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Abstract
Self-motion perception refers to the ability to perceive how the body is moving through the environment. Perception of self-
motion has been shown to depend upon the locomotor action patterns used to move the body through the environment. Two 
separate lines of enquiry have led to the establishment of two distinct theories regarding this effect. One theory has proposed 
that distances travelled during locomotion are perceived via higher order perceptual variables detected by the haptic percep-
tual system. This theory proposes that two higher order haptic perceptual variables exist, and that the implication of one of 
these variables depends upon the type of gait pattern that is used. A second theory proposes that self-motion is perceived via 
a higher order perceptual variable termed multimodally specified energy expenditure (MSEE). This theory proposes that the 
effect of locomotor actions patterns upon self-motion perception is related to changes in the metabolic cost of locomotion per 
unit of perceptually specified traversed distance. Here, we test the hypothesis that the development of these distinct theories 
is the result of different choices in methodology. The theory of gait type has been developed based largely on the results of 
homing tasks, whereas the effect of MSEE has been developed based on the results of distance matching tasks. Here we test 
the hypothesis that the seemly innocuous change in experimental design from using a homing task to using a distance match-
ing task changes the type of perceptual variables implicated in self-motion perception. To test this hypothesis, we closely 
replicated a recent study of the effect of gait type in all details bar one—we investigated a distance matching task rather than 
a homing task. As hypothesized, this change yielded results consistent with the predictions of MSEE, and distinct from gait 
type. We further show that, unlike the effect of gait type, the effect of MSEE is unaffected by the availability of vision. In 
sum, our findings support the existence of two distinct types of higher order perceptual variables in self-motion perception. 
We discuss the roles of these two types of perceptual variables in supporting effective human wayfinding.
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Introduction

Humans and animals possess a robust ability for perceiving 
how their body is moving through the environment during 
locomotion (Etienne and Jeffery 2004; Harrison and Tur-
vey 2019). The effectiveness of this ability is supported by 
(1) independent capacities for detecting information about 
self-motion by the visual, vestibular, and haptic perceptual 
systems (Ellmore and McNaughton 2004; Harrison 2020; 
Israel et al. 1997; Schwartz 1999; Srinivasan et al. 2000), 
and (2) the ability to flexibly and adaptively integrate, or 
switch between, these sources of information (Campos and 
Bulthoff 2012, Campos et al. 2014; Carriot et al. 2013; Chen 
et al. 2017; Frissen et al. 2011; Harrison et al. 2021; Kearns 
2003; Zhao and Warren 2015). For humans, the capacity 
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for perceiving self-motion can also be roughly approxi-
mated with explicit cognitive strategies such as counting 
the number of steps taken or by mentally timing the number 
of seconds elapsed (Lederman et al. 1987). In the face of 
context-dependent variation in gait (e.g., walking or run-
ning) and gait parameters (e.g., gait speed or step length), 
explicit cognitive strategies are poor substitute for percep-
tual solutions. For example, in the mobility training of sight 
impaired individuals, explicit counting strategies are actively 
discouraged, and only advised in highly constrained situa-
tions such as climbing stairs (Williams et al. 2014).

Self-motion perception has been investigated by studying 
the ability to complete simple homing tasks (see Harrison 
and Turvey 2019). Simple homing tasks involve a partici-
pant travelling outbound from an initial starting location, 
before turning around, and then attempting to travel inbound, 
directly back to where they started. When homing tasks are 
performed without the aid of vision (i.e. by blindfolded 
participants), homing task performance is quite reliable 
for distances of up to 100 m (Durgin et al. 2009; Schwartz 
1999) and is unaffected by many changes in the conditions of 
inbound and outbound travel (Schwartz 1999; Turvey et al. 
2009).

The ability to accurately complete a homing task depends 
upon whether or not the outbound and inbound gaits are of 
the same gait type (Harrison 2020; Turvey et al. 2009). Two 
gait types have been identified (Harrison 2020). Walking, 
jogging, running, and backwards-walking have been shown 
to belong to one gait type classification group (Isenhower 
et al. 2012; Turvey et al. 2009). Skipping, two-legged hop-
ping, gallop–walking, and hesitation-walking have been 
shown to belong to another gait type classification group 
(Harrison 2020; Harrison et al. 2021; Turvey et al. 2009, 
2012). When outbound and inbound gaits are of the same 
gait type (e.g., walking and backwards-walking), homing 
task performances are no different from when outbound 
and inbound gaits are identical. In contrast, if outbound and 
inbound gaits are different gait types (e.g., walking and gal-
lop–walking), then homing task performances are system-
atically biased. Each gait type has been associated with a 
different higher order perceptual variable. The systematic 
bias of homing task performance that results from a change 
in gait type has been interpreted to be a consequence of 
mismatches in the haptic perceptual variables implicated in 
the outbound and inbound phases of the task (Harrison et al. 
2021). Theories concerning the form of these higher order 
variables include gait symmetry theory (Turvey et al. 2009) 
and spatial reference frames theory (Harrison 2020).

The effect of gait type can be examined by look-
ing at the ratio of inbound-to-outbound distances (i.e., 
Dinbound/Doutbound) as a function of the particular pairing of 
outbound and inbound gaits. In Turvey et al. (2012), the 
gait pairing of gallop–walk–walk (i.e., where gallop–walk 

is the outbound gait and walk is the inbound gait) led to an 
underestimation bias. Dinbound/Doutbound was 0.842 for the gait 
pairing of gallop–walk–walk and 0.971 for walk–walk. Note 
that a gallop–walk gait pattern involves starting with feet 
together, stepping out with a lead foot, and then bringing 
the trailing foot forwards, so that the feet are together again. 
The homing task underestimation bias associated with a gal-
lop–walk–walk gait pairing was replicated by Harrison et al 
(2021), although they obtained numerically different values. 
They determined Dinbound/Doutbound to be 0.939 (SD 0.20) 
for gallop–walk–walk, and 1.073 (SD 0.17) for walk–walk. 
In Harrison (2020), the gait pairing of two-legged-hop-
ping–walk led to an underestimation bias. Dinbound/Doutbound 
was 0.787 for the gait pairing of two-legged-hopping–walk 
(i.e., where two-legged hopping is the outbound gait and 
walk is the inbound gait), and 0.900 for walk–walk. To 
compare the effect of gait type across experiments, it is 
useful to scale determined values to a control value. In the 
aforementioned experiments, we can use the walk–walk 
condition as the control condition. From the results from 
Turvey et al. (2012), if we scale Dinbound/Doutbound for the 
gallop–walk–walk condition by the Dinbound/Doutbound value 
for the walk–walk condition, we obtain 0.842/0.971 = 0.867. 
Throughout this paper, we refer to a value that is calculated 
in this way as a scaled effect. For Harrison et al. (2021), we 
obtain a scaled effect of 0.939/1.073 = 0.876, and for Har-
rison (2020), we obtain 0.787/0.900 = 0.874. Here, we see 
that the scaled effect of gait type yields consistent values 
across experiments. Scaled effect values of 1.000 indicate 
that there was no effect of manipulating outbound phase 
gait. Values less than 1.000 indicate that inbound reports 
for the gallop–walk–walk condition were underestimated 
compared to the walk–walk condition. The calculation of 
scaled effect values involves two rescaling operations. First, 
report distances are expressed as a function of outbound dis-
tances (i.e., Dinbound/Doutbound). This operation normalizes the 
data for differences in given set outbound distances. Second, 
Dinbound/Doutbound values for the condition in which gait type 
was manipulated (e.g., gallop–walk–walk) are scaled rela-
tive to Dinbound/Doutbound values obtained for the condition in 
which gait type was not manipulated. The second operation 
is designed to further normalize the data and to adjust for 
potential differences between experiments such as the effects 
of the specifics of the environment in which different experi-
ments are conducted (Harrison et al. 2020; Witt et al. 2007).

Self-motion perception has also been investigated by 
studying distance matching tasks (Abdolvahab et al. 2015; 
Glasauer et al. 2007; Harris et al. 2000; White et al. 2013). 
Unlike a homing task, where a participant is tasked with 
returning to where they started, in a distance matching task, 
a participant travels a set distance, pauses momentarily, and 
then attempts to walk a matching distance. In contrast to 
the outbound and inbound phases of the homing task, the 



1259Experimental Brain Research (2022) 240:1257–1266 

1 3

distance matching task is comprised of measure phase and 
a report phase. During the measure phase, the participant 
has the goal of perceptually measuring how far they have 
travelled. In the report phase, the participant has the goal of 
reproducing the measure phase distance by walking a match-
ing distance.

White and colleagues (White 2012; White et al. 2013; see 
also Witt and Riley 2014) proposed a theory of self-motion 
perception based on the detection of a higher order variable 
termed multimodally specified energy expenditure (MSEE). 
MSEE captures the metabolic cost of locomotion per unit of 
perceptually specified traversed distance. They propose that 
MSEE is specified multimodally, and that it provides a basis 
for perceiving self-motion during locomotion. To test their 
theory, White (2012) first determined the MSEE for walk-
ing and gallop–walking. They obtained measures of 0.345 
and 0.266 L of oxygen per meter travelled for gallop–walk-
ing and walking, respectively. Based on these values, they 
hypothesized that performances of a distance matching task 
where gallop–walk was the report gait and walk was the 
measure gait would satisfy the relation Dmeasure/Dreport = 0
.345/0.266 = 1.297. To test this prediction, they studied a 
treadmill-based distance matching task. In this task, partici-
pants experienced distance based on (1) the movements of 
their legs during treadmill locomotion, and (2) movement 
along a virtual corridor presented in a head mounted display. 
In the measure phase, participants travelled set distances 
using a walk gait pattern. In the report phase, participants 
verbally signaled when they perceived they had travelled a 
distance equal to the measure phase distance. In the report 
phase, participant’s either (1) gallop–walked, (2) walked, or 
(3) walked while wearing ankle weights. In the walking with 
ankle weights’ condition, the mass of ankle weights was 
adjusted, so that the MSEE was equal to that of the gallop 
walk condition. Consistent with predictions based on MSEE, 
they observed a Dmeasure/Dreport value of 1.238 (SD 0.28) in 
the gallop–walk condition and 1.198 (SD 0.22) in the walk 
with ankle weights’ condition. Both of these values differed 
from the value of 1.009 (SD 0.16) obtained for the walk 
(with no ankle weights) condition. These results are consist-
ent with the idea that MSEE provides a basis for perceiving 
self-motion. Given that a difference was found between the 
walking and walking with ankle weights’ conditions, these 
results contradict predictions based on gait type.

Current study

The present study was motivated by the idea that gait type 
and MSEE implicate two distinct perceptual functions 
associated with self-motion perception. We consider the 
potential theoretical basis for this distinction in the dis-
cussion section. The effect of gait type is associated with 
detection of distance-specifying variables detected by the 

haptic perceptual system. The effect of MSEE is associated 
with detection of the perceptual consequences of the meta-
bolic cost of locomotion per unit of traversed distance. 
We hypothesized that the behavioral expression of these 
distinct forms of self-motion perception depends upon the 
specifics of the methods used. Specifically, we hypoth-
esized that the effect of gait type is revealed in homing 
task performances, and the effect of MSEE is revealed in 
distance matching task performances. To test this hypoth-
esis, we conducted an experiment that replicated Harrison 
et al. (2021) in all details bar one. Rather than examining a 
homing task, participants performed a distance matching 
task. In other words, the outbound phase of the homing 
task performed in Harrison et al. (2021) was replaced with 
a measure phase, and the inbound phase was replaced by 
a report phase. Following the design of Harrison et al. 
(2021), the measure phase gait was either a gallop–walk 
or a walk, and the report phase gait was walk. The current 
study was conducted in the same environment as Harrison 
et al. (2021). It also used the same equipment and the same 
research team.

Our null hypothesis was that the results of the present 
experiment would not differ from those of Harrison et al. 
(2021). Based on the results of Harrison et al. (2021), we 
can predict a gait type-based scaled effect of 0.876. Our 
research hypothesis was based on the distance matching 
results of White (2012). Given that White (2012) inves-
tigated a walk–gallop–walk condition rather than gal-
lop–walk–walk condition, we formed our predictions by 
calculating the inverse of the values they observed. This 
gives us a Dreport/Dmeasure value of 1/1.238 = 0.808 for the 
gallop–walk–walk condition, and 1/1.009 = 0.992 for the 
walk–walk condition. Based on these values, we get a pre-
dicted an MSEE-based scaled effect of 0.808/0.992 = 0.815. 
It should be noted that we could also form our prediction 
based on measurements of the MSEE for walking and gal-
lop–walking. This would yield  MSEEreport/MSEEmeasure 
values of 0.266/0.345 = 0.771 for the gallop–walk–walk 
condition, and 0.266/0.266 = 1.000 for the walk–walk con-
dition. From this, we get a predicted scaled effect value of 
0.771/1.000 = 0.771. Based on these values, we hypothesized 
that observed scaled effect values would be less than 0.876.

Following the methods of Harrison et al. (2021), we 
also manipulated whether vision was available during the 
measure phase. Specifically, during the measure phase, par-
ticipants either wore (1) a partial blindfold that permitted 
optic flow information about self-motion, or (2) a full blind-
fold. Harrison et al. (2021) observed that the availability of 
optic flow led to change in the scaled effect from a value of 
0.939/1.073 = 0.876 to a value of 1.008/1.060 = 0.951. The 
effect of vision shifted the scaled effect value closer 1.000 
(i.e., towards no effect). In contrast, White (2012) observed 
a scaled effect of 0.808/0.992 = 0.815, in spite of the fact 
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that optic flow was available throughout the task. Based on 
these findings, we hypothesized that the availability of vision 
would not affect scaled effect values.

Methods

Participants

Twelve (9 male and 3 female) participants aged between 
19 and 28 years (M = 21.45; SD 3.34) were recruited. All 
participants signed an informed consent form. The consent 
process and study procedures were approved by the Univer-
sity of Nebraska Medical Center Institutional Review Board. 
This research complied with the Declaration of Helsinki. 
One participant was removed from the analysis after report-
ing that they had repeatedly used a step-counting strategy.

Materials and design

The experiment was conducted on the artificial surface of a 
synthetic turf football pitch. Trials were completed within 
the confines of a 55 m × 30 m test area located between the 
top of the penalty arc and the center circle of the football 
pitch (Fig. 1A). There were no white lines (i.e., pitch mark-
ing) within this area. Researchers cleared the test area of 
litter and leaves before each data collection session.

Participants performed a distance matching task. The 
task was comprised of a measure phase and a report phase. 
The starting location and initial facing direction for the task 
were varied on each trial. In the measure phase, participants 
moved forwards until instructed to stop by an experimenter. 
An experimenter rolled a distance measuring wheel (i.e., 
a surveyor’s wheel) behind the participant and monitored 
the incrementing distance values that were displayed. The 
instruction to “stop” walking was issued as the measured 
distance value approached the target distance for that trial. 
Participants were stopped at set distances of either 6.5 m, 
13.0 m, or 19.5 m. The gait pattern used during the measure 
phase was manipulated to be either a walk or a gallop–walk. 
Measure phase gait was controlled via instructions given 
to participants at the start of each trial. The availability of 
optic flow was also manipulated. Measure phase optic flow 
was controlled by having participants wear a full blindfold 
or a partial blindfold (see Fig. 1B, C, respectively). The full 
blindfold produced a condition in which no optic flow was 
available. The partial blindfold produced a condition which 
prevented sight of distal features of the surrounding envi-
ronment, and allowed detection of the lamellar component 
of optic flow known to be especially important for optic 
flow-based self-motion perception (Banton et al. 2005). See 
Harrison et al. (2021) for images of both the test environ-
ment and the two types of blindfolds used in this research.

In the report phase, participants were tasked with repro-
ducing the distance they experienced in the measure phase. 
They did this by walking forwards again. Participants con-
tinued to wear either the full or partial blindfold worn dur-
ing the measure phase. During the report phase, they closed 
their eyes. The decision for participants to close their eyes 
behind both the full and partial blindfolds was motivated by 
the known effects eye-closing per se, on both visual and hap-
tic perception (Brodoehl et al. 2015; Marx et al. 2003) and 
perceptuomotor and attentional processes (Xu et al. 2014). 
Report distances were determined using a distance measur-
ing wheel rolled behind the participant.

The three set distances, two gait patterns, and two optic 
flow conditions in our study design were all within-subjects 
manipulations of the measure phase. Each condition was 
repeated 3 times, for a total of 36 trials. Two practice trials 
were completed prior to starting the main experiment. In 
practice trials, participants wore a full blindfold. The first 
practice trial used a gallop–walk as the measure phase gait. 
The second practice trial used a walk gait. For half of the 
participants, measure phase set distances were 4 m and 22 m 
for the first and second trials, respectively. For the remaining 
participants, this was reversed.Fig. 1  A The studied distance matching task was performed on 

a soccer pitch, within the area that has been highlighted with the 
white dashed line drawn on the image. The availability of vision was 
manipulated by participants either wearing B a full blindfold that per-
mitted no visual information, or C a partial blindfold that permitted 
optic flow-based information about self-motion
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Procedure

Participant’s read and signed a consent form detailing the 
tasks they would perform. They then received training on 
how to perform the walking and gallop–walking gait pat-
terns. This training began with a visual demonstration of 
each gait pattern performed by an experimenter. For the 
gallop–walk gait pattern, participants were instructed (1) to 
use their right foot as the leading-out foot, (2) to try to mini-
mize over-stepping or under-stepping when bringing the left 
foot up next to the right foot, and (3) to only pause briefly 
when the feet came together so as to maintain a constant 
rhythm to the motion. Each gait pattern was first practiced 
with eyes open, and then with eyes closed. This practice 
was performed along the half-way line of the football pitch. 
This line allowed for corrective feedback to be given on each 
participant’s ability to walk in a straight-line during eyes-
closed practices. Next, both the full and partial blindfolds 
were fitted. To fit the partial blindfold, the participant was 
asked to face forward with their head positioned as if they 
were looking out to the horizon. The visor on the front of 
the partial blindfold was adjusted up or down, so that a ten-
nis ball placed on the ground 2 m in front of them was just 
visible. Instruction was provided on how to perform the dis-
tance matching task. Two experimenters acted out the roles 
of experimenter and participant to familiarize the partici-
pants with the procedure of each trial. They were instructed 
to perform the distance matching task without overthinking 
it. Participants were instructed not to use mental strategies, 
such as counting and matching the number steps produced 
in the measure and report phases (e.g., Cohen et al. 1963; 
Lederman et al. 1987). They were advised to simply pay 
attention to how far they travelled during the measure phase, 
and to reproduce that distance in the report phase, stopping 
as soon as it felt like they had walked an equivalent dis-
tance. Similar instructions have been used in related studies 
(Harrison 2020; Turvey et al. 2009, 2012), and have been 
shown to be effective in stopping participants from chang-
ing the perceptual distance matching task into a cognitive 
step-counting or mental timing task. Participants were told 
that they would always use a walking gait to complete the 
report phase.

Trial was started from a pseudo-randomly selected loca-
tion within the test area. The first trial was started in the 
approximate center of the test area. Once standing at the 
selected starting location, the participant was given and 
then put on the blindfold for that trial. The participant was 
then reminded of the task, and told which gait pattern they 
should use in the measure phase. Following a “go” instruc-
tion, they started to walk or gallop–walk an approximately 
straight-line path until instructed to “stop” by the experi-
menter. Participants were then instructed to close their eyes, 
and to reproduce the distance they just travelled. Following 

this instruction, participant walked forwards, and stopped 
themselves when they perceived that they had walked a 
distance that matched the distance they experienced in the 
measure phase. As soon as they has stopped, participants 
were reminded to keep their eyes closed. If, at this point, 
they wore a blindfold that was different from the blind-
fold required for the next trial it was switched. With eyes 
remaining closed, the participant was led to the next starting 
location within the test area. The starting location for the 
next trial was selected using the following criteria. The new 
starting location should (1) be at least 4 m from the ending 
location of the previous trial, and (2) allow for a comfortable 
margin of report phase overshoot, thereby minimizing the 
risk of the participant exiting the test area with their walked 
reports.

All participants were debriefed to establish whether an 
explicit step-counting strategy had been used. They were 
each asked the open question, “If you were to describe to a 
friend how you managed to walk a matching distance, what 
would you tell them?” With one exception, all recruited par-
ticipants responded in a way that suggested that they stopped 
when they just felt they had walked the correct distance. 
When directly asked whether they had counted steps or sec-
onds, all participants, bar one, responded that they had not.

Results

We analyzed the report distances scaled to measure dis-
tances (i.e., Dreport/Dmeasure). In the optic flow condition, 
Dreport/Dmeasure was 0.758 when the measure gait was a gal-
lop–walk, and 0.945 when the measure gait was a walk. From 
these results, we get a scaled effect of 0.758/0.945 = 0.806 
(i.e., Dreport/Dmeasure values for the gallop–walking condition 
were 80.6% of the values observed for the walking condi-
tion). This is similar to the scaled effect value of 0.815 pre-
dicted from a change in MSEE (White 2012). In the no optic 
flow condition, Dreport/Dmeasure was 0.714 when the meas-
ure gait was a gallop–walk, and 0.902 when the measure 
gait was a walk. From these results, we get a scaled effect 
of 0.714/0.902 = 0.795. Again, this is similar to the scaled 
effect value of 0.815 predicted from a change in MSEE.

Planned one-sample t tests (one-tailed) were used to test 
the hypotheses that presently obtained scaled effect values 
would be less than the scaled effect value of 0.876 predicted 
by a change of gait type (Harrison et al. 2021; Turvey et al. 
2012). This hypothesis was supported for both the values 
obtained in the optic flow condition (M = 0.806, SD 0.102), 
t(10) = − 2.26, p < 0.05, and the no optic flow condition 
(M = 0.795, SD 0.138), t(10) =  − 1.94, p < 0.05.

One sample t tests (two-tailed) were used to examine 
whether the presently obtained scaled effect values differed 
from the scaled effect values predicted by MSEE (i.e., the 
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change in MSEE associated with changing gait from a walk 
to a gallop–walk). For the value of 0.771, predicted from a 
scaled effect of  MSEEreport/MSEEmeasure values, no difference 
was observed for either the optic flow condition (M = 0.806, 
SD 0.102), t(10) = 1.15, p = 0.28, or no optic flow condition 
(M = 0.795, SD 0.138), t(10) = 0.59, p = 0.57. For the value 
of 0.815, predicted from a scaled effect of Dreport/Dmeasure 
values, no difference was observed for either the optic 
flow condition (M = 0.806, SD 0.102), t(10) = −  0.28, 
p = 0.79, or no optic flow condition (M = 0.795, SD 0.138), 
t(10) = − 0.47, p = 0.65. These results further suggest that 
the presently studied distance matching reports are consist-
ent with predictions based on MSEE.

A planned 3 (set distance) × 2 (measure gait) × 2 (vision) 
ANOVA was performed on Dreport/Dmeasure values. Consist-
ent with previous studies investigating the effects of both 
gait type and MSEE, Dreport/Dmeasure was smaller when 
gallop–walking was the outbound gait, F(1, 10) = 31.69, 
p < 0.001, and the magnitude of this underestimation bias 
increased with set distance, F(2, 20) = 5.90, p < 0.05. 
Dreport/Dmeasure decreased with set outbound distance, F(2, 
20) = 26.96, p < 0.001, with a direct comparison of the 
means revealing differences between the 6.5 m and 13.0 m 
conditions, and between the 6.5 m and 13.0 m conditions.

A main effect of vision was observed, F(1, 10) = 9.33, 
p =  < 0.05, with Dreport/Dmeasure values being higher in the 
optic flow condition (M = 0.852, SD 0.175) compared to the 
no optic flow condition (M = 0.808, SD 0.187). Unlike the 
results of Harrison et al. (2021), the effect of vision was not 
found to interact with measure phase gait, F(1, 10) = 0.00, 
p = 0.95. The effect of vision was not found to interact with 
set distance, F(2, 20) = 0.08, p = 0.93. No three-way interac-
tion of vision, measure gait, and set distance was observed, 
F(2, 20) = 0.34, p = 0.71.

Linear regressions on the mean Dreport values in the 
no optic flow condition yielded slopes of 0.498 (inter-
cept = 2.284, r = 0.634) for the gallop–walk–walk condition 
and 0.701 (intercept = 2.136, r = 0.828) for the walk–walk 
condition. For the optic flow condition, the slopes were 
0.505 (intercept = 2.207, r = 0.717) for the gallop–walk–walk 
condition and 0.772 (intercept = 1.837, r = 0.896) for the 
walk–walk condition.

Discussion

The present study was motivated by the idea that self-motion 
perception during over-ground locomotion is supported by 
two distinct types of perceptual variables. The first type of 
variable is a higher order variables detected by the haptic 
perceptual system. This variable carries information about 
distance traversed during locomotion and depends upon gait 
type. The second type of variable is a higher order variable 

termed multimodally specified energy expenditure (MSEE). 
This variable depends upon the perceptual consequences of 
the metabolic cost of locomotion per unit of traversed dis-
tance. We hypothesized that the implication of these distinct 
perceptual variables is related to the particular methods that 
have been used in empirical studies of self-motion percep-
tion. Specifically, we hypothesized that the effect of gait type 
is revealed in performances of homing tasks, and the effect 
of MSEE is revealed in performances of distance matching 
tasks. As hypothesized, in the presently investigated distance 
matching task, the observed scaled effect values were dif-
ferent from the value of 0.876 predicted for an effect of gait 
type, and were similar to the value of 0.815 predicted for an 
effect of MSEE. Taken together with the results of Harrison 
et al. (2021), our results suggest that there are two distinct 
perceptual functions associated with perceiving self-motion 
during over-ground locomotion, and the behavioral expres-
sion of these functions relies upon the task that is studied 
(i.e., homing vs. distance matching).

Our claim that the effects of gait type and MSEE are 
associated with distinct perceptual functions finds additional 
support when we examine the effect of vision. In the hom-
ing task studied by Harrison et al. (2021), the availability of 
visual information about self-motion (i.e., optic flow) was 
associated with a shift in scaled effect values closer to 1.000 
(i.e., towards no effect). This was taken to suggest that (1) 
the effect gait type specifically affects the haptic perceptual 
measurement of distance traversed, (2) visual information 
about distance traversed is not affected by the effect of gait 
type, and (3) the integration of visual and haptic informa-
tion about distance traversed reduces the homing task bias 
resulting from the effect of gait type (Harrison et al. 2021). 
In the distance matching task studied here, the availabil-
ity of visual information about self-motion did not change 
the scaled effect values. We interpret this to suggest that 
although MSEE is influenced by visual information about 
self-motion (White et al. 2013), visual information about 
self-motion is not necessary for the perceptual measurement 
of this variable (c.f. White 2012, Experiment 4).

Two perceptual functions for perceiving self-motion

The effect of gait type in homing task performances has 
been associated with an ability for invariantly perceive dis-
tances travelled during legged locomotion (Harrison 2020; 
Harrison and Turvey 2019). Specifically, as long as the gait 
patterns used during legged locomotion are of the same gait 
type, then distance travelled can be equivalently perceptually 
measured by the haptic perceptual system. We suggest that 
homing tasks lend themselves to the behavioral expression 
of the effect of gait type, because homing tasks emphasize 
the ability to return to a particular location in the environ-
ment. In other words, the effect of gait type implicates a 
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perceptual measurement that is distance-specific, since the 
only perceptual measurement that can satisfy the demands of 
a homing task is one where physical distance is invariantly 
measured across outbound and inbound phases.

The effect of MSEE in distance matching tasks reveals 
an ability to detect the perceptual consequences of the 
metabolic cost of locomotion per unit of traversed distance 
(White et al. 2013). The effect of MSEE implicates a mul-
timodal perceptual measurement that is action-specific and 
relates to the traversability of an environment in terms of the 
effort that must be expended (Harrison and Turvey 2009; 
Witt and Riley 2014). We suggest that distance matching 
tasks lend themselves to the behavioral expression of MSEE, 
because (1) the task constraint of needing to return to a par-
ticular location in the environment is absent, and (2) a dis-
tance matching task is a type of magnitude estimation task. 
Studies in which participants are required to estimate the 
magnitude of environmental dimensions have shown that 
participant’s responses can reflect the perceivers’ capac-
ity to act with respect to those dimensions, rather than the 
environmental dimension per se (Witt and Riley 2014). For 
example, magnitude estimations of the physical heaviness 
of manually wielded objects have been shown to be reflect 
action relevant properties related to tool use, such as the 
movability of a tool (Shockley et al. 2004; Carello and Tur-
vey 2016). Similarly, magnitude estimations of target size in 
the context of performing an archery task have been shown 
to reflect how hittable a target is, given the skill of the archer 
(Lee et al. 2012). These findings have been interpreted to be 
the result of an intrinsic bias towards perceiving variables 
that reflect the proper function of biological perceptual sys-
tems (Shockley et al. 2004; Turvey et al. 1999). A proper 
function is a function that has warranted reproduction in 
the history of one or more species following its successfully 
execution (Millikan 1984, 1993).

A reasonable guess as to the proper functions associ-
ated with haptic self-motion perception during over-ground 
locomotion include (1) attunement to information about 
how the body is moving in space relative to the environ-
ment during legged locomotion, as suggested by theories 
of gait type (Harrison 2020; Turvey et al. 2009), and (2) 
attunement to information about the neuro-biomechanical 
resources that should be martialled to actualize a specific 
act of legged locomotion (Patla 1997; Warren 1984), as 
suggested by MSEE. This way of characterizing the proper 
functions associated with gait type and MSEE is motivated 
by a conceptual distinction that has previously been drawn 
between the target and manner parameters of goal directed 
actions (Shaw and Kinsella-Shaw 1988; Shaw et al. 1992). 
Target parameters denote the form of the kinematic relation-
ship that exists between an agent and environment given 
some goal. Manner parameters denote the character of the 
kinetic resources that are needed to transform (or maintain) 

the kinematic relationship. In this theory, a specific action 
is realized when kinetic resources are allocated with respect 
to the kinematic constraints that are defined by the target 
parameters. To appreciate the theoretical utility of the target 
versus manner parameter distinction, we can consider how 
these two concepts might be defined for perceptually guided 
navigation. The target parameters of perceptually guided 
navigation include (1) the spatially or spatiotemporally 
invariant structure associated a particular form of naviga-
tion (Dang et al. 2021; Harrison 2020; Heft 1996; Lee 2017; 
Warren 2019), and (2) the styles of spatiotemporal trans-
formation that constitute the conceivable space–time paths 
of travel. Manner parameters for perceptually guided navi-
gation include the particular kinetic mode associated with 
how the body is transported through the environment (Holt 
et al. 2010; Roberts and Azizi 2011) and related principles 
of action organizational style and efficiency (Diedrich, and 
Warren 1995; Saunders et al. 1953; Kuo 2007; Turvey et al. 
1996). In the specific case of gait type, the relevant spatially 
or spatiotemporally invariant structure has been theorized to 
be either (1) the symmetries of gait revealed in models of the 
dynamics of muscle activation patterns (Turvey et al. 2009), 
or (2) the distinction between propriospecific and proextero-
specific spatial reference frames embedding the perceptual 
measurement of legged locomotion.

Implications from reinterpreting prior research: 
Abdolvahab et al. (2015)

Abdolvahab et al. (2015) used a treadmill distance matching 
task over set distances of 9.0 m, 18.0 m, and 27.0 m to study 
the effect of gait type. In light of our current conclusions, 
it seems that what was actually studied in this experiment 
was an effect of MSEE. Consistent with this reinterpreta-
tion, Abdolvahab et al. (2015) observed Dreport/Dmeasure val-
ues of 0.866 for the gait pairing of gallop–walk–walk and 
1.033 for walk–walk. This gives us a scaled effect value of 
0.866/1.033 = 0.838. This value is numerically closer to 
the scaled effect value predicted for MSEE than it is to the 
scaled effect value predicted for gait type. If we assume that 
MSEE was in fact implicated in the results of Abdolvahab 
et al., then we can draw some new insights. Unlike the stud-
ies by White and colleagues (White 2012; White et al. 2013), 
Abdolvahab et al. (2015) did not use a head mounted dis-
play to create visual information about self-motion. Instead, 
participants simply walked on a treadmill with their eyes 
open. The potential implication here is that visual informa-
tion about self-motion is not needed to perceive MSEE, and 
instead, the haptic perceptual system may support the per-
ceptual specification of traversed distance.
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Implications from reinterpreting prior research: 
Chrastil and Warren (2014)

The specific hypotheses for the present study were formed 
using numerical predictions drawn from four previous stud-
ies of gait type (Harrison 2020; Harrison et al. 2021; Turvey 
et al. 2009, 2012). The results of these experiments were 
markedly consistent with one another when expressed as 
scaled effect values. The observed numerical consistency 
is likely due to similarities in study designs. All four stud-
ies considered direct homing tasks that were performed on 
flat terrain, within open, and uncluttered environments, and 
with similar instructions given to participants. The designs 
of each of these studies contained a three similar measure 
phase distances, with distances of 6.5 m, 13.0 m, and 19.5 m 
studied by Harrison et al. (2021), and distances of 8.0 m, 
16.0 m, and 24.0 m studied by Harrison (2020), Turvey et al. 
(2009), and Turvey et al. (2012). The homogeneity of these 
motivating studies raises questions about the ability to apply 
the specific numerical predictions made here to other studies 
with different designs. A useful test case for these concerns 
is the results of Chrastil and Warren (2014). Chrastil and 
Warren (2014) reported effects of manipulating gait to be 
either a walk or a gallop–walk in an experiment that differed 
markedly in design from those that we used to generate our 
predictions. They studied a task in which blindfolded par-
ticipants travelled five set distances of 2.0 m, 4.0 m, 5.0 m, 
6.0 m, and 8.0 m, before turning 90° and attempting to match 
the outbound distance with a walked report. The directions 
of measure and report phase travel were tightly controlled 
by having participants use a white cane to follow verges on 
the ground.

The data from Chrastil and Warren (2014, Experiment 
2b) yield average Dreport/Dmeasure values of 0.955 for the 
gallop–walk–walk condition, and 0.989 for the walk–walk 
condition (E. Chrastil, personal communication, Octo-
ber 11th 2021). This yields a scaled effect value of 0.966 
that is inconsistent with our predictions for both MSEE 
and gait type. If, alternatively, we calculate a scaled effect 
value based on regression slope values, rather than condi-
tion means, we obtain a value of 0.777/0.892 = 0.877. This 
is consistent with the predicted effect of gait type. Given 
the much shorter distances investigated Chrastil and War-
ren, this suggests that scaled effects calculated on condi-
tion mean values may be especially sensitive the set of dis-
tances investigated. This potentially suggests that reporting 
scaled effects based on regression slope values may sup-
port more robust predictions. To test this, we reexamined 
the data from Harrison et al. (2021). We performed linear 
regressions on the mean Dreport values and found slopes 
in the no optic flow condition of 0.662 (intercept = 3.005, 
r = 0.764) for the gallop–walk–walk condition and 0.814 
(intercept = 2.741, r = 0.869) for the walk–walk condition. 

For the optic flow condition, the slopes were 0.660 (inter-
cept = 3.744, r = 0.776) for the gallop–walk–walk condition 
and 0.753 (intercept = 3.377, r = 0.858) for the walk–walk 
condition. These values yield a slope-based scaled effect 
value of 0.813 for the no optic flow condition, which does 
not appear to align well will the results of Chrastil and War-
ren. Motivated by this inconsistency, we explored a different 
strategy; rather than using slope-based values, we entered 
the set distance value of 14.5 m (i.e., the average of set dis-
tance values used in Harrison et al. 2021; Turvey et al. 2009) 
into the regression equations reported by Chrastil and War-
ren (2014, Experiment 2b). Using this strategy, we obtain a 
scaled effect of Dreport/Dmeasure values of 0.828/0.920 = 0.899 
which appears to align with the values of 0.874, 0.876, and 
0.867 reported by Harrison (2020), Harrison et al. (2021), 
Turvey et al. (2009), and Turvey et al. (2012), respectively.

This above analysis supports the conclusion that the 
results of Chrastil and Warren (2014, Experiment 2b) are 
due to gait type. Given that the task studied by Chrastil 
and Warren was not a homing task (i.e., participants turned 
90° at the end of the measure phase), this conclusion is 
at odds with our initial theorizing about the specific con-
textual constraints that lead to the implication of MSEE 
versus gait type. The results of Turvey et al. (2009) may 
provide some relevant insight. They observed no difference 
in Dreport/Dmeasure values between conditions where partici-
pants turned 180° versus 145° at the end of the measure 
(i.e., outbound) phase. One interpretation of this finding is 
that a within-subjects study design that includes both 180° 
and 145° turns can lead participants to treat the trials with 
145° turns as if they were a homing task. Said differently, 
the trials with 180° turns create implicit task constraints that 
emphasize a specific location in the environment. This inter-
pretation can also be applied to the complex within-subjects 
design of Chrastil and Warren. The design of Chrastil and 
Warren had aspects that emphasized specific locations in the 
environment. This included (1) participants encountering 
specific environmental structure (i.e., strips of foam attached 
to the floor) that acted to demarcate the measure phase dis-
tances, (2) trials being performed in close proximity to walls 
in an indoor space, and (3) participants’ prior experience of 
trials in which they viewed targets positioned on the ground 
with the aim of perceiving the distance to those targets. An 
alternative interpretation is that turning per se is the rel-
evant contextual constraint that leads MSEE or gait type to 
be implicated in these perceptual reports. In other words, 
it is that the act of performing a turn that matters, even if 
the turn is not 180°. Consistent with this interpretation, the 
act of turning has been attributed some special significance 
in theories of navigation. For example, the experience of 
sharp turns during navigation is believed to reset place and 
grid cell activity (Derdikman et al. 2009; Navratilova and 
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McNaughton 2014) and constrain how space is perceptually 
segmented (Brunec et al. 2018).

Summary

In conclusion, we believe that our reanalysis of the previous 
literature, together with the new data presented here, consti-
tutes a reasonably compelling case for the existence of two 
distinct perceptual functions associated with the capacity to 
perceive how the body is moving relative to the environment 
during legged locomotion. It is clear from our results that 
any investigation of these perceptual functions requires care-
ful attention to the specific contextual and task constraints 
that influence their expression in experimentally measured 
responses. The further development of a theory of context 
to explain the nature of these contextual and task constraints 
is clearly warranted.
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