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a b s t r a c t

The hot hand phenomenon refers to the popular notion that the performance of sports players is
punctuated by streaks of exceptional performance. During these streaks, the player is said to be ‘hot’, or
even ‘on fire’. Unfortunately, when it comes to assessing evidence for the hot hand phenomenon, human
intuition is inadequate—people are known to perceive streaks even in sequences that are purely random.
Here we develop a new statistical test for the presence of the hot hand phenomenon for binary sequences
of successes and failures. The test compares a constant performance model to a hidden Markov model
with two states (one representing hot performance, and one representing cold performance) and one
probability of switching from one state to the other. We assume appropriately restricted uniform priors
on the model parameters and compute the Bayes factor by integrating the likelihood over the prior. The
test is assessed in a simulation study and applied to real data sets from basketball and from psychology.
Our analysis suggests that it is difficult to find compelling evidence for and against streakiness except for
very long data sequences and extreme forms of streakiness.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

For more than 25 years, the existence of the hot hand phe-
nomenon has been the topic of intense debate in the academic lit-
erature on sports, statistics, and psychology. A player is called ‘hot’
or is said to have ahot hand if ‘‘(. . . ) the performance of a player dur-
ing a particular period is significantly better than expected on the
basis of the player’s overall record’’ (Gilovich, Vallone, & Tversky,
1985, p. 295–296). Sports fans, players, and coaches often express
belief in the hot hand phenomenon; however, several researchers
have argued that the hot hand is nothing but a cognitive illusion.
For instance, Tversky and Kahneman (1974) claimed that people
rely on heuristics when judging the probability of an event and
that these heuristics lead to systematic biases in people’s percep-
tion. Specifically, Gilovich et al. (1985) analyzed shooting records
of basketball players, failed to reject the null hypothesis of constant
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performance, and concluded that the belief in the hot hand rests on
‘‘a general misconception of chance according to which even short
random sequences are thought to be highly representative of their
generating process’’ (p. 295; but see Wardrop, 1995).

Over time, initial academic skepticism towards the existence of
the hot hand phenomenon has givenway to amore balanced view.
Psychologists Gilden andWilson (1995b) explained the occurrence
of streaks in skilled performance by the concept of flow (Csik-
szentmihalyi, 1990). Statisticians applied a series of different tests
to sports such as baseball (Albert, 2008; Albright, 1993; Barry &
Hartigan, 1993), basketball (Albert & Williamson, 2001; Gilovich
et al., 1985; Shea, 2014; Wardrop, 1999), golf (Clark, 2005), bowl-
ing (Dorsey-Palmateer & Smith, 2004), volleyball (Raab, Gula, &
Gigerenzer, 2012), and others, finding mixed support for the hot
hand phenomenon. In a review paper, Bar-Eli, Avugos, and Raab
(2006) listed 11 studies that found support for the hot hand phe-
nomenon and 13 studies that did not.

The importance of the hot hand phenomenon transcends the
domain of sports. As notedbyBar-Eli et al. (2006), ‘‘the hot handde-
bate in sportmaywell influence other domains andprovide bound-
aries for theories that attempt to explain beliefs and behavior in
real environments other than sport’’ (p. 526). One example of this
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general relevance is the studybyGilden andWilson (1995a),whose
work concerned the occurrence of streaky performance in a simple
perceptual task.

The current status of the hot hand phenomenon is not entirely
clear. Part of the problem is that different sports and tasks may
elicit streakiness more than others; an additional complication is
that different researchers use different tests to assess streakiness.
Moreover, classical tests for streakiness such as tests of serial
correlation and the popular Wald–Wolfowitz runs test generally
have low power (Albert & Williamson, 2001; Wardrop, 1999).
With low power to detect deviations from the null model of
constant performance, the absence of evidence for the hot hand
phenomenon does not equal evidence for its absence.

A related issue is that classical tests focus exclusively on the
null hypothesis of constant performance, and do not consider the
plausibility of the data under a specific alternative hypothesis.
Ideally, a test for the hot hand phenomenon compares the null
hypothesis against a concrete alternative model for streakiness, as
this allows one to compute the extent to which the data support
one model over the other (for a brief summary of these and
other Bayesian advantages, see Mulder & Wagenmakers, in press).
One simple model for streakiness, proposed by Albert (1993) in
the context of baseball batting, is a hidden Markov model with
two states and one transition probability (for a different model
see Albert, 2008). In each baseball game i, the number of successful
at-bats follows a binomial distribution with success probability
pi; when the player is in the hot state, pi = ph, and when the
player is in the cold state, pi = pc , with ph > pc . Following
each game, the player switches states with a fixed probability α =

0.1. Similar models have been proposed, applied, and evaluated in
other work (Albert & Williamson, 2001; Lopes & Oden, 1987; Sun,
2004; Sun &Wang, 2012).

Inspired by the work of Albert, our test for the hot hand
phenomenon uses the Bayes factor to quantify the adequacy of a
constant performancemodel against that of a streaky performance
model. The streaky performance model is a hidden Markov model
with two states and one transition probability. In contrast to Albert
(1993) we do not assign the transition probability α a fixed value,
but rather treat it as a free parameter. Furthermore, Albert (1993)
assumed that a player is in a particular state during an entire game
i (or sometimes an epoch i of arbitrary length), whereaswe assume
that a player can switch states at any time point t . Hence the binary
random variable that indicates success or failure at time t follows
a Bernoulli distribution with a success probability that depends
on the hidden state at time t . The underlying process is assumed
to follow a stationary first-order Markov chain, meaning that the
probability of being in a certain state at time t depends only on the
state occupied at time t − 1.

The outline of this paper is as follows. The first section pro-
vides the mathematical details of the hidden Markov model and
the proposed Bayesian test. The second section reports a simula-
tion study to assess the performance of the Bayesian test. The third
and fourth sections provide application examples with data from
basketball free-throw shooting and perceptual identification, re-
spectively. The final section summarizes our findings and discusses
their ramifications.

2. A two-state Bernoulli hidden Markov model

Consider a first-order hidden Markov model (HMM) with two
possible states at each discrete time point t: St ∈ {0, 1}, where
St = 0 represents the cold state and St = 1 represents the
hot state. We use upper-case letters to denote random variables
and lower-case letters to denote the realization of these random
variables. Switches between the states are governed by so-called

transition probabilities. The one-step transition probability matrix
Γ = (γij)i,j∈{1,2} contains the probability of switching from the hot
to the cold state and vice versa: γij = p(St+1 = 0 | St = 1) =

p(St+1 = 1 | St = 0) = α for i ≠ j and the probability of staying
in a state γij = p(St = 1 | St−1 = 1) = p(St = 0 | St−1 = 0) =

1 − α for i = j. Thus, when α < .5 the states are ‘‘sticky’’ and
when α > .5 the states are ‘‘repelling’’. Only sticky states produce
performance that is consistent with streakiness and the hot hand
phenomenon, and hence the remainder of this paper focuses on
switching probabilities lower than .5.

The state-dependent sequence of random variables {Yt : t ∈ N}

produces the sequence of observations yt , t ∈ {1, . . . , T }. Since we
are concerned only with binary data, Yt is distributed according
to a Bernoulli distribution for all t . Here Yt = 0 indicates failure
(e.g., a miss) and Yt = 1 indicates success (e.g., a hit). A player
can have success both in the hot and in the cold state. However,
the probability of success is by definition higher in the hot than
in the cold state. The random variable Yt therefore has a different
Bernoulli distribution Yt ∼ Bern(pSt ) depending on the current
state St . We denote the probability of success in the hot state by
θh = p(Yt = 1 | St = 1), and the probability of success in
the cold state by θc = p(Yt = 1 | St = 0). For compactness
we define two diagonal matrices p(yt) with t = 1, . . . , T and
yt ∈ {0, 1} which contain the success and failure probabilities for
both states (Zucchini & MacDonald, 2009):

p(yt = 1) =


θh 0
0 θc


and

p(yt = 0) =


1 − θh 0

0 1 − θc


.

The likelihood LHMM of the two-state Bernoulli hidden Markov
model is:

LHMM = δp(y1)Γ p(y2) · · · Γ p(yT )1′ (1)

(Zucchini & MacDonald, 2009, p. 37), where 1′ is a 2-dimensional
rowvector and δ is the initial distribution of theMarkov chain. Here
we assume that a player is equally likely to start in one or the other
state whichmeans δ = (1/2, 1/2). Hence, our two-state HMMhas
three free parameters: the probability θh of success in the hot state,
the probability θc of success in the cold state, and the probability α

of switching between states.
To illustrate the typical shape of the HMM likelihood function

we generated a synthetic data set with 1000 observations from
a HMM with parameters θh = .7, θc = .4, and α = .1. Fig. 1
shows the corresponding likelihood function as a series of con-
tour plots. These plots reveal two kinds of non-identifiability (All-
man, Matias, & Rhodes, 2009; Petrie, 1969). First, for every value of
α the likelihood is symmetric around the main diagonal, indicat-
ing label-switching between θh and θc . This problem can be over-
come by enforcing the constraint θh > θc . Second, when α = .5
there are infinitely many combinations of θh and θc that yield the
same likelihood. Although important for parameter point estima-
tion, these HMM concerns about identifiability are irrelevant for
Bayesian model selection using the Bayes factor.

3. A bayes factor test for streakiness

In order to assess the evidence for and against streaky
performance we compare twomodels. The first model is the HMM
from the previous section, which represents streaky performance.
The second model is a baseline model that assumes a single,
constant success probability θ = p(Yt = 1) for all time points t ∈

N: the constant performance model (CPM). In the case of the CPM
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