact of alternation rate has
a reliable effect on judgments of randomness, while the
unique impact of maximum run length is less pronounced
or even unreliable, suggests that alternation rate may be
higher in the hierarchy than maximum run length. Also
pointing in the direction of a hierarchy, Diener and Tomp-
son (1985) have suggested that individuals form random-
ness judgments by sequentially eliminating alternative
nonrandom hypotheses. The authors suggest that par-
ticipants judge a given sequence as random only after
eliminating all alternative non-random hypotheses. For
instance, participants may consider whether the relative
frequency of elements is close to 50:50. In the case of se-
vere deviations, participants may conclude that the given
sequence is not random without necessarily considering
other characteristics of random sequences. In the case of
no deviations, participants are assumed to test for other
characteristics of randomness, e.g., for alternation rates,
and so forth.

Another interesting path of research would be to inves-
tigate whether the results obtained generalize to binary
sequences reflecting human performance. As pointed out
previously, individuals possess different expectations re-
garding outcome sequences of inanimate devices com-
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pared to outcome sequences reflecting human perfor-
mance (Ayton & Fischer, 2004). While individuals ex-
pect sequences of inanimate devices to be characterized
by negative recency, they expect sequences reflecting hu-
man performance to be characterized by positive recency.
These different expectations may influence the focus on
characteristics of binary sequences. One might argue that
in the case of human generated sequences the focus might
be more strongly on run length as reflecting, for instance,
a run of good luck or bad luck. Future research should
address whether the present findings—the unique impact
of alternation rate and the contingency of alternation rate
on maximum run length and the small or null-effect of
maximum run length—hold when individuals are asked
to judge sequences of outcomes reflecting human perfor-
mance.

To summarize, this manuscript has disentangled the
unique and joint impact of alternation rate and maximum
run length on randomness judgments. Identifying their
unique and joint effects provides a critical piece of evi-
dence towards a more refined understanding of how judg-
ments of randomness in binary sequences are formed.
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