
www.sciencedirect.com

c o r t e x 1 2 7 ( 2 0 2 0 ) 1e1 6
Available online at
ScienceDirect

Journal homepage: www.elsevier.com/locate/cortex
Registered Report
Walking through virtual mazes: Spontaneous
alternation behaviour in human adults
Yannick Rothacher a,*,1, Anh Nguyen b,1, Bigna Lenggenhager c,
Andreas Kunz b and Peter Brugger a,d

a Department of Neurology, Neuropsychology Unit, University Hospital Zurich, Zurich, Switzerland
b Innovation Center Virtual Reality, ETH Zurich, Zurich, Switzerland
c Department of Psychology, Cognitive Neuropsychology, University of Zurich, Zurich, Switzerland
d Zurich Center for Integrative Human Physiology (ZIHP) and Neuroscience Center Zurich (ZNZ), University of

Zurich, Switzerland
a r t i c l e i n f o

Article history:

Protocol received 31 December 2018

Protocol accepted 26 April 2019

Received 7 September 2019

Reviewed 28 October 2019

Revised 26 January 2020

Accepted 27 January 2020

Action editor Chris Chambers

Published online 11 February 2020

Keywords:

Maze exploration

Comparative cognition

Virtual reality

Sequential behaviour

Perseveration and alternation
* Corresponding author.
E-mail address: yannick.rothacher@uzh.c

1 These authors contributed equally to thi
https://doi.org/10.1016/j.cortex.2020.01.018
0010-9452/© 2020 Elsevier Ltd. All rights rese
a b s t r a c t

Spontaneous alternation behaviour (SAB) is the tendency to systematically alternate

directional choices in successive maze arms. Originally discovered in rats, SAB has been

extensively investigated in a broad range of species. In humans, however, SAB has been

mostly ignored, possibly due to the difficulties arising from the use of life-size mazes. We

here propose to close this gap by advancing the study of human SAB by use of virtual re-

ality (VR). Alternation rates in humans were examined in three experiments, each

deploying a specific type of virtual maze. The three virtual mazes tested 1) the effect of a

concurrent cognitive task on baseline alternation rates, 2) the differential influence of lo-

comotor and visual factors on alternation behaviour, and 3) the direction alternation in an

unrestricted open space. We report a general tendency in adult human walkers to alternate

walking directions in the classical T-maze context. The search for an effect of a concurrent

cognitive task and the influence of locomotor and visual factors on alternation behaviour

remained inconclusive. No evidence for alternation behaviour in an open space was found.

Together, the experimental series elucidates the presence and characteristics of SAB in

humans and paves the way for the systematic study of its neurocognitive basis.

© 2020 Elsevier Ltd. All rights reserved.
exploring a maze. First demonstrated in rodents (Tolman,

1. Introduction

Spontaneous alternation behaviour (SAB) refers to an animal’s

tendency to alternate consecutive directional choices while
h (Y. Rothacher).
s work.

rved.
1925), SAB has later been observed in a large number of spe-

cies across very different taxonomic groups, including verte-

brates, invertebrates, and even unicellular organisms

(Dember & Richman, 1989). In view of this phylogenetic
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universality, SAB was designated as “perhaps the most reli-

able phenomenon in all psychological research” (Dember &

Richman, 1989, p. 2). Despite its reliability, only limited

effort has been undertaken to investigate SAB in humans.

Before examining the sparse work done in humans in more

detail, the extensive body of animal research on the topic is

briefly reviewed.

Research on animals predominantly aimed to identify the

mechanisms underlying SAB. Despite the apparent simplicity

of the phenomenon, pinning down the relevant cues for

alternation has proven most difficult. There are three broad

classes of theories accounting for SAB. They assume the crit-

ical cue for alternation to be, respectively, the animal’s motor

response, the stimulus encountered, or the spatial direction

taken by the animal.

Postulating the motor response as the basis for alterna-

tion was the historically earliest approach in explaining

response alternation. Specifically, in a two-alternative forced

choice situation, once a motor response is made in one di-

rection, the response in that direction would be inhibited for

a certain amount of time. This principle of “reactive inhibi-

tion” (Solomon, 1948) has been based on findings in simple T-

mazes (Fig. 1 a). In T-mazes with a forced 90� turn prior to

the T-junction, it was shown that invertebrate species

alternated directions relative to the orientation of the forced

turn (Grosslight & Ticknor, 1953) (Fig. 1 b). Analogous to the

time course of the recovery phase of a muscle, this behaviour

was observed to dissipate when the distance between forced

and free choice was increased (Grosslight & Ticknor, 1953)

(Fig. 1 b).

In opposition to motor response theories, stimulus alter-

nation theories suggest that perceptual factors are driving

SAB. Strong support comes from studies using mazes which

eliminate an animal’s motor response on a first trial but show

SAB with respect to the visual properties of the test maze.

Dember (1956) had rats entering a T-maze with one arm

painted white and the other one black (Fig. 1 c). The rat could

not enter any of the maze arms, as the entrance was blocked

by a glass partition. Visual inspection of the arms was, how-

ever, possible. On trial two, the partitions were removed and

the colour of one of the arms was changed such that both

armswere now eitherwhite or black. The rats entered the arm

whose brightness had changed. This proves that, even in the

absence of any motor response, the mere change in the

perceptual characteristics of a maze arm is sufficient to

establish a direction preference.

The third class of theories suggests that the spatial direc-

tion of a chosen turn is the crucial cue for alternation. Space-

based theories of SAB were typically tested with cross mazes

as depicted in Fig. 1 d. In the first trial, the north side of the

cross maze was closed, and the animal entered the maze

through the south opening. In the second trial, the closed

sideswere reversed, and the animal entered themaze through

the north opening. This setup allows disentangling response

alternation and spatial direction alternation. Results showed

that rats alternated the spatial direction, which implied repe-

tition of the previous motor response. Furthermore, forcing

rats to take a left-then-right turn in a first maze led to a strong

right maze arm preference in a subsequent run through a T-

junction (Estes & Schoeffler, 1955) (Fig. 1 e) e a result opposite
to the one expected on the basis of reactive inhibition of the

preceding motor response.

Theories of SAB that rely on concepts of exploratory

behaviour, curiosity and novelty seeking are reviewed in

Montgomery (1952), Dember and Earl (1957) and, most

comprehensively, in Richman, Dember, and Kim (1986). These

higher-order theories do not necessarily compete with the

basic response-, stimulus- or space-based accounts summa-

rized above. Quite possibly, no single theoretical account of

SAB has to be favoured over others, as the manifestation of

choice alternation outside the laboratory and the potentially

adaptive value of the phenomenon may vary considerably

across species (Harvey& Bovell, 2006). Framing the problem of

alternation in more general terms than the reliance on visual

stimulus, motor response or spatial direction may be espe-

cially important for the understanding of SAB in humans e a

topic to which we turn in the following paragraph.

The extensive work done in animals has ever been in

striking contrast to the surprisingly low number of SAB

studies in humans, despite multiple implications for psycho-

logical research (Schultz, 1964). Up to this point, examinations

of SAB tendencies in humans have not managed to move

beyond a superficial inspection of the phenomena, solely

addressing the question: “Do they or don’t they?” (Richman

et al., 1986). Pate and Bell (1971) had pre-schoolers crawl

twice through a maze constructed out of opaque playground

tunnels. They described alternation rates of more than 80%,

generally increasing with a child’s age. To our knowledge, the

only study on adult human subjects’ SAB in a maze-like sit-

uation is by Neiberg, Dale, and Grainger (1970). These authors

recorded college students’ directional choices while they

repeatedly walked through a T-shaped corridor. They found

an alternation rate of 60%, not significantly different from the

chance rate of 50%. Given the impracticality of building life-

size mazes for humans, some researchers have studied

maze exploration outside the context of walking, requiring

subjects to trace mazes drawn on paper (Ellis & Arnoult, 1965;

Harris, 1971) or guide a hand-held stylus along small 3D maze

models (Lawless & Engstrand, 1960). All these studies, mostly

testing young children, reported significant alternation

behaviour. However, the significance of human alternation

behaviour extends far beyond issues of directional choices in a

maze. Above-chance alternation was also found in more ab-

stract types of “exploration” behaviour, e.g., in unreinforced

binary guesses of the alternatives “LEFT” and “RIGHT”

(Iwahara & Suginiura, 1969), in repeated free choices between

objects (Jeffrey & Cohen, 1965; Rabinowitz & DeMyer, 1971;

Vecera, Rothbart, & Posner, 1991) or among verbal response

options (Miller, Tu, Moffat, & Manley, 1969). Even more

broadly, cognitive biases like the “gambler’s fallacy” in Rou-

lette (Tune, 1964) and the “hot hand” in basketball (Gilovich,

Vallone, & Tversky, 1985) are further illustrations of the

pervasiveness of alternation behaviour. The fact that alter-

nation of choices is favoured over repetitions in these con-

texts led us to suggest that paradigms of SAB are conceptually

equivalent to paradigms which require human participants to

generate random sequences of alternatives (Brugger, 1997). In

both contexts, the avoidance of generating an identical

response on consecutive trials is the most prominent bias.

However, the purported conceptual equivalence between
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Fig. 1 e Schematic depiction of maze designs used in studies of SAB in animals. Thin black arrows represent two

consecutive trials. The strength of directional preferences at free choice junctions is represented by the thickness of light

blue arrows. Sample trajectories through the mazes are indicated. See text for explanation and references.(a)e(b) depict

findings supporting response theories of SAB: (a) Classical setup used in the examination of SAB in rodents. During two

consecutive trials in a T-maze, in the second trial the direction opposite to the initially chosen direction is preferred. (b) T-

mazes used to demonstrate turn alternation at the free choice junction after a 90-degree forced turn, which is diminished by

prolongation of the distance between forced and free turn. (c) Shows a setup used to support stimulus theories of SAB: A first

exposure to a T-maze with a black and a white painted arm after the T-junction allows only visual experience (without

motor response) of the corridors due to a glass partition. In subsequent trials the rat shows “stimulus alternation”, i.e., a

preference for the goal arm, whose colour had been changed. (d)e(e) illustrate findings in support of spatial direction

alternation in SAB: (d) shows the use of a cross maze to disentangle response cues and spatial direction cues. After entering

a T-maze from one side and choosing a direction at the T-junction, subsequently entering the T-maze from the opposite

side leads to a preference of the goal arm pointing in the spatial direction opposite to the one initially chosen, thus involving

a repetition of the motor response. (e) Tenfold exposure to a forced left-right turn sequence leading to a right turn preference

at a subsequent T-junction. (f) Shows the angular deviation from a straight-ahead direction pointing opposite to the

direction of a preceding 90� forced turn.
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spontaneous maze alternation and repetition avoidance in

subjective randomization has never been empirically tested.

Such equivalence would suggest that “movements” in ab-

stract spaces (search in memory, establishing connections in

social networks) obey the same laws as locomotion in maze

exploration. In addition, it would indicate that SAB in

sequential decision making might reflect the primacy of

exploration over exploitation in the healthy brain (Hills, Todd,

Lazer, Redish, & Couzin, 2015), which could make SAB tests

candidate instruments to detect both highly functioning
cognitive traits (de Manzano & Ull�en, 2012), but also to un-

cover early signs of cognitive decline (Gauvrit, Zenil, Soler-

Toscano, Delahaye, & Brugger, 2017).

The lack of classic, locomotion-based SAB experiments in

humansmay in part be due to the difficulties posed by the use

of walkable mazes. Apart from the effort of building a life-size

maze, the appearance and properties of the different corridors

should either be identical or changeable in a systematic way.

Recent advances in virtual reality (VR) technology offer a so-

lution to these problems. Using position tracking combined

https://doi.org/10.1016/j.cortex.2020.01.018
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with head mounted displays (HMDs), one can easily build

immersive virtual mazes, through which a user can navigate

by real walking. By this approach, the features of the maze’s

appearance, such as structure, texture, brightness and sur-

roundings, can be precisely controlled for. The advantages of

virtual mazes have long been recognized by behavioural

neuroscientists (Tarr & Warren, 2002). Using virtual re-

alizations of the eight-arm radial maze and the Morris water

maze, spatial memory was tested in humans using paradigms

normally restricted to animal subjects (Cornwell, Johnson,

Holroyd, Carver, & Grillon, 2008; Spieker, Astur, West,

Griego, & Rowland, 2012). Furthermore, studies investigating

the use of virtual mazes in animal experiments underline the

feasibility of translating spatial tasks from the real world to

virtual reality (Chen, King, Lu, Cacucci, & Burgess, 2018).

Expanding this approach to the study of alternation behav-

iour, we recently used a virtual maze to demonstrate SAB in

walking adults (Nguyen, Rothacher, Lenggenhager, Brugger, &

Kunz, 2017). Overall, participants significantly alternated turn

directions with a rate of 72%, thus providing first evidence for

directional above-chance alternation in human adults’

locomotion.

It is not clear whether the lack of an overarching theory of

SAB or the increasing use of SAB paradigms for applied pur-

poses [especially in pharmaceutic contexts (Hughes, 2004)]

has slowed down basic research in the field. In any case,

contributions to the very nature of “perhaps the most reliable

phenomenon in all psychological research” (Dember &

Richman, 1989, p. 2) have undoubtedly become relatively

sparse compared to the period between 1940 and the 1970ies.

The series of experiments proposed here aims at picking up

the thread and initiate the systematic investigation of human

SAB. By bringing the traditional paradigm of SAB to the VR lab,

studying the effects of cognitive load on alternation rates

(Experiment 1), and adding novel techniques to examine

“alternation” in human participants (Experiment 2,3), we hope

to spark the interest of those scientists studying human

behaviour, who are still keen to maintain an across-species

comparative perspective.

1.1. Experiment 1: SAB under cognitive load and its
relation to random number generation

Alternation at a junction is dependent on the choice in the

previous trial and gives thus testimony to the fact that this

choice is somehow remembered (physiologically or cogni-

tively). Even though there have been observations that bilat-

eral hippocampal lesions abolish SAB in rats (Dalland, 1970;

Kirkby, Stein, & Kimble, 1967), and that dual-task paradigms

diminish repetition avoidance in humans attempting to

generate randomnumbers (Brugger, 1997), the role of memory

in human SAB has never been empirically investigated. The-

ories suggesting a central role of memory in SAB (Lalonde,

2002) would predict alternation rates to decrease under

added cognitive load because of its detrimental effect on

remembering the previous turn.

We proposed to investigate the effect of cognitive load on

SAB in the virtual maze used in Nguyen et al. (2017) (the “triple

T-maze” henceforth; see Fig. 2 b). This maze design offers an

ideal setup to estimate conventional alternation rates in a
quick fashion. Assuming that memory is an integral compo-

nent of human SAB, we hypothesized that an increase in

cognitive load leads to reduced alternation rates. As a dual

task we used an auditory Stroop task, in which the partici-

pants (while walking) repeatedly heard the words “Frau”/

”woman” and “Mann”/”man” spoken by either a woman or a

man (Green & Barber, 1981). Thus, voice and word were either

congruent or incongruent. Participants had to indicate the

gender of the speaker for each presentation. Before the virtual

maze experiment, we additionally assessed repetition avoid-

ance in a Mental Dice Task (Geisseler et al., 2016). The Mental

Dice Task is a random number generation task that requires

the paced naming of the digits from 1 to 6 in a sequence

mimicking consecutive rolls of a fair dice as closely as

possible. The assessment of repetition behaviour with the

Mental Dice Task allowed us to test the notion of a conceptual

equivalence of response alternation in random number gen-

eration and SAB in maze exploration (Brugger, 1997). This was

more than just a superficial correlation analysis; any associ-

ation between the avoidance of repetition on a highly cogni-

tive level (Brugger, Landis, & Regard, 1990) and that on the

level of effector physiology (Brugger,Macas,& Ihlemann, 2002)

might point to some fundamentals in the control of the serial

order of behaviour (Lashley, 1951).

1.2. Experiment 2: Disentangling locomotor and visual
factors contributing to human SAB

As described above, a wealth of animal studies has compared

the influence of motor responses as vital cues for alternation

with the influence of other factors, especially visual cues.

Studies on human alternation behaviour have never consid-

ered this distinction. In the second experiment, we aimed at

expanding this type of investigation to human SAB. We did so

by investigating the relative effects of the physical and visual

perception of a forced turn on alternation rates.

The VR setting seems ideally suited to disentangle the

contributions of locomotion and vision to human SAB. In

virtual environments presented via HMDs, a user’s physical

actions often do not correspond to the visually perceived

movements. For example, a user might be sitting on a chair,

while navigating through a virtual environment on the screen.

This discrepancy between visual and bodily perception plays a

major role in the development of VR applications and is at the

heart of many yet unsolved issues in VR such as optimal im-

mersion (Usoh et al., 1999) or simulator sickness (Kolasinski,

1995). Although it is technically straight-forward to translate

real life movements one-to-one to the virtual world by the use

of body tracking, this is often problematic due to space re-

strictions in the physical world. The method of redirected

walking is a software-based approach to this problem: By

manipulating the way physical movements are mapped onto

virtual space, a user’s walking trajectory can be shortened or

bent, allowing the exploration of virtual environments much

larger than the available physical space (Hodgson &

Bachmann, 2013; Razzaque, Kohn, & Whitton, 2001).

We proposed to adopt the method of redirected walking to

investigate the relative contributions of physical and visual

perception to SAB in human walkers. One key procedure of

redirected walking, the curvature gain, inserts a slight

https://doi.org/10.1016/j.cortex.2020.01.018
https://doi.org/10.1016/j.cortex.2020.01.018


Fig. 2 e Depiction of a participant and schematic drawings of the virtual mazes. (a) Participant wearing an Oculus DK2 and a

laptop running the VR simulation on the back. The HMD is equipped with a visual cover to prevent visual feedback from the

ground. (b) The triple T-maze of experiment 1. Scored responses are indicated at the three T-junctions. (c) The three curved

T-mazes of experiment 2. The blue lines represent the physical trajectories, which are not congruent with themaze outlines

due to the applied redirected walking (curvature gain) in the “visual” and “physical” conditions. (d) The open maze of

experiment 3. The reverse turning angle is indicated for a fictional walking pathway (blue line) at a specified distance from

the corridor exit.

c o r t e x 1 2 7 ( 2 0 2 0 ) 1e1 6 5
rotation of the virtual scenery around a user when he or she

is moving, causing the user to walk on a curved pathway in

order to correct for the inserted rotation. By combining cur-

vature gains with curved or straight T-mazes, we can make a

participant experience a forced turn prior to a T-junction only

physically (“physical” condition), only visually (“visual” con-

dition) or both visually and physically (“congruent” condition)

(see Fig. 2 c).

It must be noted that this investigation differs slightly from

conventional SAB paradigms, which were used to investigate
the physical and visual cues for alternation in animals.

Especially regarding the visual cues, SAB studies have classi-

cally focused on the visual appearance of maze arms. By

manipulating the visual characteristics of the two goal arms in

a T-junction, the influence of visual cues on alternation

behaviour could be assessed (Walker, Dember, Earl, & Karoly,

1955). In the here proposed experiment, however, we do not

test the influence of the visual appearance of maze arms on

alternation rates, but rather whether visually (or physically)

perceiving a turn triggers a subsequent alternation response.

https://doi.org/10.1016/j.cortex.2020.01.018
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Thus, the described setup allows estimating the relative ef-

fects of a forced turn’s physical and visual component on the

subsequent alternation rate in a T-junction.

Preliminary results suggested that the physical component

of the forced turn is detrimental to alternation rates in

humans, possibly because of the additional effort to change

the current turning direction of the curved pathway prior to

the T-junction (see section 2.2.4.3. Pilot data and power anal-

ysis). On the other hand, we expected the visual representa-

tion of the forced turn to be positively driving turn alternation,

an expectation that is partly based on previous studies, which

emphasize the predominant visual component of animals’

and specifically primates’ SAB (Dember, 1956; Izumi,

Tsuchida, & Yamaguchi, 2013). Therefore, we hypothesized

an increased alternation rate in the visual condition relative to

the congruent condition and a decreased alternation rate in

the physical condition relative to the congruent condition.

Further, we hypothesized that participants show significant

alternation in the congruent condition.

1.3. Experiment 3: Moving beyond binomial data by
walking into an open space

In the third experiment, we planned to investigate the exis-

tence of SAB beyond its classic, corridor-based framework.

Examining SAB in other types of maze architectures presents

a crucial step in understanding SAB’s generalizability and

flexibility in human walking. While it has been shown that

humans exhibit SAB in bifurcation mazes, whether human

SAB extends further outside that framework has never been

tested. In insects, isopods and myriapods, SAB has been

observed in a modified paradigm where the animals deviate

from a straight locomotor path at the exit of a maze. This

deviation points opposite to the direction of the previously

traversed forced turn (Fig. 1 f) (Barnwell, 1965). In this para-

digm, SAB is not expressed as a binomial variable (“alterna-

tion” or “repetition”) but as a continuous variable [the angle of

deviation from the straight locomotor path, also dubbed the

“reverse turning” angle (Sch€afer, 1982)]. Like the dichotomous

measure of SAB, this angle decreases with increasing walking

distance between forced turn and the maze exit (Hughes,

2008). Using a continuous variable as a measure of SAB is

statistically more powerful (Czaczkes, 2018) and could there-

fore allow identifying smaller effect sizes.

We proposed to implement thismodified SAB paradigm for

humanwalkers using virtual reality. Themaze,modelled after

mazes used in lower arthropods, consisted of an initial 90�

forced turn that leads into an open area (the “open maze”,

henceforth; see Fig. 2 d). On the basis of work in arthropods

(Barnwell, 1965) we hypothesized reverse turning to occur also

in human participants.
2. Material and methods

2.1. Participants

288 healthy, right-handed participants, within the age range

of 18e40 years, were tested. Handedness was assessed with a

shortened version of the Edinburgh Handedness Inventory
(Veale, 2014). Gender of the participants was balanced.

Exclusion criteria included any history of neurological,

vestibular or psychiatric disorder. Any injuries affecting the

natural gait of participants also led to non-inclusion in the

study. Participants were informed about the exclusion criteria

beforehand and asked to only apply if no criteria are violated.

Participants were mainly recruited using the online forum

“Marktplatz” of the University of Zurich (UZH) and via mailing

lists of the psychology department of the UZH. Reimburse-

ment for participation was 10 Swiss francs (the approximate

duration of the study was 20 min). Participants were asked to

sign an informed consent form prior to starting the experi-

ment. All experimental procedures had been approved by the

Cantonal Ethics Committee of Zurich and were carried out in

accordance with the ethical standards of the Declaration of

Helsinki.

2.2. Experimental procedures

2.2.1. General procedure
The study consisted of three experiments, each including a

specific type of virtual maze. Each participant took part in all

three experiments. Experiment 1 consisted of two walks

through the “triple T-maze”, experiment 2 consisted of three

walks through the “curved T-maze” and experiment 3 con-

sisted of one walk through the “open maze”, resulting in 6

walks per participant (see Fig. 2). To counteract possible order

effects between trials, the order of the six walks was ran-

domized and balanced across participants. One constraint in

the randomization was that two trials of the same experiment

are never conducted right after each other (see supplementary

material for a full description of the randomization scheme).

Participants wore an Oculus DK2 HMD with an InterSense

IS-1200 optical tracking system mounted on top for 6 DOF

head position tracking at 180 Hz (Foxlin & Naimark, 2003) in a

12 m � 6 m tracking area. The virtual maze environments

were generated in Unity, which ran on a laptop carried by

participants on their back during the experiment (Fig. 2 a).

This setup allowed participants to wander freely, without

being tethered to a stationary computer. Before each walk

through the maze, a starting position and orientation was

shown through the HMD and the trial started once the par-

ticipants had reached the indicated starting position and

orientation. The procedure was fully automated and did not

require the involvement of the experimenter. The experi-

menter viewed the same virtual scene as the participants

through a separate display and only interferedwhen technical

problems would arise.

Participants were not informed about the actual focus of

the study and were only instructed that they will be exposed

to maze-like virtual environments, in which they are invited

to freely move around. The only limitations to their explora-

tion were 1) participants should not turn around (180� turn)

when walking in a corridor, and 2) when coming across open

spaces, participants can walk around in theses spaces but not

go back into the corridor they came from. After completing all

trials, participants were asked whether they had followed a

specific strategy to navigate through the VEs and, if yes, to

characterize this strategy. The answers to this question were

considered for a potential explorative analysis, examining

https://doi.org/10.1016/j.cortex.2020.01.018
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differences between individuals, who adhered to specific

navigation strategies, and participants walking without

strategy.

2.2.2. General pre-processing and statistical procedures
Based on the head tracking recordings, the walking trajec-

tories throughout the mazes were calculated for each partic-

ipant. There was no outlier removal in the collected data. If at

any point technical issues arose during an experiment inter-

fering with the experiment’s procedure or data-logging, the

participant was excluded from the experiment, in which the

issue emerged, and replaced by a new participant. Issues rated

as interfering with the experiment’s procedure included any

type of freezing of the displayed virtual environment or any

other distortion of the presented virtual environment. Tech-

nical issues were recognized by the experimenter, who

monitored the procedure of all experiments on a separate

display. In case of a participant wanting to stop the experi-

ment due to motion sickness or any other discomfort, he/she

was excluded from all experiments independent of howmany

trials had already been completed.

All statistical analyses were performed with the statistics

software R, using a significance level of a¼ .02. For each tested

value, the associated 98% confidence interval is reported.

Analyses involving mixed-effects models were performed

with the R packages “lme4” and “lmerTest” (Bates, M€achler,

Bolker, & Walker, 2015; R Development Core Team, 2008).

Confidence intervals for coefficients in mixed-effects models

were based on parametric bootstrapping. Mixed model for-

mulas in the following sections are given in the notation style

of the lme4 package.

2.2.3. Experiment 1
2.2.3.1. PROCEDURE. The maze of experiment 1 consisted of an

initial 90� forced turn, followed by three consecutive T-junc-

tions (see Fig. 2 b). The distances between turns consisted of

2.5 m long corridors with a width of 1 m. Participants per-

formed two walks through the maze, once with and once

without performing a dual task. The direction of the initial

forced turn was randomized and counterbalanced over par-

ticipants. The dual task consisted of the auditory Stroop task

(Green & Barber, 1981). In this task, participants were pre-

sented with audio playbacks of the words “Frau”/”woman”

and “Mann”/”man” spoken by either a woman or a man

(German terms were presented to German-speaking partici-

pants, English terms to English-speaking participants). The

stimuli were recorded from computer-generated male and

female voices, using three different artificial voices for each

gender. Participants were asked to verbally report the gender

of the speaker. Starting with the first step into the maze, new

audio playbacks were presented in time intervals of two sec-

onds. Participants were instructed to react as fast and accu-

rately as possible. Correctness of the responses were scored,

but we did not intend to analyse this variable any further, as

the main purpose of this task was to introduce cognitive load.

In the control condition, participants walked through the

maze without hearing any audio playbacks.

The auditory Stroop task was chosen because of the task’s

lack of a spatial component. More conventional dual tasks,

such as for example the serial-7 or serial-3 subtraction tasks,
are known for their potential to introduce a spatial bias in the

participant, due to the internal representation of numbers on

a mental number line (expanding from left to right; Loetscher

& Brugger, 2007). Such implicit spatial bias could interfere

with the alternation of turn directions in themaze. In addition

to the absence of a spatial bias, the auditory Stroop task has

been shown to reliably engage walking humans’ working

memory (Plummer-D’Amato et al., 2012).

Prior to the experiment, participants completed a training

session to familiarize themselves with the concurrent task.

While sitting, they were presented with five audio playbacks

of the auditory Stroop task, to which they had to verbally react

appropriately. Participants were informed that at one point

during the experiment, they would have to react to audio

playbacks in the fashion just trained. In addition, participants

performed the Mental Dice Task while sitting, without being

immersed in a virtual environment. In this task, participants

were asked to generate a random number sequence with

digits ranging from 1 to 6, mimicking the rolls of a fair dice. In

total, 66 numbers were generated with a 1 Hz frequency. The

timely generation of new numbers was dictated by a metro-

nome. The random number sequences were recorded

following the procedure described in Geisseler et al. (2016).

2.2.3.2. ANALYSIS PIPELINE. The decisions at the three junctions

of the maze were scored as a repetition or alternation in

relation to the chosen turn direction in the immediately pre-

ceding turn (see Fig. 2 b). The direction decision at the first

junctionwas evaluated in relation to the direction of the initial

forced turn. We hypothesized that participants would signif-

icantly alternate direction choices in the control condition and

that in the dual-task condition this alternation rate would be

decreased. To test these hypotheses, an overall alternation

rate was calculated for the control condition. This was ach-

ieved by fitting amixed-effects logistic regressionmodel to the

alternation responses of the participants in the control con-

dition, only including participants as a random intercept

[alternation ~ (1|participants)]. The intercept of this fit was

tested against a value of zero, which is identical to testing the

overall alternation rate against an alternation rate of 50% [the

estimated intercept of the logistic regression is equal to log(-

P(alternation)/(1-P(alternation))], therefore an intercept of

zero corresponds to an alternation rate of .5, since log(.5/

.5)¼ 0). This analysis additionally served as a replication of our

previous study, in which a significant overall alternation rate

of 72% was observed (Nguyen et al., 2017). Subsequently, a

mixed-effects logistic regressionmodel was fitted to the entire

data, including alternation responses as the target variable,

condition (two-level factor, with/without dual task) as a pre-

dictor and participants as a random intercept

[alternation ~ condition þ (1|participants)]. The coefficient of the

condition factor was tested against a value of zero.

To test the hypothesis of a conceptual equivalence be-

tween alternation behaviour in walking and repetition

avoidance in random number generation, the amount of

participants’ digit repetitions in the Mental Dice Task was

correlated (Pearson correlation coefficient, two-sided) with

the reverse turning angles measured in experiment 3. The

amount of digit repetitions describes the total number of

times a participant repeated a digit in the generated number
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series of the Mental Dice Task (e.g., the series “2-4-5-5-6-1-1”

contains two repetitions). The rationale behind analysing digit

repetitions was to compare equivalent indices of behaviour,

i.e., choice repetitions in a maze and choice repetitions in

random number generation. As positive values of the reverse

turning angle reflect a higher alternation tendency, we pre-

dicted the correlation to be negative.

2.2.3.3. POWER ANALYSIS. The assumed parameters used for the

power analysis were taken from Nguyen et al. (2017). The

respective study revealed an overall significant alternation

rate of 72% in the control condition in a sample size of 49

participants. The random effect of participants was estimated

to entail a SD of 5 � 10�8. A power analysis, incorporating this

random effect and an assumed alternation rate of 72%,

revealed a necessary sample size of 28 participants to detect

an alternation rate in the control condition different from

chance with a power of 90%.

An additional power analysis was performed to investigate

the sample size necessary to detect a difference of alternation

rates between the two conditions (with/without dual task).

Because there is no data on the effect of a dual task on alter-

nation rates in walking humans, it is reasonable to rely on

dual-task experiments from general alternation experiments

to estimate expected effect sizes. However, despite a variety of

dual-task experiments in random number generation, the

translation of effects to SAB rates is difficult to achieve. In

random number generation the randomness of the produced

sequence, which consists of more than just two possible ele-

ments (usually the numbers 1e9), is scored as amathematical

index or an entropy value, which does not correspond directly

to an alternation rate. What remains is to fall back on animal

experiments. Although in the animal literature on SAB clas-

sical dual-task paradigms have not been employed, there are

studies in which visual cues from a maze were gradually

removed, making it more difficult for the animal to remember

them in upcoming trials. Gerbils alternated in a standard T-

maze with a rate of 72% (Dember & Kleinman, 1973), an

alternation rate comparable to the one found in humans

walking through a virtual maze (Nguyen et al., 2017). When

removing internal cues from the maze, leaving only spatial

orientation, alternation rates of gerbils dropped to 55%.

Removing all possible cues from a maze resulted in an alter-

nation rate of 50% (Dember& Kleinman, 1973). Based on these

results we concluded that a decrease in alternation of 15% is a

reasonable estimate of the dual-task effect on human alter-

nation rates. Using this decrease as the assumed effect size

results in an alternation rate of 57% in the dual-task condition.

The power analysis revealed a necessary sample size of 135 to

detect the assumed alternation decrease with a power of 90%.

For the correlation test between the participants’ number

of digit repetitions (Mental Dice Task) and the reverse turning

angles, the power analysis [assuming a medium effect of

correlation between the two variables of .3 (Cohen, 1977)]

indicated a needed sample size of 139 to reach a power of 90%.

2.2.4. Experiment 2
2.2.4.1. PROCEDURE. The second experiment consisted of one

walk through each of the three curved T-mazes (Fig. 2 c). Using

redirected walking (curvature gain), the participants’ walking
trajectories were manipulated while walking through the T-

mazes in the physical and visual condition. In the physical

condition, a curvature gain of .25 [curvature gain¼ 1/(radius of

curvature)] was applied to force participants onto a curved

walking trajectory while passing through the visually straight

passage leading up to the T-junction. The gain intensity of .25

lies above the detection thresholds for curvature gains re-

ported in the literature (Grechkin, Thomas, Azmandian, Bolas,

& Suma, 2016; Neth et al., 2012; Rothacher, Nguyen,

Lenggenhager, Kunz, & Brugger, 2018; Steinicke, Bruder,

Jerald, Frenz, & Lappe, 2010). Thus, the curved walking was

expected to be physically perceived as such by the partici-

pants. The curvature gain was applied until participants had

reached the T-junction. In the visual condition, a curvature

gain of the same intensity was applied in the opposite direc-

tion of the curved turn to force participants into a straight

walking trajectory while passing through the visually curved

corridor leading up to the T-junction. In the congruent con-

dition, no curvature gain was applied, which led to partici-

pants walking the curved turn congruent with their visual

experience of the maze. The mazes and applied curvature

gains were designed in a way that the radius (4 m) and length

(6.28 m) of the walked or visually perceived curvatures were

equal in the physical, visual and congruent condition. The

width of the corridors in the curved T-mazes was 1.5 m. Par-

ticipants were not informed about the redirection before the

experiment. The directions of the forced turns (left/right) were

randomized and counterbalanced over participants for each

T-maze.

2.2.4.2. ANALYSIS PIPELINE. The chosen directions in the T-

mazes were scored as alternations or repetitions in relation to

the direction of the preceding curved turn. We hypothesized

that participants show significant alternation in the

congruent condition. Furthermore, we hypothesized that

compared to the congruent condition, alternation rates would

decrease in the physical condition while the visual condition

would lead to an increase in alternation rates. To test these

hypotheses, in a first step the alternation behaviour of all

participants in the congruent condition was tested against an

alternation rate of 50% using a one-sided binomial test. To

compare this alternation rate with the two other conditions, a

mixed-effects logistic regression model was fitted using

alternation behaviour as the target variable, condition (three

level factor, physical/visual/congruent) as a predictor, and

participants as a random intercept [alternation ~ condition þ (1|

participants)]. Using the congruent condition as the reference,

the differences to the other two conditions are expressed by

the two respective condition-factor coefficients, which were

tested against a value of zero.

2.2.4.3. PILOT DATA AND POWER ANALYSIS. To determine the ex-

pected effect sizes for the power analysis, the alternation rate

in the congruent condition had to be estimated first. Themost

closely comparable data to alternation behaviour in a curved

T-maze are from Nguyen et al. (2017), in which participants

showed an alternation rate of 76% in response to the primary

forced turn. However, a sharp 90� turn as in Nguyen et al.

(2017) might differ from a smooth, curved 90� turn in terms

of the elicited alternation response. To get a more appropriate
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estimate of the alternation rate, a pilot study was conducted

including 60 participants, who walked through the curved T-

maze in the congruent condition. The results of the pilot study

indicated an alternation rate in the curved maze of only 60%

(one-sided binomial test: p ¼ .0775). A power analysis for a

one-sided binomial test (based on the discrete binomial dis-

tribution) revealed a necessary sample size of 282 participants

to distinguish the assumed alternation rate of 60% from

chance with a power of 90%.

To estimate the difference between alternation rates in the

congruent and the physical condition, a further pilot study

was conducted. 30 participants completed the T-maze in the

physical condition (using a curvature gain of .2). The partici-

pants showed an alternation rate of 40% (95% CI: .23e.59).

Regarding alternation behaviour in the visual condition,

there is no pilot data available, and no previous study has

investigated comparable effects in humans. Analogous to the

estimation of the effect of a dual task in experiment 1, we

decided an increase of 15% to be a reasonable effect size

estimation. Such an increase would assume an alternation

rate of 75% in the visual condition. A power analysis, incor-

porating the assumed alternation rates in the three conditions

(visual, physical, congruent) and the random effect of partic-

ipants taken from Nguyen et al. (2017) (see section 2.2.3.3.

Power analysis), revealed a necessary sample size of 170 par-

ticipants to distinguish a difference between the congruent

condition and the physical condition with a power of 90%. For

the distinction of the alternation behaviour between the

congruent and the visual condition, a sample size of 265 was

revealed to be necessary.

2.2.5. Experiment 3
2.2.5.1. PROCEDURE. Participants found themselves in a 1 m

wide corridor at the beginning of the open maze experiment

(Fig. 2 d). First, participants passed through a 2.5 m long

corridor to reach the initial 90� forced turn. The direction of the

forced turn (left/right) was counterbalanced among partici-

pants in a randomized order, leading to half of the 288 partic-

ipants completing the open maze with an initial forced right

turn, while the other half completed the open maze with an

initial forced left turn. Subsequently, participants walked a

4.5m long corridor leading into an open space. The open space

was only limited by walls running perpendicular to the

corridor walls, blocking the participants to walk behind the

level of the corridor exit. Apart from these walls, the open

space was empty and seemingly infinite, showing only the

horizon when looking forward into the open space. Partici-

pants were free to walk in any direction desired, except for

walking back into the corridor (as instructed before the

experiment). Participants were stopped as soon as they had

passed a distance of threemeters from the corridor exit. In the

case of a participant stopping in the open space, asking where

he/she is supposed to go, the experimenter instructed the

participant to “justwalk a bit furtherwherever youwant to go”.

2.2.5.2. ANALYSIS PIPELINE. The outcome variable of experiment

3 was the reverse turning angle, which expresses the devia-

tion in the open space relative to the direction of the prior

forced turn (Fig. 2 d). Positive angles denote directions oppo-

site to the forced turn direction and therefore an alternation,
while negative angles denote a repetition of direction in the

open space. To test our hypothesis that participants generally

alternate their chosen direction in the open space, we tested

the mean of all reverse turning angles in a one-sample t-test

against a value of zero in a one-sided fashion. In the case of

reverse turning angles not following a normal distribution

(tested by KolmogoroweSmirnow test and inspection of the

normal qq-plot), a one-sample Wilcoxon signed rank test

would be applied as a non-parametric alternative to the one-

sample t-test.

2.2.5.3. PILOT DATA AND POWER ANALYSIS. Since no prior experi-

ment has tested a similar paradigm in humans, a pilot study

was performed to test the experiment’s feasibility and to es-

timate the expected effect size. 30 healthy participants were

sent through a virtual open maze, counterbalanced for left-

and right-directed initial forced turns. Procedure and data

collection were identical to the here proposed procedure. In

the pilot study, the reverse turning angles showed a sample

SD of 26.2� and a mean value of 7.6� (one-sided t-test: t ¼ 2.23,

p ¼ .0147). Assuming these results to represent the true pa-

rameters, a power analysis revealed a necessary sample size

of 137 participants to detect a mean reverse turning angle

greater than zerowith a power of 90% using a one-sided t-test.

2.2.6. Timeline
Due to the large sample size, we estimated a duration of four

months for the recruitment and testing of all participants.

After data collection, we estimated the analysis and the final

writing of the manuscript to maximally take another two

months. Therefore, the studywas anticipated to be completed

in six months total.
3. Results

3.1. Experiment 1

3.1.1. Planned analyses
In the triple T-maze participants showed an overall alterna-

tion rate of 60.4% in the control condition, significantly higher

than the chance rate of 50% [p ¼ 1.21*10�9, 98%-CI: (56.6%,

64.3%)]. In the dual-task condition the alternation rate drop-

ped to 55.8%, this decrease from the control condition, how-

ever, was non-significant [b ¼ - .19, p ¼ .051, 98%-CI: (-.418,

.038)]. Participants’ alternation tendencies in the triple T-

maze are visualized in Fig. 3.

Participant’s digit repetitions in the Mental Dice Task were

not significantly correlated with the reverse turning angles

measured in experiment 3 [r ¼ .074, p ¼ .211, 98%-CI: (-.064,

.209), see Fig. 4].

3.1.2. Exploratory analyses
The alternation rate of 55.8% in the dual-task condition was

significantly higher than the chance rate of 50% [p ¼ .0007,

98%-CI: (52.5%, 59.1%)]. There was no significant left- or right

turn preference in participants (right turning rate of 48.1%,

p ¼ .112). There was no significant gender effect in alternation

behaviour (bgen(m) ¼ �.019, p ¼ .845) nor in side preference

(bgen(m) ¼ �.125, p ¼ .194). In the junction immediately after
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Fig. 3 e Histograms of the different alternation patterns exhibited in the triple T-maze. The three traversed T-junctions are

scored as 0 for repetition of direction and as 1 for alternation. The eight possible pathways range from no alternation at all

(000) to the maximum of three alternations (111). The frequencies for the possible trajectories are shown for the control

condition (a) and the dual-task condition (b). The mean frequency is indicated by the dashed lines.
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the initial forced turn in the triple T-maze, participants

alternated with a significant rate of 58.3% in the control con-

dition [p ¼ .006, 98%-CI: (51.3%, 65.1%)] and a non-significant

rate of 55.6% in the dual-task condition [p ¼ .068, 98%-CI:

(84.5%, 62.4%)]. After turning two times in the same direction

(lefteleft or righteright) participants alternated the direction

at the subsequent junctionwith a significant rate of 73% in the

control condition [p ¼ 3.34*10�11, 98%-CI: (65.2%, 80.0%),

n ¼ 204] and a significant rate of 60.7% in the dual-task con-

dition [p ¼ .003, 98%-CI: (52.3%, 68.7%), n ¼ 201]. Comparing

these two alternation rates using a two-proportion z-test

indicated a significant difference between them (c2 ¼ 6.42,

df ¼ 1, p ¼ .011). Participants’ digit repetitions of the Mental

Dice Task did not significantly correlate with the individual

alternation tendency in the triple T-maze (r ¼ �.093, p ¼ .117).
Fig. 4 e Scatterplot of digit repetitions in the Mental Dice Task

meters from the corridor exit. The regression line (dashed) is s
Following a suggestion by peer review, we also calculated

participants’ random number generation (RNG) index for the

Mental Dice Task. The RNG index is a widely used measure of

non-randomness in random number generation tasks (Evans,

1978; Towse&Neil, 1998) and partially depends on the number

of repetitive responses. Participant’s RNG-indices were not

significantly correlated with the reverse turning angles

measured in experiment 3 [r ¼ �.095, p ¼ .109, 98%-CI: (-.229,

.043)].

3.2. Experiment 2

3.2.1. Planned analyses
In the congruent condition participants alternated with a rate

of 61%, which was significantly higher than 50% [p ¼ .0002,
versus the reverse turning angles of experiment 3 at three

hown in grey.
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(one-sided) 98%-CI: (54.6%, 100%)]. In the subsequent mixed-

effects logistic regression analysis, the visual and physical

condition showed an identical decrease in alternation

compared to the congruent condition, but in both cases the

decrease remained non-significant [bvis ¼�.203, p¼ .234, 98%-

CI: (-.603, .184); bphy ¼ �.203, p ¼ .234, 98%-CI: (-.608, .190)].

3.2.2. Exploratory analyses
In both the visual and physical condition participants alter-

nated with a rate of 55.9%, which was not significantly

different from chance [p ¼ .052, 98%-CI: (48.9%, 62.8%)]. Par-

ticipants did not show a significant left- or right turn bias

(right turning rate of 52%, p ¼ .248). There was no significant

gender effect in alternation behaviour (bgen(m) ¼ .067, p ¼ .634)

nor in side preference (bgen(m) ¼ .064, p ¼ .634).

3.3. Experiment 3

3.3.1. Planned analyses
The mean reverse turning angle was 1.46� (SD ¼ 20.2�), not
significantly larger than zero [t¼ 1.23, p¼ .11, (one-sided) 98%-

CI: (-.99, Inf)].

3.3.2. Exploratory analyses
Participants did not show a general left- or right turn bias

(mean right-turning angle 1.76�, p ¼ .139). There was no sig-

nificant gender difference in alternation behaviour (t ¼ 1.37,

p ¼ .171) nor in side preference (t ¼ 1.078, p ¼ .282). In Fig. 5,

mean reverse turning angles are plotted against the distance

in the open space from the corridor exit.
4. Discussion

In the current study, we aimed at investigating the presence of

SAB in walking human adults. To this end, we performed

three experiments on a sample of 288 healthy participants. In

each experiment, participants were asked to explore a specific
Fig. 5 e The mean reverse turning angle is plotted against the

confidence interval is represented as dashed lines.
type of virtual maze. The most conventional estimation of

alternation rates was performed in the first experiment. In the

first experiment, participants traversed through the triple T-

maze, which is a concatenation of three consecutive T-junc-

tions (Fig. 2 b). In the triple T-maze, participants showed an

overall significant tendency to alternate direction choices

with a rate of 60.4%. Although this is evidence for the presence

of SAB in walking humans, the found alternation rate was

smaller than expected. In a previous study (with a sample size

of 60 participants), an overall alternation rate of 72% was

found using the same virtualmaze (Nguyen et al., 2017). These

two experiments have used a very similar population to draw

participants from and the instructions to participants were

identical. Therefore, it is difficult to explain the observed drop

in alternation. Given the much larger sample size of the cur-

rent study, however, the results presented here possibly pro-

vide a more precise estimate of alternation rates

representative of human subject populations. The trend to-

wards alternating directions when choosing a pathway

through the triple T-maze can also be recognized in Fig. 3 a

(and to a lesser degree in Fig. 3 b). One potentially noteworthy

observation in Fig. 3 a are the relative peaks of the pathways

010 and 101. The pathways include one and two alternations

respectively. The question arises whether the peaks are a

trace of a kind of “meta alternation”, i.e., a repetition avoid-

ance of alternation itself. In a previous study on SAB the same

peaks were observed for the two pathways (Nguyen et al.,

2017). The possibility of such higher-level alternation pat-

terns should be considered in the design and analysis of future

SAB studies.

The dual-task condition of experiment 1, in which partic-

ipants traversed the triple T-maze while performing an

auditory Stroop task, only showed a trend in reducing alter-

nation behaviour. We had hypothesized that, due to the

detrimental effect of the dual task on remembering the pre-

vious turn, participants would show less alternation. This

expectation was based on the suggested role of memory in

SAB (Lalonde, 2002). Given the non-significant result,
distance from the corridor exit in the open maze. The 98%
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however, it remains unknown how dual-task requirements

influence alternation behaviour. Based on the obtained data

we can only declare that if increased cognitive load does

reduce alternation behaviour, the effect is likely to be small.

One possible explanation, accounting for the absence of a

significant effect, is that the auditory Stroop task was not

difficult enough to impair participants’ attention sufficiently.

Although participants often reported being completely un-

aware of where they had walked to in the dual-task condition,

using an even more engaging task could help reveal the tar-

geted effect. Other ways to improve the power of the experi-

ment would be the increase of the sample size or the use of a

larger maze to achieve a more precise estimate of individual

alternation rates. One exception to the non-significant find-

ings regarding the dual task was found in the exploratory

analysis of experiment 1. Comparing the alternation rates

between control and dual-task condition at junctions prior to

which participants had turned in the same direction twice

(lefteleft or righteright) indicated a significant reduction of

alternation in the dual-task condition. Possibly, the higher

alternation due to the prior repetition of direction facilitated

the exposure of the dual-task effect.

Interestingly, an alternation rate of around 60% was also

found in the congruent condition of experiment 2. In experi-

ment 2, participants passed through a T-maze in three

different conditions (Fig. 2 c). In the congruent condition,

participants physically and visually experienced a curved

forced turn before arriving at the T-junction. At the T-junc-

tion, participants alternated direction with a significant rate

of 61%. This suggests that walking adults alternate directions

at similar rates independent of whether the forced turn prior

to a T-junction is a curved, “graduate turn” as in the

congruent condition of experiment 2, or an abrupt 90� turn as

in experiment 1 (alternation rate of 58.3%). The finding is in-

sofar notable as the classical study of SAB is restricted to

sudden, abrupt turns. Showing alternation for a more drawn-

out, continuous rotation provides an insight into the flexi-

bility of SAB in humans. Despite the tendency to alternate

directions in the congruent condition, neither the exclusively

visual nor the exclusively physical condition showed the ex-

pected effect on alternation rates. We had hypothesized an

increase of alternation in the visual condition and a decrease

of alternation in the physical condition. The results, however,

showed an identical, non-significant decrease in both condi-

tions. In the subsequent exploratory analyses, the alternation

rates in both conditions were shown to be not significantly

different from 50%. Therefore, it remains unclear whether an

exposure exclusively to the visual or physical component of a

forced turn is sufficient to evoke any kind of alternation

response. Although of speculative nature, one possible

interpretation of this finding is that both the physical and

visual component of a turn are necessary to trigger an alter-

nation response.

The observation of small or absent alternation rates

recurred in experiment 3. In experiment 3, participants

walked through the open maze, which measures alternation

of direction in an open area (Fig. 2 d). We had hypothesized an

alternation of direction based on comparable experiments

performed on arthropod species (Barnwell, 1965). However,

participants did not show a significant tendency to alternate
their chosen direction in the open area relative to the initial

forced turn. As visible in Fig. 5, the mean reverse turning

angle at a distance of three meters lies very close to zero

(mean value of 1.46�). The curve shown in Fig. 5 seems to be

slightly U-shaped. Whether this shape is simply due to

random noise or whether it expresses a specific walking

pattern cannot be determined based on the obtained data.

Possibly, the oscillating motion of the head while walking

played a role in the generation of the U-shape. One limitation

in the open maze was that the trajectories of participants

were only tracked for a maximum radius of threemeters after

the maze exit. The limited tracking distance was due to the

dimensions of the available tracking space. Whether an

extended tracking of participants would have revealed a

clearer alternation pattern is impossible to say based on our

results. Often, however, participants followed the trajectory

they were on when leaving the corridor and continued

walking straight into the open area. The non-significant

finding stands in contrast to the result of the performed

pilot experiment, in which a significant mean reverse turning

angle of 7.6� was found (using a sample of 30 participants).

Again, the much larger sample size of the present investiga-

tion makes the estimates presented here more trustworthy

and representative of the studied population. Finally, the

tested correlation between digit repetitions in the Mental Dice

Task and the reverse turning angles was not significant

(Fig. 4). Also, no correlation was found between digit repeti-

tions and the individual alternation tendency in the triple T-

maze. The correlation tests were intended to uncover a

potentially fundamental, modality-independent process of

serial control in living organisms. As considered by Devenport

(1983), SAB could have developed during evolution to prevent

stereotyped, especially perseverative behaviour in long and

unreinforced response sequences. Viewed from such a broad

perspective, the avoidance of turning in one direction on

consecutive choice points and that of repeating a particular

choice on a cognitive level could well rest on one common

ground, i.e., the protection from perseveration. Our findings

offer little evidence for such a common denominator. One

possible shortcoming of the present research design that may

have prevented us to provide relevant evidence is the narrow

definition of “repetition avoidance” in the 6-digit randomi-

zation task. In future, we plan to consider more in-depth

analyses, not only including repetitions on immediately

consecutive trials, but also those separated by gaps of vari-

able length between a particular response and its first

recurrence (Smith Jr., 1949). In the meantime, the non-

significant correlation between locomotor and cognitive

alternation found in the present experiment makes a

conclusive decision difficult. Future research should more

thoroughly investigate the relationships between SAB and

diverse phenomena of an organism’s avoidance reactions in

the face of repetitive events. Candidates are the inhibition of

return (Klein, 2000; Phillmore & Klein, 2019), repetition sup-

pression (Larsson & Smith, 2012), negative priming (Neill,

1997) and other types of inhibition as they manifest them-

selves in a broad range of cognitive domains (Dagenbach,

1994, for review). Furthermore, in the present study we did

not investigate the relation between SAB and different

exploration strategies of participants. The reason for not

https://doi.org/10.1016/j.cortex.2020.01.018
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exploring such differences was the fact that the strategies

were only assessed in an open response at the end of the

experiments, which rendered their evaluation and categori-

zation difficult. In the future, a more structured assessment

of walking strategies and general individual differences could

offer insights into the underlying mechanisms of SAB. Sur-

prisingly, in contrast to the large number of studies on indi-

vidual differences in human randomization behaviour (as

reviewed in Brugger, 1997), such investigations are virtually

absent in research on human SAB. In animals, differences in

cognitive resources were shown to affect the manifestation of

SAB (Lalonde, 2002). Bilateral hippocampal lesions, for

example, impaired alternation behaviour in rats (Dalland,

1970; Kirkby et al., 1967), an observation which reinforced

the proclaimed connection between memory and SAB. This

imposes the question of how SAB manifests itself in the

elderly and particularly in populations suffering from a

neurodegenerative disorder. It can be speculated that ageing

and neurodegeneration may lead to decreased alternation

behaviour due to a potentially impaired memory and due to

frontal lobe impairment, that could manifest itself in

perseverative tendencies (Freedman, Black, Ebert, & Binns,

1998). Including such populations in future SAB studies and

applying experiment designs more focused on the estimation

of individual alternation rates could help closing the gap be-

tween animal and human SAB research.

While the main motivation to investigate SAB in walking

humans stems from an interest in basic psychological

research, SAB is also of potential interest to the VR commu-

nity. As briefly described in the Introduction section and

concretely explored in experiment 2, it is possible to manip-

ulate users in their walking trajectory by distorting the

translation of physical movements into virtual movements.

This technique, generally known as “redirected walking”, can

be used to guide users away from walls in a physical room in

order to allow the exploration of large virtual environments

(Hodgson & Bachmann, 2013; Razzaque et al., 2001). Modern

redirected walking algorithms apply redirection in an adap-

tive and dynamic fashion, taking into account the position of

the user in the physical and the virtual world (Nescher,

Huang, & Kunz, 2014). One promising extension in the ef-

forts to increase the efficiency of redirection is the incorpo-

ration of future pathway predictions. These predictions can

be based on restrictions given by the virtual environment,

such as corridors and forced turns, but also on inherent

walking patterns of the user (Zmuda, Wonser, Bachmann, &

Hodgson, 2013). SAB represents one potential and hitherto

neglected walking pattern to base such predictions on. From

this perspective, SAB in humans may be of considerable in-

terest to VR developers. Specifically for the case of redirection,

it is key whether an imposed, purely physically perceived

turn, as it was studied in experiment 2 (physical condition), is

sufficient to affect the direction decision at an upcoming

junction. Given the rather weak alternation rates found in

that condition, caution seems warranted. But given the pre-

liminary explorations we had undertaken here, there is still

some potential in considering technical applications of SAB to

the world of VR.

Notable is the absence of any significant side preferences

in our T-mazes or in the open maze (exploratory analyses).
Such have previously been described in physical environ-

ments (Mohr, Bracha, Landis, & Brugger, 2003). Moreover, also

for these lateral biases gender differences have been reported

(e.g., Bracha, Seitz, Otemaa, & Glick, 1987; Mead & Hampson,

1996), which were not found in the present research. This

may point to principal differences in human locomotion in

real versus virtual environments.

In summary, the present experimental series confirmed

the notion of a general bias in humans to alternate directional

choices in corridor-based virtual environments. This bias is

weak compared to the vertebrate alternation bias commonly

observed during real locomotion (Dember & Richman, 1989).

Moreover, it seems to be restricted to the classic setting of T-

junctions and does not extend to a more unrestricted direc-

tional choice in an open area. Unlike the situation of

arthropod behaviour (Barnwell, 1965), assessing SAB as a

continuous measure would not seem to be statistically useful

in human subject research (Czaczkes, 2018). We hope that the

present study will serve as a springboard to future in-

vestigations of locomotor sequential biases in walking adults.

While we have probed SAB under rather restricted, artificial

circumstances, future investigators may wish to study it

under more natural conditions of veering and turning

(Schaeffer, 1928; Souman, Frissen, Sreenivasa, & Ernst, 2009).

Especially when facing much larger environments, or when

pursuing ecologically relevant tasks such as finding a specific

location, predictive walking patterns such as SAB may be

more prevalent.
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