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Abstract Through experience, people learn that a given mag-
nitude of walking produces an associated magnitude of optic
flow. Artificially altering this relationship has both behavioral
and perceptual consequences: walking on a treadmill results in
zero translational optic flow and causes people to subsequent-
ly drift forward when attempting to walk in place while
blindfolded (they have learned that forward walking is re-
quired to remain stationary). Similarly, after walking on a
treadmill people perceive the walking distance to targets to
be greater (they have recalibrated the magnitude of walking
required to reach the target). While the measurement unit for
walking magnitude in this relationship has been treated as
walking speed (stride length * [steps / time]), recent experi-
ments suggest that walkable distances may instead be mea-
sured in bioenergetic units (i.e., the magnitude of energy re-
quired to produce a given magnitude of optic flow). In the first
experiment, zero translational optic flow was paired with a
constant walking speed, and walking energy was manipulated
by varying the incline of the treadmill. Participants who
walked on an inclined treadmill drifted farther while
attempting to walk in place than participants who walked on
a flat treadmill. A follow-up experiment presented optic flow
via an immersive virtual environment, and no difference be-
tween flat and inclined treadmill walking was found, thereby
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showing that the effect found in the first experiment was not
an artifact of biomechanical differences associated with flat
versus inclined treadmill walking. The results support the hy-
pothesis that walking magnitude is scaled by bioenergetic
units.
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The current study investigated the visual-motor recalibration
process responsible for updating the associative relationship
between walking and optic flow. Walking produces optic flow,
which consists of environment-specifying changes in visual
angles. Moreover, as people walk they discover the relation-
ship between the magnitudes of optic flow that are produced
by varying magnitudes of walking. The current study investi-
gated the effective variables specifying walking magnitude.
More precisely, our research question in this context of
visual-motor recalibration was: What is the measurement unit
for walking magnitude?

A number of studies have used a treadmill to investigate the
relationship between walking and the visual information that
accompanies it. Normally, optic flow is coupled to walking,
such that walking at 3 mph produces 3 mph of optic flow. On a
treadmill, regardless of walking or running speed, there is no
translational optic flow. A number of experiments have shown
that decoupling rate of walking from rate of optic flow has
perceptual and behavioral effects, and anyone who has walked
or run on a treadmill has experienced one of these: upon
dismounting the treadmill one gets the strange feeling for a
short while of moving too quickly when walking (Pelah &
Barlow, 1996).

The effect of treadmill walking on motor behavior was first
reported by Anstis (1995) who showed that, after running
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forwards or backwards on a treadmill, blindfolded participants
attempting to jog in place drifted either forwards or back-
wards, respectively. These findings have been extended in
subsequent studies (cf.,, Durgin & Pelah, 1999). Anstis’ as-
sessment of fore/aft drift—for blindfolded participants
attempting to walk or jog in place—is the dependent measure
used in the current studies.

In related work, Gordon, Fletcher, Melvill Jones, & Block
(1995) had participants walk on the outside edge of a large,
rotating disk so as to remain stationary relative to the room for
2 h. The disk was masked from view, but otherwise they were
able to see freely. Next they were asked to march in place
while blindfolded. Participants tended to drifted forward along
a curved trajectory. The results demonstrate that, when there
was a mismatch between walking trajectory (curved, which
normally would produce a pattern of optic flow associated
with a curvilinear trajectory) and optic flow (in this case, zero
forward optic flow and zero rotational optic flow), participants
recalibrated such that that turning in the direction of the circle
while walking forward is required to remain in place facing
straight ahead.

In addition to recalibration studies showing a drifting effect
for participants attempting to walk in place, it has been demon-
strated that recalibration likewise affects walking to targets.
Rieser, Pick, Ashmead, and Garing (1995) had participants walk
on a treadmill as it was pulled on a trailer behind a tractor,
thereby allowing the experimenters to independently adjust both
the walking speed and the speed of optic flow. Next, participants
viewed a series of targets. After viewing each target, they were
blindfolded and asked to walk to the targets. Participants whose
walking rate on the treadmill was greater than the optic flow rate
(i.e., the speed of the tractor) overshot the targets, whereas par-
ticipants whose walking rate was less than the optic flow rate
undershot the targets. In the first case, the visual-motor system
had been recalibrated to anticipate that more walking was re-
quired to traverse a distance, while in the second case, it had
recalibrated to anticipate that less walking was required.
Similarly, Proffitt, Stefanucci, Banton, and Epstein (2003) used
virtual reality (VR) to present participants walking on a treadmill
with visual information of a stationary world or of a world that
was appropriately moving at their walking rate. Participants
marched in place while blindfolded before and after walking
on the treadmill, and only those who experienced zero flow
drifted forward more on the second occasion than the first. (In
these and other studies, a slight tendency to drift forward on all
occasions was found, and slightly more so following treadmill
walking.) The participants in the zero flow condition had
recalibrated and, thereby, implicitly expected that forward walk-
ing was required to remain stationary. Estimates of the distance
to targets were similarly affected: participants’ estimates of the
distance to targets were greater following a period of walking on
a treadmill with zero optic flow relative to their pre-walking
estimates (Proffitt et al., 2003).
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While there is evidence that recalibration occurs when
there are changes in the relationship between the speed spec-
ified by optic flow and walking speed, the effective variable
related to walking speed has not been determined. Walking
speed can be thought of as stride length multiplied by steps per
second, or as a bioenergetic variable such as calories per sec-
ond. Consider the study by Rieser et al. (1995), in which some
participants walk faster in some conditions than others.
Walking faster would seem to require more energy and thus
provide one potential way to differentiate between speed ver-
sus energy being calibrated to optic flow. However, there is a
linear relationship between rate of energy expenditure and
walking speed: while faster walking or running speeds require
more energy per unit of time, they actually require about the
same amount of energy per unit of distance (McArdle, Katch,
& Katch, 2010), leaving the ratio of energy to optic flow
unchanged for canonical optic flow. Note that we do not get
an aftereffect when we transition from running to walking in
everyday situations.

A recent study supports the hypothesis that energy, rather
than speed, is what is most important. Using a treadmill and a
virtual environment, White, Shockley, and Riley (2013) cre-
ated situations with altered relationships between energy ex-
penditure and the optically specified distance that was tra-
versed (individually changing either the walking rate, grade
of inclination, or optic flow rate while keeping the other two
variables constant). They found that these manipulations in-
fluenced subsequent attempts to traverse what was perceived
to be the same distance. Increasing energy expenditure while
keeping the optically specified distance constant, for example,
caused participants to traverse a greater distance. While this
study shows that the perception of distance is scaled by ener-
gy, its research focus was not on the process of visual-motor
recalibration.

Given evidence that walkable extents are scaled by the
bioenergetic costs of walking (Zadra, Weltman, & Proffitt,
2015; White, et al., 2013), walking energy rather than walking
speed may also be the effective variable in the associative
relationship between walking magnitude and optical flow
magnitude. To test this hypothesis, we used a treadmill and
virtual environment (Experiment 2) to manipulate the three
relevant variables: (1) walking speed, (2) walking effort, and
(3) optical flow speed (see Fig. 1). Following treadmill walk-
ing, the assessed dependent variable was magnitude of for-
ward drift for blindfolded participants attempting to walk in
place. In Experiment 1, both walking speed and walking effort
were mismatched with the resultant zero optic flow, whereas
in Experiment 2, both walking speed and effort resulted in
appropriate optic flow.

In both conditions of Experiment 1, translational optic flow
was zero and walking speed was 3 mph; thus, if the effective
variable for recalibration is walking speed, then forward drift
should be equivalent across conditions. In this experiment,
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s : : Apparent Recalibration
Condition Walking Speed | Walking Effort Optic Flow Required?
)
ﬂ 3 mph E 0 mph Yes
| ———
Experiment 1 o
! 3 mph E+3 0 mph Yes
o
ﬂ 3 mph E 3 mph* No
| ——
Experiment 2 o
! 3 mph E+% 3 mph* No

Fig. 1 In Experiment 1, quantities of walking speed and walking effort
were paired with zero translational optic flow. Recalibration is required
because these magnitudes of both walking speed and walking effort have
been previously paired in experience with resultant optic flow. In
Experiment 2, walking speed and walking effort were paired with
proper optic flow. Walking speed was the same in each condition and

walking energy was varied by manipulating the incline of the
treadmill (E for flat, and E + 6 for inclined). If recalibration is
influenced by energy, then more drift should be observed in
the condition requiring greater walking energy. Consistent
with this latter hypothesis, it was found that drift was influ-
enced by energy expenditure. Experiment 2 was designed to
assess whether the results found in the first experiment were
an artifact of biomechanical differences in walking on a flat
versus an inclined treadmill. In both conditions of Experiment
2, translational optic flow was appropriate for both walking
speed and walking effort. A walking speed of 3 mph resulted
in 3 mph flow, and the energy required to produce 3 mph flow
was similarly appropriate: E for a flat and E + § for an inclined
treadmill. No differences in forward drift were found across
conditions.

Experiment 1: Treadmill incline with zero optic flow
Method
Participants

Forty-one undergraduate volunteers from the University of
Virginia community (27 women; mean age = 21.68 years,
SD = 3.87 years) received credit for participating. Participants
were required to have normal or corrected-to-normal vision,
speak English as their first language, and have no history of

resulted in the appropriate optic flow. Energy (E) varied across conditions
due to the incline of the treadmill. In both cases of treadmill incline, the
perceived optic flow was appropriate for the amount of energy
expenditure (E or E + §) given past experience walking on flat ground
or inclines. *Actual optical flow was 4.7 mph. See text.

diabetes or cardiac problems. Three participants were excluded
for procedural errors: one was run with the lights off while on
the treadmill, one was unable to walk at the defined treadmill
speed, and one’s drift measurements were taken incorrectly.

Apparatus

An exercise treadmill (Precor 9.1; http:/www.precor.com) set
at either a flat, 0° incline or a 10° incline was used to simulate
locomotion.

Procedure

The treadmill was set to the appropriate orientation before
participants arrived. Upon arrival at the laboratory, partici-
pants were given a general description of the experiment and
provided informed consent.

Because participants would be led between the marching
location and the treadmill while blindfolded, participants were
first led through the transfer procedure with full vision so that
they would know what to expect. The experimenter informed
the participants that they would be marching in place for a
short time, and demonstrated how they should march: a slow,
steady rhythm (at about 100 steps per minute) with knees
brought high, almost to waist height. The experimenter then
asked the participants to demonstrate marching in place, and
instructed them in any necessary corrections until the style
was correct.
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Even with appropriate optic flow, there is a tendency to
drift forward slightly when blindfolded participants attempt
to march in place (Anstis, 1995; Durgin & Pelah, 1999;
Gordon et al., 1995; Proffitt et al., 2003). For this reason, a
pre-manipulation measure of forward drift while attempting to
walk in place was recorded so that baseline drift could be
accounted for in the analyses. Participants were blindfolded
and led to an open area in the room. Their location was sur-
reptitiously marked on the floor, and they were instructed to
begin marching in place. After exactly 20 s, they were
instructed to stop and stand still, and their new location was
again marked. Participants were then led to the treadmill and
instructed to hold on to a crossbar in front of them. The tread-
mill was slowly accelerated to 3 mph, at which point a timer
was started and participants were instructed to remove the
blindfold. After 10 min, participants donned the blindfold
again, and the treadmill was slowed to a stop. They were led
back to an open area of the room, their location was marked,
and they were instructed to begin marching. They were told to
stop after exactly 20 s, and their location was marked again.
Participants were guided to a new location to prevent feedback
on their performance, and then allowed to remove the
blindfold.

Participants were debriefed, and then the straight-line dis-
tance between the starting and ending locations for each
marching occasion were measured (some participants follow-
ed a slightly curved path, but the primary direction of motion
was forward on all occasions).

Results and discussion

A linear mixed-effects model was used to investigate the pos-
sible predictors of marching drift. One variable each was dum-
my coded for occasion (pre/post) and treadmill incline (flat/
incline), and drift distance was predicted from the additive
effects of these terms and an interaction term between occa-
sion and incline, with a subject-level random intercept. The
analysis revealed statistically significant coefficients for occa-
sion, and the interaction between occasion and incline in
predicting the drift distance (meters). As expected, all partic-
ipants drifted further after walking on the treadmill than they
had before (5 = 0.55, P < .001), and participants who walked
on the inclined treadmill drifted farther on the second occasion
than those who walked on the flat treadmill (3 = 0.31, P =
0.018; see Fig. 2). There was no significant difference in pre-
treadmill drift distances between incline conditions (5 =
<0.00, P = 0.996).

The results support the hypothesis that the calibration be-
tween walking and optic flow is not (or not entirely) based on
walking speed, but rather on the energy required to walk. In
both conditions, participants walked at the same speed, but
participants who walked on the inclined treadmill had to ex-
pend more energy to walk at that speed.
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Fig. 2 Box-and-whisker plot of post-/pre-drift difference grouped by
condition (whiskers indicate variability outside the 1st and 3rd quartiles)

Despite strong supporting results, there are potentially oth-
er factors besides the energy required to walk that were not
matched between the conditions. For instance, the dynamics
of walking up an incline could perhaps have worked different
muscles, and resulted in different marching-in-place dynamics
that produced greater drift. In order to control for this and
other potential differences between flat and incline walking,
the follow-up study replicated all aspects of Experiment 1 but
removed the need for recalibration: all participants received
canonical optic flow through a VR display.

Experiment 2: Treadmill incline with canonical optic
flow

Method
Participants

Forty-six volunteers from the University of Virginia commu-
nity (28 women; mean age = 18.98 years, SD = 1.03 years)
received credit for participating. Participants were required to
have normal or corrected-to-normal vision, speak English as
their first language, and have no history of diabetes or cardiac
problems. Six participants were excluded: three because the
treadmill safety was tripped causing it to stop prematurely, one
because the VR headset could not be properly fitted, and one
because they drifted so far to one side that they bumped into
an object and stopped (the last was in the flat condition).

Apparatus
Treadmill
As in Experiment 1, an exercise treadmill (Precor 9.1) set at

either a flat, 0° incline or a 10° incline was used to simulate
locomotion.
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Fig. 3 The virtual environment
(golf cart was not shown in the
present study)

Virtual reality

To simulate optic flow, a virtual environment (VE) was
viewed through a head-mounted display (Virtual Research
V8 HMD) created and rendered with Alice99. Using a Dell
Precision 360 computer equipped with a GeForce 4 MX420
and GeForce 4 MX200, the HMD displayed stereo images at
640 by 480 at 60 frames per second with a horizontal field of
view of 48°. Head movements were registered to update the
VE seen through the HMD using an Intersense IS-900 motion
tracking system.

Stimuli

The VE consisted of a highway with billboards and various
landmarks along the sides (see Fig. 3). The VE was the same
as that used in a previous treadmill study that investigated the
perception of walking speed in a virtual environment (for
specific details on the VE, see Banton, Stefanucci, Durgin,
Fass, & Proffitt, 2005; newer hardware was used, and the
golf cart was not shown). As participants walked on the tread-
mill, the virtual camera moved through the VE at a speed that
had been determined previously to match perceived speed to
the treadmill speed.' The orientation of the camera matched
the participants’ direction of gaze as determined by the head
tracker, and participants were encouraged to look around
freely.

Procedure

The procedure was identical to that of Experiment 1, except
that, after getting on the treadmill, participants closed their
eyes, removed the blindfold, and put on the HMD before
reopening their eyes (participants were also practiced in

! Banton etal., (2005) determined that with an HMD, straight-ahead optic
flow is perceived to be slower than an equivalent walking speed on the
treadmill; a camera speed of 4.7 mph was used in the current experiment
because it best matched a treadmill walking speed of 3 mph.

donning the HMD from the initial training phase of the exper-
iment). After walking for 10 min, the treadmill was stopped,
and the participants quickly closed their eyes, removed the
HMD, and replaced the blindfold, and then continued with
the second marching procedure as in Experiment 1.

Results and discussion

Analyses proceeded identically to that of Experiment 1. A
linear mixed-effects model was used to investigate the possi-
ble predictors of marching drift. One variable each was dum-
my coded for occasion (pre/post) and treadmill incline (flat/
incline), and drift distance was predicted from the additive
effects of these terms and an interaction term between occa-
sion and incline, with a subject-level random intercept. The
analysis revealed a statistically significant coefficient for oc-
casion, but none for any coefficient that included the incline
condition. As expected, all participants drifted slightly further
after walking on the treadmill than they had before (G = 0.14,
P < .001), but unlike Experiment 1, participants who walked
on the inclined treadmill did not drift farther on the second
occasion than those who walked on the flat treadmill (3 =
<0.00, P =0.92, see Fig. 4).

Marching Drift with Canonical Optic Flow

0.4-

0.0

Post - Pre Drift Difference (m)
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Fig. 4 Box-and-whisker plot of post-/pre-drift difference grouped by
condition (whiskers indicate variability outside the 1st and 3rd quartiles)
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The expected null results provide evidence that the results
of Experiment 1 were not artifactually due to unanticipated
differences between the conditions such as differing biome-
chanics of walking on an inclined versus a flat treadmill.
While all participants drifted slightly more after walking on
the treadmill, the amount was less than one-third of that which
occurred without optic flow, and, as discussed previously,
some small amount of drift is expected based on previous
experiments.

Walking in place with zero optic flow (Experiment 1) pro-
duced a mismatch between both walking speed and effort and
resultant optic flow that necessitated recalibration. If the rele-
vant mismatch was only between walking speed and optic
flow, then there should have been no difference between tread-
mill conditions. If the calibration depends on the energy re-
quired to walk, however, then the inclined treadmill condition
should induce a greater after effect than the flat treadmill con-
dition. This latter result was found. In Experiment 2, there was
no mismatch between either walking speed or effort and re-
sultant optic flow rate. Consequently, no after effect was ob-
served in either condition.

Conclusion

As hypothesized, visual-motor calibration between walking
and optic flow is dependent on the energy required to walk,
rather than (or to a greater extent than) the speed of walking.
Maintaining the same walking speed under conditions of zero
translational optic flow while manipulating the energy re-
quired to walk caused a visual-motor recalibration that dif-
fered depending on the amount of energy expenditure. When
optic flow was appropriate for both walking speed and effort,
no visual-motor recalibration was necessary, and the energy
manipulation had no effect.

These results support the idea that the perception-action
system is sensitive to bioenergetic costs and bioenergetic state.
They also indicate that the relationship between perception
and action can be learned (and quite rapidly), thus providing
an answer to the question of how the scale of walkable dis-
tances can be established via visually guided walking.
Simultaneously experiencing the bioenergetic consequences
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of walking and the resultant optic flow allows the relationship
between the two to be established, and that relationship can
serve as the scaling unit for walkable distances.

Author’s note The reported research comprised a part of the primary
author’s doctoral dissertation at the University of Virginia. Committee
members were Dennis Proffitt (chair), Gerald Clore, Michael Kubovy,
and Arthur Weltman. Jonathan Zadra is now in the Psychology
Department at the University of Utah.
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