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ABSTRACT
This dissertation presents a research project aimed at investigating the visual control
of foot placement when walking over complex terrain with a strong focus on the way
that the biomechanical structure of bipedal gait shapes the visual control strategies used
to guide human locomotion. In four related experiments, subjects were asked to walk
across a path of either randomly arranged obstacles or irregularly spaced target footholds
projected onto the floor by an LCD projector. The projector system was synchronized
with a full body motion capture system, which allowed for precise experimental control
over terrain visibility during the experimental tasks. Examining the way that walking
performance varied a function of the availability of visual information about upcoming
terrain provides insight into the visual control strategies used to guide foot placement
during gait. Furthermore, examining these results in light of the biomechanics of bipedal
gait elucidates the way that the physical dynamics of human walking shapes the visual
control of foot placement in complex terrain.
In Experiment 1, I demonstrated that two step lengths of visual look ahead is
sufficient for humans to walk over complex terrain while exploiting the invertedpendulum-like structure of bipedal gait as efficiently as they do with unrestricted vision.
Experiment 2 revealed that the accuracy of stepping onto a target is unaffected when the
target becomes invisible at any point during the step to that target, but sharply declined
when the target disappears during the preceding step. Taken together, these findings
suggest the existence of a critical period for the visual control of the placement of each
footstep that occurs during the preceding step. Experiment 3 supported this hypothesis
with the finding that brief presentation of target location during this critical period yields
better performance than a longer presentation at a different phase of the gait cycle.
However, subjects in that experiment showed a small decrease in performance even if
the targets were visible during the critical period. Experiment 4 adjusted the design of
this experiment and provided additional support for the critical period hypothesis. The
results of these studies suggest that humans use a simple N+1 control strategy to
locomotion over complex terrain, which allows them to precisely control the placement
of each step while efficiently exploiting the physical dynamics of bipedal gait.
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1

Introduction

Humans are, among other things, physical objects acting under the influence of
physical laws. This is a truism, but it is an easy one to forget. A complex and invisible
pattern of electrochemical neural activity stimulates an intricate cascade of muscular
contractions that move our bodies in ways that baffle the intuitions that we generally
reserve for simple inanimate objects. Nevertheless, despite the grace and precision of
human movement, the laws of classical mechanics apply as invariantly to our bodies as
they do to a cup of coffee on a desk or to a boulder tumbling down a hill.
This is an important point to remember when considering the human locomotion,
because it highlights the fact that any study of the control of a physical system must
include a consideration of the physical dynamics and constrains of that system. Consider
a driver travelling at 50mph who notices a large rock in the road ahead. To avoid a
collision while staying on the road, the path of the car must be shifted laterally some
distance that will allow clearance of the rock. Clearly, the driver cannot simply move the
car perpendicular to the direction of travel; even if the steering column allowed for such
a maneuver, the momentum of the car makes it impossible to instantaneously change the
direction of motion. The control options available to the driver are constrained by the
nature of the steering mechanism, the friction with the surface of the road, and the
physical dynamics of the car itself. In much the same way, the control of human walking
is constrained by the biomechanical structure and physical dynamics of bipedal gait.
Walking is an inherently physical activity, and as such, the visual control of human
gait is inextricably tied to the biomechanics of the human body. A consideration of the
basic biomechanics of bipedal walking helps to structure the study of the human
locomotion by placing the dynamics of the bipedal gait cycle at the forefront of the
research problem. It tells us to think of timing in terms of phases of an ongoing gait
cycle rather than seconds, to think of distance in terms of step lengths instead of meters,
and to always keep a keen eye on motion of the center of mass relative to the supporting
limbs. A biomechanically-minded researcher considers how vision acts in the service of
energetics and mechanical work rather than stability, which is seen as simply a basic
assumption of an activity whose real focus is the exchange rate between energy
expended and distance travelled. The visual system of a walker works at the helm of a

vehicle defined in part by the dynamics of an inverted pendulum, and its only
mechanism of control is the placement of the feet and the muscular forces applied
against the ground. The basic biomechanics of bipedal gait do not just help us interpret
the results of experiments on the visual control of human walking; they define the
structure and dynamics of the system whose control we seek to understand.
It is with these considerations firmly in mind that I present the results of a research
project investigating the visual control of foot placement during walking over complex
terrain. I report the results of a series of related experiments aimed to understand the way
that visual information about upcoming terrain is integrated into an ongoing gait cycle in
order to walk stably and efficiently while accounting for environmental impediments.
The results of these studies will always be viewed in light of the biomechanics of human
gait in order to understand the way that visual control of walking is shaped by the
physical dynamics of human body.

1.1 Organization of this document
The remainder of this document is organized into three main chapters. Chapter 2
(Background) explores literature on human walking from a diverse range of disciplines,
such as neuroscience, biomechanics, and psychology. The goal of this section is to
provide the reader with a broad overview of the current understanding of the complex
phenomenon that is human locomotion. Some of this literature may not relate directly to
the research presented in this thesis, for instance, I am not equipped to answer questions
about the spinal, subcortical, and cortical structures that underlie visually guided
locomotion. However, this section will provide a helpful context by highlighting the
nuanced and multidisciplinary nature of the study of human walking. Chapter 3
(Experiments) presents the four experiments that comprise this research project. Each
subsection within Chapter 3 presents a single experiment in a manuscript-like format,
beginning with a more pointed review of relevant literature followed by the Methods,
Results and Discussion. Chapter 4 (General Discussion) provides a summary overview
of the results of this research project and discusses some of the theoretical implications
of the outcome of this investigation.

2

2

Background

Since the evolutionary line of Homo sapiens diverged from our primate cousins,
humans have developed numerous adaptive physiological features that allow us to be
perhaps the most efficient and robust bipedal walkers on the planet (Bramble &
Lieberman, 2004; Lieberman et al., 2010; Lovejoy, 2005a, 2005b, 2007). In this section,
I will provide a general overview of the rich, multi-disciplinary literature related to the
study of human walking. I begin by discussing the neural structures that support the
basic gait cycle. From there, I will discuss the biomechanics of bipedal walking by way
of the dynamic walking model of human gait. This section will conclude with a review
of some recent research on the visual control of human walking.

2.1 Neural bases of gait production
The neural pathways involved in human motor control follow a roughly
hierarchical organization (Gazzaniga, Ivry, & Mangun, 2009; Grafton & Hamilton,
2007). The complex locomotor actions that comprise human gait derive from the
coordination of neural mechanisms at all levels of the motor hierarchy, from simple
neuromuscular reflexes to high-level cortical structures.
2.1.1

Spinal and neuromuscular control

Some low-level aspects of gait arise from neuromuscular reflex responses mediated
by descending signals from cortical and subcortical structures. For example, when a
muscle group is stretched, the monosynaptic stretch reflex causes an automatic
relaxation response in the antagonist muscle group. The strength of this reflex is
modulated by descending pathways from the motor cortex and has been found to play an
important role in human standing posture, walking and running (Capaday, 2000, 2002).
In addition, neuronal networks in the spine known as central pattern generators (CPG’s)
may make an important contribution to the coordination and timing of rhythmic actions
such as locomotion (Guertin, 2009; Pearson, 2004). All forms of vertebrate locomotion –
walking, swimming, flying, etc – involve the rhythmic activation of various
flexor/extensor muscle groups. This activation cycle is periodic but not stereotyped;
rather, the locomotor cycle behaves as a stable limit cycle that can be robust against
3

small perturbations with very low-level control. There is ample evidence that central
pattern generators play a critical role in the maintenance of these cyclic processes in the
locomotion of invertebrates and lower vertebrates such as lampreys, and there is reason
to believe that they also contribute to rhythmic motor activity in more complex creatures
like cats and humans (Gazzaniga et al., 2009; Pearson, 2004; Scafetta, Marchi, & West,
2009).
Neuromuscular structures also provide important sensory feedback that contributes
to higher-level control. For instance, the output of Golgi tendon organs in muscles serves
as the basis for the sensory modality known as proprioception. Outputs from Golgi
tendon organs in the musculotendinous junctions specify the instantaneous muscle force
as well as the rate of change of that force. Synaptic connections between these organs
and alpha motor neurons and interneurons help signal the loading and unloading of a
particular muscle or joint (Capaday, 2002). Among other things, proprioceptive input
provides extremely sensitive information about the position and loading of the knee, hip,
and ankle joint, which is essential for gait cycle regulation and postural control in
upright standing (Fitzpatrick & McCloskey, 1994; Kavounoudias, Roll, & Roll, 2001).
2.1.2

Cerebellum

The cerebellum is one of the primary supraspinal structures involved in motor
control, and it plays a central role in the regulation of human walking. There is a
reasonably well-defined functional organization to the cerebellum, and each region
contributes

differently

to

the

control

of

human

gait

and

posture.

The

vestibulocerebellum, which is the most phylogenetically ancient area of the cerebellum,
has strong connections with the spinal cord and the vestibular organs (Gazzaniga et al.,
2009). Its main purpose seems to be to integrate vestibular information with spinal
afferent signals to maintain posture and dynamic stability by regulating the tonic
stiffness of muscles, as well as contributing to the rhythmicity of locomotor movements.
Lesions to this region of the cerebellum lead to widespread postural deficiencies,
including increased postural sway patterns characterized by high amplitude, low
frequency oscillations(Morton & Bastian, 2007). This postural sway profile might be
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caused by a failure to regulate the stiffness of the musculature relevant to postural
stability (Morasso & Sanguineti, 2002; Winter, Patla, Rietdyk, & Ishac, 2001).
The spinocerebellum is located in the medial/intermediate regions of the
cerebellum, has strong connections to and from the spine and motor areas of the cortex,
and seems to be involved in regulating the timing and amplitude of agonist-antagonist
muscle groups particularly during precision walking tasks. Damage to anterior lobe of
the spinocerebellum leads to increased postural sway characterized by high velocity, low
amplitude oscillations, as well as tremor and poor intersegmental coordination (Morton
& Bastian, 2007). These deficits may be the result of poorly timed compensatory
activations of the muscle groups involved in postural control (Winter, 1995). This area
of the cerebellum is also home to the cerebellar vermis, which connects the two lobes of
the cerebellum and receives both vestibular and visual inputs (Bastian, Mink, Kaufman,
& Thach, 1998).
The neocerebellum is located on the lateral portions of the cerebellum, and is the
most phylogenetically recent portion of the three cerebellar regions discussed here. This
area receives strong inputs from the primary motor, premotor, and prefrontal areas of the
cortex, and projects outputs back to these areas via the thalamus (McVea & Pearson,
2009). This region has a minimal role in balance and normal walking; lesions to this area
have negligible effect on over-ground walking and postural sway. Rather, the
neocerebellum seems to play an important role in motor planning and voluntary
adjustments to the gait cycle, particularly in situations that have a strong visual
component (Morton & Bastian, 2007).
2.1.3

Locomotor adaptation

Even in the absence of discrete obstacles and perturbations, the central nervous
system must constantly recalibrate the signals that underpin locomotion. When humans
experience different environmental conditions that affect the movement of their legs,
they show evidence of predictive feedforward adjustments to the motor signals they use
to maintain forward walking (Lam, Anderschitz, & Dietz, 2006). The cerebellum is
believed to be the locus of this sort of predictive adaption, as patients with cerebellar
damage show a decreased ability to make feedforward gait adaptations. Interestingly,
5

these same patients have no problem making feedback-based gait adjustments,
suggesting a dissociation between these two modes of gait control (Morton & Bastian,
2006). Adaptation studies using a split-belt treadmill found that it was possible to
separately adapt each leg to different speeds and walking directions. Furthermore,
adaptation in one task shows little transfer to other tasks and washout of one adaptation
has little effect on any other. These results imply that the central nervous system utilizes
functionally defined internal models of gait behavior that are both limb and direction
specific (Choi & Bastian, 2007).
2.1.4

Summary

The neural control of steady state walking involves the coordination of the
amplitude and timing of the activation of various muscle groups involved in human
locomotion. For the most part, this behavior is regulated by subcortical control systems,
including neuromuscular reflexes, spinal central pattern generators as well as various
regions of the cerebellum. The neural structures involved in gait production adapt to
changes in environmental conditions in order to maintain regularity of locomotion in the
face of internal and external sources of variability.

2.2 Biomechanics
Unlike many aspects of cognition, the physical components of human locomotion
are immediately obvious. There is an unavoidable mechanical reality to the translation of
our bodies through the world that is often neglected in the study of the visual control of
walking. In this section, I will provide an overview of the biomechanics of human
walking. I will begin by introducing the idea of the inverted pendulum model of human
posture, and briefly discuss some aspects of human postural control during standing.
From there, I will talk about the biomechanics of human walking. This discussion will
draw heavily on the dynamic walking approach to human gait (Kuo & Donelan, 2010;
Kuo, 2007), which attributes the remarkable efficiency of human walking to our ability
to exploit the passive mechanical forces inherent to bipedal walking in order to move
through the world with minimal energetic cost. Much of the discussion of the results of
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the experiments in this dissertation will be situated within the theoretical framework
provided by the dynamic walking perspective on human gait.
2.2.1

The bipedal gait cycle

Figure 1. The bipedal gait cycle. The main phases of gait are shown for each leg (blue and yellow),
and for the entire body (grey). DS stands for “double support.” Descriptions of each phase may be
found in the text.

The bipedal gait cycle is a complex process consisting of several distinct but
overlapping phases (Figure 1). During this cycle, a walker transfers between two main
phases. In the single support phase, the weight of the body is supported over a single leg
as the other leg swings forward. When the swinging leg contacts the ground, the body is
briefly supported over both legs during the double support phase. The double support
phase is sometimes referred to as the step-to-step transition, as this phase acts as the
interchange between two subsequent steps. Throughout the gait cycle, each leg
exchanges between two different roles. During the stance phase, the leg is planted on the
ground is supporting some or all of the weight of the body. In the swing phase the leg
swings forward toward the upcoming step. Each leg is in the stance phase for roughly
60% of the gait cycle, and the double support phase is the result of the overlap between
7

the stance phases of the two limbs. Toe off refers to the moment that the planted foot
leaves the ground, which signals the transition between stance and swing phase for a
given leg. Similarly, heel strike is the point when the swinging leg comes in to contact
with the ground, signaling the transition from swing to stance. Heel strike is sometimes
referred to as initial contact, owing to the fact that the heel is not always the first part of
the foot to contact the floor (e.g. during tip-toe walking).
2.2.2

The inverted pendulum model

An upright human is mechanically similar to an inverted pendulum, where the
individual’s center of mass (COM) serves as the bob of the pendulum supported over the
pivot point at the ankle joint. This structure entails an important relationship between the
COM and the center of pressure (COP), which is the point denoting the sum of all the
pressure forces between the feet and the ground. In particular, the horizontal acceleration
of the COM (CÖM) is proportional to the distance between the vertical projection of the
COM and the location of the COP. To a linear approximation, this relationship is
captured by the following equation:

(1)
where I is the moment of inertia about the ankle joint, m is the mass of the COM, g is
acceleration due to gravity, h is the height of the COM, and CÖM is the horizontal
acceleration of the center of mass (Winter, 1995). Equation (1) captures the essential
dynamics of an inverted pendulum. A pendulum has two equilibrium points—a stable
one when the mass of the pendulum is directly beneath the pivot point, and an unstable
one when the mass is directly above it. The point below the pivot is stable because after
any perturbation, the mass will accelerate back towards the equilibrium point. In
contrast, the equilibrium point above the pivot is unstable, because any perturbation
from directly above will cause the mass to accelerate away from the vertical position.
With regards to standing posture, this entails that when the distance between the COP
and the vertical projection of the COM is zero (COP-COM = 0), the COM has no
acceleration (CÖM = 0). However, because this equilibrium point is unstable; any small
8

perturbation in the location of the COM or the COP will cause the COM to accelerate
away from the equilibrium point, with acceleration growing in magnitude proportional to
the increase in distance between the COM and COP.
2.2.2.1 The control of quiet standing
During quiet standing without perturbation, the COP is the sum of the pressure
forces from both feet. If each foot applies equal pressure to the ground, the COP will rest
between them, but by varying the pressure a person may shift their center of pressure
with the limits of their base of support (BOS). The COP may be shifted actively by
applying muscular torque to the feet via the ankle, or passively as a result of tonic
muscle stiffness of the lower limbs. In the passive case, human standing posture shares
the dynamics of a combined inverted pendulum and mass-spring system, where the
COM swaying over the fulcrum of the ankle joints behaves like an inverted pendulum
and the musculature of the lower limbs mimic damping springs that limit the amplitude
of postural sway. As the COM sways over the feet, tonic stiffness at the ankle joints
shifts the COP in the direction of COM movement. If ankle stiffness is appropriately
tuned, the COP will travel faster than the COM, causing the COM to travel back towards
the unstable equilibrium point and ensuring passive stability against small perturbations.
Thus, the inverted pendulum of the upright human may also be modeled as a damped
harmonic oscillator. Specifically, because people continually sway during quiet,
unperturbed standing, human posture exhibits the behavior of a severely underdamped
harmonic oscillator whose stiffness is insufficient to hold the body in a stable
equilibrium point (Gage, Winter, Frank, & Adkin, 2004; Morasso & Sanguineti, 2002;
Morasso & Schieppati, 1999; Winter, Patla, Prince, Ishac, & Gielo-Perczak, 1998;
Winter et al., 2001; Winter, Prince, Frank, Powell, & Zabjek, 1996; Winter, 1995).
2.2.2.2 The inverted pendulum in bipedal walking
In standing, the goal of the central nervous system (CNS) is to keep the COM in a
stable, largely immobile location within the confines of the base of support. In walking,
the goal is to move to the COM through space, preferably while exerting as little energy
as possible. During the single-support swing phase of gait, when one leg is planted
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(henceforth the “stance leg”) and the other leg is swinging forward (the “swing leg”), the
human body is mechanically similar to an inverted pendulum. As a step begins, the
COM has a significant amount of kinetic energy in the direction of locomotion. Because
people tend to keep their stance leg relatively straight during the swing phase (Kuo,
2007), the COM travels along a semicircular arc centered on the pivot point at the ankle
joint. During the first half of the swing phase, some of this kinetic energy is transferred
into potential energy as the COM travels towards the highest point of the arc. In the
second half of swing phase, potential energy is transferred back into kinetic energy as
the COM is pulled down by gravity back to its original height (Usherwood, Szymanek,
& Daley, 2008). In an ideal, friction-less, resistance-less pendulum, this transfer would
be perfect, that is, no energy would be lost in the process. Indeed, air resistance on the
human body is negligible, as is the friction of healthy joints (Kuo, 2007). In addition, the
vertical fluctuations of the COM during gait show the roughly sinusoidal pattern that
would be expected if the stance limb behaved as an inverted pendulum (Figure 2).
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Figure 2. Vertical Position of the center of mass (COM) during unperturbed walking. Red vertical
lines represent right foot toe off (solid) and heel strike/initial contact (dashed); green lines represent
toe off and heel strike for the left foot. During swing phase (zoomed region), the COM reaches its
maximum height roughly halfway between toe off and heel strike, consistent with the predictions of
the inverted pendulum model.

2.2.3

The dynamic walking model

The inverted pendulum model successfully describes the dynamics of the swing phase
of gait, when the body is supported on a single limb. However, because the inverted
pendulum model only consists of a center of mass supported over a single point of
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ground contact, it is unable to capture the dynamics of the body when both feet are on
the ground, as they are during the double support or step-to-step transition phases of the
gait cycle. The dynamic walking model of gait builds on the inverted pendulum model to
provide a more complete biomechanical interpretation of the bipedal gait cycle. The term
dynamic walking refers to “systems in which the passive dynamics of the limbs dominate
the motion, with minimal actuation applied to sustain periodic behavior” (Kuo, 2007).
This approach to the study of human gait began with the study of passive dynamic
walking machines, which are unpowered robotic bipeds capable of walking unassisted
and uncontrolled down a shallow slope (Collins, Wisse, Ruina 2001; McGeer, 1990).
Recently, similar robots have been made to walk on flat ground by replacing the force
supplied by gravity with spring-loaded actuators in the feet or hips (Collins, Ruina,
Tedrake, & Wisse, 2005; Collins, Wisse, & Ruina, 2001).
At the end of the swing phase, when the swinging foot contacts the floor (referred to
as “heel strike” or “initial contact”), the COM has a downward parabolic trajectory as
prescribed by the dynamics of the inverted pendulum). This trajectory is truncated as the
swinging leg strikes the ground at the onset of the double support phase. The collision
between the swinging foot and the ground results in a loss of mechanical energy, which
must be restored in order for the COM to have enough energy to complete the next
swing phase. In humans, a push-off force from the trailing leg resupplies this lost energy.
The trailing leg performs positive work (force applied in the direction of motion) on the
COM, which acts against the negative work (force applied opposite the direction of
motion) being performed on the COM by the leading leg. The forces act together to
redirect the COM from a downward arc to the upward trajectory needed for the next
swing phase. Note that the push-off force does not propel the COM into the next swing
phase, but rather both legs work together to redirect the COM into the desired trajectory
(Kuo, 2007). This interpretation of the walking cycle is supported by an examination of
the COM velocity profile during steady walking (Figure 3b).
The main feature of the dynamic walking approach is the idea that energy of the COM
is redirected during the step-to-step transition. The key features of this approach are
captured by an analogy to a ball flying through the air along a parabolic trajectory and
being redirected between flight phases by a pair of hands. The ball is presumed to be
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extremely slippery, so the hands must produce forces that are perpendicular to its
surface. The idea is that both the ball in flight and the COM end their arc with as much
energy as they started with, but that energy must be redirected in order to begin the next
phase of movement. The energy lost in this redirection is proportional to the difference
between the trajectory of the ball/COM immediately before the support phase, and the
desired trajectory for the next flight/swing phase ( in Figure 3A). This analogy
exemplifies on of the main defining characteristics of the dynamic walking approach,
namely the centrality of passive gravitational and inertial forces arising from the
structure of bipedal gait in the maintenance of human walking.

Figure 3. (A) Depiction of dynamic walking model of gait. During the single-support phase, the
COM follows the ballistic parabolic path prescribed by inverted pendulum dynamics. At the end of
the single-support phase, the COM is pointed downwards and must be redirected upwards for the
next step during the step-to-step transition (double-support) phase. The amount of mechanical
energy lost during the step-to-step transition is proportional to the difference between the trajectory
of the COM at the end of the previous step the trajectory needed for the next step ( the angle α). (B)
The velocity profile of the COM during unperturbed walking matches the intuitive predictions of
the dynamic walking model. COM velocity has a local minimum in the middle of the swing phase,
representing the interchange between kinetic and potential energy predicted by inverted pendulum
dynamics (see also Figure 1). During the step-to-step transition between heel strike (vertical dashed
line) and toe-off (vertical solid line), COM velocity drops sharply as the positive work of the trail
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limb (red arrow in 2a) acts against the negative work performed by the leading limb (blue arrow in
2a). This sharp drop in velocity connotes the energy lost during the step-to-step transition.

2.2.3.1 The dynamic walking perspective and the visual control of gait
The dynamic walking perspective on human gait elegantly describes the key
components of the biomechanics of human walking. As such, this approach provides a
framework within which to study the visual control of human walking. If it is true that
the way that we walk is defined by our biomechanical structure, then the visual control
strategies used to control walking must be built on top of that physical structure. This
idea is the guiding principle of this proposed research project. In the next section, I will
discuss some of what is known about the visual control of walking. Although much work
has been done on this topic, this research tends to focus nigh exclusively on the visual
component of this topic; the actual biomechanics of walking tend to be underemphasized
or neglected entirely. After discussing the research on the visual control of human
walking, I will describe a research project that seeks to investigate the essential
relationship between the visual control of walking and the basic biomechanics of bipedal
gait.

2.3 Vision and human walking
Thus far, this review has focused on the steady state gait cycle, which is presumed to
correspond to walking behavior at a given speed over regular flat ground. While it is
useful to consider this simple mode of walking, real human walking occurs in far more
complex environments containing irregular surfaces, obstacles, and other sources of
perturbation. The precarious nature of bipedal locomotion entails that humans are
extremely vulnerable to external perturbation (Patla, 2003). As such, human walkers
must proactively avoid potential perturbations in order to successfully navigate the
environment. The visual modality is uniquely suited to provide exactly the kind of quick,
reliable information about the external world that is necessary for the efficient control of
locomotion through complex environments.
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2.3.1

Visual contributions to steady state walking

Even in the absence of obstacles or support surface irregularities, visual information
helps maintain upright posture during locomotion. Visual information is gathered
intermittently from the environment (Patla & Vickers, 2003; Patla, 1997), and the
reliability of this information is enhanced by the minimization of head acceleration
during gait (Menz, Lord, & Fitzpatrick, 2003). Subjects walking over flat ground
without vision show significant deviations from normal body kinematics (Hallemans &
Aerts, 2009; Hallemans, Ortibus, Meire, & Aerts, 2010), step timing (Hallemans et al.,
2009) and step width variability (Bauby & Kuo, 2000), indirectly implicating the role of
vision in basic gait production. In addition, postural sway during walking shows
sensitivity to manipulations of visual parallax and optic flow information, which
suggests that these sources help regulate upright posture during walking (Bardy, Warren,
& Kay, 1996, 1999; Warren, Kay, & Yilmaz, 1996).
Recent work suggests that the anterior/posterior (a/p) aspect of foot placement is
dominated by the dynamics of the lower limbs, but that medial/lateral (m/l) dimension of
foot placement may rely on sensory control. Subjects walking in low-visibility
conditions show increased step width variability but no significant difference in step
length (Bauby & Kuo, 2000). Interestingly, O’Connor and Kuo (2009) showed that
subject’s stepping behavior was more sensitive to visual perturbation in the m/l direction
than similar perturbations in the a/p direction. The relevance of this sensitivity may be
highlighted by the results of a similar manipulation in standing subjects. In normal
standing, the base of support is wider in the m/l direction than in the a/p direction,
suggesting that subjects are more structurally stable in the m/l plane than the a/p plane.
The reverse is true in tandem (heel-to-toe) stance. During normal standing, postural
sway was more affected by visual perturbations in the a/p direction than in the m/l
direction. The opposite sensitivity was found for tandem standing, suggesting that
subjects are more sensitive to visual perturbations that occur in the direction of greatest
instability. Thus, the greater sensitivity of foot placement in walking subjects to m/l
perturbations suggests that the a/p dimension of foot placement is more stable than the
m/l direction. The implication of this study is that the a/p movement of the legs arises
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naturally from the dynamics of the limbs, whereas the m/l dimension is a controlled
variable used to maintain dynamic stability.
2.3.2

Optical information for the regulation of step length

Walkers are often required to control their step lengths in order to hit a target foothold
or to avoid hitting an obstacle. For instance, when approaching a stair case, regulating
the length of the approach steps will ensure that the body is properly positioned to go up
or down the first stair without breaking stride. Similarly, long jumpers run down an
approach path with the goal of placing their final step as close to the edge of the track as
possible. Rather than employing a stereotyped motor pattern, foot placement during the
approach phase of experienced long jumpers shows high levels of variability, though this
variability decreases dramatically in the last three steps (Lee, Lishman, & Thomson,
1982). This variability profile suggests that the jumpers are actively controlling their
step length on the basis of online visual information.
Initial analysis suggested that step length regulation is accomplished by coupling
vertical impulse with τ, which is a single optically specified parameter that signifies time
to arrival with the desired target (Warren, Young, & Lee, 1986; Warren, 2007).
However, subsequent research revealed a significant horizontal component to the
regulation of step length (Patla, Robinson, Samways, & Armstrong, 1989; Patla, 1989;
Warren & Yaffe, 1989). In addition, it was found that manipulating the global optic flow
and local optic expansion of target footholds did not affect walking and running behavior
in a manner consistent with the predictions of τ-based visual control (Berg & Mark,
2005; de Rugy, Montagne, Buekers, & Laurent, 2000). At present, it appears that step
length regulation occurs by way of a complex integration of multi-sensory information
specifying current position in relation to the target foothold (Berg & Mark, 2005).
2.3.3

Visually guided gait modulation

Regardless of the details of the optical information used in gait control, it is clear that
vision is essential for locomotion in complex environments. Efficient gait control is
predicated on reliable visual information. Subjects adopt more cautious avoidance
strategies when visual information about their environment is degraded by the removal
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of binocular, stereoscopic depth cues (Hayhoe, Gillam, Chajka, & Vecellio, 2009) or by
limitation of the peripheral visual field (Jansen, Toet, & Werkhoven, 2011). Research
utilizing a dual-task paradigm reveals that regulating gait on the basis of visual
information involves a significant cognitive component ( see Woollacott & ShumwayCook, 2002 for a review). For instance, walking over an obstacle caused a decrease in
performance on a concurrent verbal fluency task, indicating that using vision to
modulate gait in order to clear an obstacle carries a significant attentional load (Harley,
Wilkie, & Wann, 2009).
2.3.3.1 Feedforward and feedback based control
Unlike other senses, the visual modality is unique in its ability to identify potential
sources of perturbation in the environment prior to physical contact. Humans use
visually driven, proactive control strategies to walk through environments that contain
multiple obstacles, target footholds or other impediments to steady state gait. By
identifying obstacles in advance, walkers can adjust gait so as to circumvent obstacles
with minimal impediment to their locomotor cycle. Prior identification allows an
individual to decide whether to step over an obstacle or walk around it (Patla, 1997), or,
in the case of multiple obstacles, adjust their step over the first obstacle to place
themselves in a good position to surmount the second (Krell & Patla, 2002; Lowrey,
Reed, & Vallis, 2007). When a preferred foothold is unavailable, subjects choose an
alternative foot placement that maintains forward progression and maximizes the
stability of subsequent steps (Moraes, Allard, & Patla, 2007; Moraes, Lewis, & Patla,
2004; Moraes & Patla, 2006).
These findings suggest that the central nervous system processes visual information
about the upcoming environment and utilizes feedforward control strategies to guide
locomotion through rough terrain. Wilkinson and Sherk (2005) showed that if a cat’s
vision is occluded as it walks down a cluttered hallway, it will still make, on average,
about 2-4 accurate steps before colliding with an obstacle. The fact that accurate steps
can be executed in the absence of vision suggests that the cat’s footsteps are planned
several steps in advance via feedforward processing of visual information. No equivalent
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studies have examined footstep planning in humans, but it is likely that similar
feedforward planning guides the control of human footsteps in rough terrain.
In a series of related experiments, subjects attempted to walk over an obstacle that
was roughly eight steps away. Subjects showed high success rates when they took three
steps with full vision and then continued on the last five steps with no vision before
stepping over the obstacle. However, failure rates were much higher when subjects were
given a temporally equivalent amount of visual information while standing still, and then
attempting to walk over the obstacle without vision (Patla, 1997). This effect was not
simply caused by the difference between static and dynamic visual information, if
subjects took three steps with full vision, stopped and then completed the final steps
without vision, success rates were equivalent to those when subjects only viewed the
obstacle while standing still. Successful avoidance only increased when the obstacle was
traversed on the basis of visual information gathered during an uninterrupted approach
phase (Patla & Greig, 2006). Thus, subjects are able to modulate their gait to avoid an
obstacle on the basis of feedforward information, but only if that information is gathered
during uninterrupted gait. Whatever feedforward control strategy is used in normal
obstacle avoidance appears to evaporate when gait is terminated and reinitiated from a
standing posture, even if the visual information provided is equivalent.
In addition to the proactive, feedforward component of gait modulation, online,
feedback based control also plays a role in walking in complex environments. Subjects
without visual feedback about their lower limbs show significant deviations from normal
kinematics and walking behavior (Marigold & Patla, 2007; Patla, 1998; Rietdyk &
Drifmeyer, 2009). Online control seems to have a greater effect on the movement of the
lead limb (the first limb over the obstacle) than the trail limb; trail limb movements are
largely unaffected by the removal of the online visual feedback (Mohagheghi, Moraes,
& Patla, 2004). This suggests that the control of the trail limb is mostly based on the
kinesthetic information gathered from the movement of the leading limb as it crosses the
obstacle. This finding mirrors a result in research on cat locomotion, which showed that
cats control their trailing limb on the basis of the movement of their forelimb over an
obstacle, even if the obstacle is surreptitiously removed after being crossed by the
leading limbs (McVea & Pearson, 2006).
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2.3.4

Gaze behavior in rough terrain

The previous discussion has only dealt with visual control of gait in environments that
contain a single obstacle or target amid otherwise uniform terrain. While it may be
informative to study behavior in such settings, real locomotor environments tend to be
far more complex. When walking in such environments, humans must modulate their
gait in a way that allows for the circumvention of a particular obstacle while taking
future potential sources of perturbation into account. Rather than using foveal fixations
to control gait in complex environments, humans seem to rely on information from the
peripheral visual field. When walking along a path with prescribed footholds, both
humans and cats keep their gaze direction more-or-less fixed relative to their egocentric
reference frame, allowing their gaze to slide along the upcoming path rather than
fixating on individual footholds (Fowler & Sherk, 2003; Patla & Vickers, 2003;
Wilkinson & Sherk, 2005). Franchak and Adolph (2010) found that when navigating a
room packed with furniture and obstacles, subjects rarely fixated on obstacles prior to
surmounting them. In addition, when a planar object was unexpectedly dropped on a
treadmill, subjects stepped over it successfully on the basis of peripheral vision; even
when gaze was unconstrained, subjects rarely fixated on the unexpected obstacle before
stepping over it (Marigold, Weerdesteyn, Patla, & Duysens, 2007). The apparent
reliance on peripheral information in the guidance of locomotion is supported by the fact
that the upper region of the human retina has 60% more ganglion cells than the lower
region, suggesting that humans are tuned for stimuli in the periphery of the lower visual
field (Curcio & Allen, 1990).
2.3.5

Neural bases of anticipatory gait control

Most anticipatory gait adjustments are made on the basis of visual information about
the upcoming path, and there is evidence that the lateral suprasylvian cortex is specially
tuned to patterns of optic flow specifying upcoming impediments to locomotion (McVea
& Pearson, 2009). This information may be used by a variety of brain areas, but in
particular there is strong evidence that area 5 of posterior parietal cortex (PPC) plays a
significant role in the planning of visually guided locomotion. In vivo multi-cell array
recordings in cats walking over obstacles on a treadmill revealed cells that showed
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increases in response activity in the 2-3 steps preceding the step over an obstacle. While
some of these cells seemed to be associated only with a particular limb, a significant
portion showed preference for whichever limb was the first to pass over the obstacle.
This behavior shows that these cells are tuned for abstract, task specific features of gait
control, which implies that the PPC is higher on the motor hierarchy than the motor
cortex, whose cells are always tied to movement of the contralateral limb (Andujar,
Lajoie, & Drew, 2010; Drew, Kalaska, & Krouchev, 2008). Research has also shown
that the PPC does not have a direct connection to the corticospinal tract. Rather, any
influence the PPC has on motor behavior must be mediated through the motor cortex
(McVea & Pearson, 2009). These findings clearly indicate that area 5 of the PPC plays
an important role in the planning of anticipatory gait behavior.
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3

Experiments

In this section, I will outline the experiments that I conducted to investigate the
visual control of walking in complex environments. This project consists of four
experiments, each of which investigates a different component of the visual control of
foot placement when walking over complex terrain. In particular, these experiments will
manipulate the availability of visual information as subjects traverse various types of
complex terrain. The results of these studies will be considered jointly in service of the
ultimate goal of this project, which is to determine the way that visual information is
incorporated into an ongoing gait cycle in order to accommodate environmental
complexities and impediments. Throughout this discussion, I will focus on the way that
the physical dynamics of walking constrain the visual control of human locomotion.

3.1 General Methods
All of the proposed experiments make use of an experimental apparatus that
synchronizes a full body motion capture system to a projector that can display either
virtual obstacles or targets on the ground. The system is able to register whenever the
subject’s feet land on one of the virtual obstacles or targets, and can render the terrain
visible or invisible based on the subject’s movement through the room (Figure 6).
3.1.1

Equipment

The experiments utilize a 14-camera Vicon Motion Capture system running either
Vicon IQ 2.5 (Experiment 1) or Vicon Nexus 1.7 (Experiments 2-4) software. The
motion capture system tracked the positions of a set of retroreflective markers that were
attached to tight fitting, elastic shirt and leggings worn by subjects in accordance with a
full-body biomechanical template. Subjects completed the experiment barefoot in order
to avoid any irregularities caused by differences in footwear.
______________________________________________________________
Portions of this chapter previously appeared as: Matthis, J. S., & Fajen, B. R. (2013). Humans exploit the
biomechanics of bipedal gait during visually guided walking over complex terrain. Proceedings of the
Royal Society B: Biological Sciences, 280(1762), 20130700. doi:10.1098/rspb.2013.0700
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A Sanyo PLC-XP45 projector was used to display virtual obstacles onto the floor at
a resolution of 1024 × 768 with a brightness of 3500 ANSI lumens. The projector was
located 1.75 m behind the end position at a height of 1.15 m pointed at the ground at a
relatively low angle of incidence (~20 degrees, Figure 6A). The motion capture and
projector systems were integrated using custom software. The projector position was
calibrated using a method inspired by the Tsai calibration algorithm (Tsai, 1987). For
this method, calibration points defined in pixel coordinates (i.e., XY coordinates on a
computer monitor) were displayed on the lab floor by the projector. A marker tracked
by the motion capture system was placed on each calibration point. The position of the
marker in world coordinates (i.e. XYZ coordinates in the room, as defined by the motion
capture system) and the position of the corresponding calibration point in screen
coordinates were fed into an algorithm that calculated the transformation between screen
coordinates to world coordinates.
3.1.2

Data Preparation
Data from the motion capture system were filtered using a zero-lag 4th order low-

pass Butterworth filter with a cutoff frequency of 7Hz. This procedure essentially
removes all oscillations from the data that are faster than 7 cycles per second. The gross
movement of walking is unlikely to generate movements that oscillate at this rate, so
applying this Butterworth filter removes the effects of the millimeter-scale marker jitter
from the motion capture system, as well as the effects of soft tissue jiggle during gait.
Although this noise is not noticeable in the position data, it can cause significant increase
in noise when differentiating from position to velocity. Applying a Butterworth filter to
the position data makes it possible to differentiate position data without increasing the
noise in the recorded data.

3.2 Experiment 1 – Visual look ahead in complex terrain
When walking over flat, obstacle free terrain, foot placement can arise naturally
from the physical dynamics of the body; visual information contributes only minimally
to correct for instability in the mediolateral direction (Bauby & Kuo, 2000; O’Connor &
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Kuo, 2009). However, in more complex terrain such as a rocky trail, obstacles and other
environmental impediments may render the desired foothold unsafe or unavailable. In
such an environment, vision is necessary to select safe footholds from among the
available options afforded by the terrain. Experiment 1 was designed to test the
hypothesis that when walking over complex terrain, humans use visual information
about the upcoming path to select footholds that will allow them to exploit the passive
mechanical structure of bipedal walking in order to approximate the level of energetic
efficiency achievable when walking over flat, obstacle free terrain. That is to say, when
walking in environments where potential footholds are constrained, humans select
footholds that maximally harness the passive mechanical forces inherent to bipedal
walking in order to move in the desired direction with minimal effort.
Given this hypothesis, a key question is to determine how far ahead a walker must
see in order to walk at the same level of performance they can achieve when traversing
complex terrain with unconstrained vision. Answering this question is instrumental to
determining the way that walkers integrate information about the upcoming path into an
ongoing gait cycle. Several studies have reported that gaze is normally directed about
two step lengths ahead during walking behavior in humans (Marigold & Patla, 2007;
Patla & Vickers, 2003) and cats (Fowler & Sherk, 2003; Wilkinson & Sherk, 2005), and
certain neurons in area 5 of the posterior parietal cortex in cats show an increase in
activity 2-3 steps prior to stepping over an obstacle (Andujar et al., 2010). These studies,
among others, indirectly suggest that there is something special about the two step length
distance in the visual control of foot placement during walking.
The first direct evidence that two step lengths of visual look ahead is both necessary
and sufficient for the successful guidance of foot placement when walking over complex
terrain came from research that I conducted as part of my Master’s thesis (published as
Matthis & Fajen, 2013). In that study, subjects attempted to maintain a normal walking
pace while walking over a path strewn with obstacles. I used the projector system
described in the General Methods section to create several visibility conditions that
limited how far ahead subjects could see the upcoming terrain as they completed this
task. I found that as long as subjects could see the obstacles at least 2-2.5 step lengths
ahead of them, they were able to maintain a normal walking speed and avoid obstacles
23

as well as they could with unlimited vision. However, if visual look ahead was
constrained to less than two step lengths, subjects walked more slowly and/or collided
with more obstacles than in the larger visibility windows (Figure 4).

Figure 4. Mean number of collisions per trial (A) and mean normalized walking speed (B) in each
visibility condition for all subjects in Experiment 1. Step length was estimated as 0.7  leg length.
Walking speed for each subject was normalized by the subject’s average walking speed in the free
walking condition (M = 0.98 m/s). Error bars represent 1 s.e.m. Asterisks denote conditions that
are significantly different from the full vision control condition (p<0.05). Reprinted from Matthis
and Fajen (2013).

The results of that project provide direct evidence that two step lengths of visual
look ahead is sufficient for walkers to control foot placement as effectively as they do
with unconstrained vision. Although this finding is already somewhat implicit in the
literature on the visual control of foot placement, no explanation of the importance of the
two step length distance had been offered at that time. However, considering this finding
in the context of the biomechanics of bipedal gait motivates a theory-driven explanation
of the prevalence of the two steps lengths distance in the visual control of human
walking over complex terrain. This explanation also motivates the design and analysis of
Experiment 1, which is a replication of the experiments presented in Matthis and Fajen
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(2013) with an improved design and a new analysis to specifically test the hypothesis
that walkers exploit the biomechanics of bipedal gait when walking in complex terrain.
3.2.1

Motivation – Two step lengths and the biomechanics of human gait

In order to understand the importance of the two step length distance for the visual
control of foot placement, consider a walker attempting to step onto a particular target
foothold (Figure 5). The most energetically efficient way to complete this task is to place
the previous footstep in a location that allows the walker to fall forward ballistically like
an inverted pendulum to get the center of mass into a position that will allow the walker
to step on the target with minimal muscular intervention (Figure 5, red skeletons).
Insofar as humans are mechanically similar to an inverted pendulum, the passive ballistic
trajectory of the COM during the step leading into the targeted foothold will be
determined by two factors – the location of the planted foot in the previous step and the
initial position and velocity of the COM at the onset of the single support phase. With
this in mind, the critical question is at what point during approach to the target are these
two determinants under the walker’s control?
In the condition of the Matthis and Fajen (2013) where subjects could only see one
step length ahead, visual information about the target foothold was not available until the
walker was already partway through the ballistic trajectory of the previous step. In that
condition, the terrain features that were relevant to the upcoming step did not become
visible until after the two determinants of the passive trajectory of the COM in a step
were already set. In that case, the only way to adjust the trajectory of the COM would be
by means of energetically costly midflight muscular intervention on the COM. When
subjects could see 1.5 step lengths ahead, the targeted foothold became visible during the
double support phase of the preceding step (Figure 5, yellow skeleton), which may have
provided subjects the ability to tailor the push off force from the trailing limb to adjust
the initial conditions of the COM leading into the single support phase. This could
explain why collisions were less frequent and walking speed was in the 1.5 step length
condition relative to the 1.0 step length condition (Figure 4A). However, the subject still
cannot control the location of the planted foot. It is not until the walker can see two or
more step lengths in advance (Figure 5, white skeletons) that both of the determinants
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(i.e., the location of the planted foot in the previous step and the initial position and
velocity of the COM at the onset of the single support phase) are under the walker’s
control. The walker can shift the location of the previous foothold to adjust the base of
the inverted pendulum and tailor the push-off force from the trailing limb to change the
initial velocity of the COM.
This account explains why subjects showed degraded walking ability visual
information was constrained to less than two step lengths. A consideration of the basic
biomechanical structure of human gait reveals that a walker with two or more step
lengths of visual information about the upcoming terrain has all of the information
necessary to choose footholds that will allow him or her to fully exploit the passive
mechanical forces that are inherent to bipedal walking. Thus, two step lengths of visual
information is sufficient to select footholds that will allow a walker to approximate the
level of energetic efficiency achievable when walking over flat, obstacle free terrain.
When visual information is constrained to less than this distance, walkers’ normal mode
of visual control is compromised, leading to a decrease in walking performance
Experiment 1 was designed to test the idea that humans require two step lengths of
visual look ahead in order to select footholds that allow them to exploit the physical
dynamics of bipedal gait. The design of this experiment is similar to the one presented in
Matthis and Fajen (2013), but with some minor methodological improvements and an
additional analysis created to quantify the degree to which subjects were able to exploit
the inverted pendulum structure of bipedal gait. If it is true that two step lengths of
visual information is necessary to choose foot holds that will allow a walker to exploit
their biomechanical structure, then subjects should be less able to choose footholds that
exploit their physical dynamics when vision is constrained to less than two step lengths
ahead. This study has already been published as (Matthis & Fajen, 2013).
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Figure 5. Consideration of the point at which the determinants of the passive trajectory of the COM
for a given step are defined yields a prediction of how walking behavior over complex terrain will be
affected by the limited visibility conditions.

3.2.2

Methods

3.2.2.1 Subjects
Twelve subjects (Seven female, five male; mean age: 19.4 years; mean height: 1.70
m; mean weight: 66.6 kg; mean leg length 0.85m) participated in Experiment 1. Subjects
were recruited from psychology courses and received extra credit for participating. All
subjects reported no motor impairments and normal or corrected-to-normal vision. The
protocol was approved by the Institutional Review Board at Rensselaer Polytechnic
Institute and all subjects gave informed consent before performing the experiment.
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3.2.2.2 Task and procedure
Subjects began the experiment by completing ten free walking trials, in which
there were no obstacles and subjects were asked to walk at a brisk pace from a start
position (marked with tape on a carpeted floor) to an end position 3.6 meters away. Data
from these trials were used to normalize measures recorded in the other conditions. After
completing the obstacle-free walking trials, subjects walked along the same path while
trying to avoid stepping on one of 10 pseudo-random arrangements of 35 15cm×15cm
blue virtual obstacles that were projected on the floor (Figure 6B). The obstacle field
spanned the entire range of the projector, and the arrangements were chosen to be
sufficiently dense to require subjects to make gait modifications to avoid obstacles while
still allowing them to walk in a straight line from the start to the end position. Post hoc
analysis confirmed that the mediolateral range of subjects’ COM movements only
increased by an average of 5.2 cm (s.d.: 0.5) relative to the obstacle-free condition,
indicating that subjects were still able to walk in a straight line when obstacles were
present.
In Matthis and Fajen (2013), we found that some subjects accommodated smaller
visibility windows by decreasing their walking speed and maintaining a low collision
rate with the obstacles while others maintained a normal walking speed at the cost of
increased collisions. To encourage more homogeneous behavior in this study, subjects
were only allowed to hit one obstacle within each trial. If a subject collided with more
than one obstacle, then the trial was terminated and rerun. Subjects had 6s to complete
each trial, which ensured that they maintained an average walking speed of at least 0.6
m/s (roughly half of normal walking speed).
3.2.2.3 Design
An experimental session consisted of two blocks of 110 trials each, for a total of 220
trials per subject. The first block was composed of 11 different sets of 10 trials. The first
set of trials was the obstacle-free condition, and the remaining 10 sets were a random
ordering of the 10 different visibility conditions described earlier, namely the full vision
control condition and the nine different sizes of visibility window manipulation. The 10
sets were presented in a randomized order for each subject. The second block was
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identical to the first, except that the order of the 10 visibility windows was reversed. In
all, there were a total of twenty repetitions of each condition. This experiment utilized a
blocked design to ensure that subjects’ performance within each visibility condition was
not affected by the possibility of having to perform the task under a different visibility
condition. In a randomized design, subjects may have adopted a strategy that worked
well across all visibility conditions, making it difficult to answer the research questions
that motivate this experiment.
The radius of the visibility window in the limited visibility conditions was either 1,
1.5, 2, 2.5, 3, 3.5, 4, 4.5, or 5 step lengths. At normal walking speeds, preferred step
length is roughly 70% of leg length (Donelan, Kram, & Kuo, 2002; Matthis & Fajen,
2014). As such the size of the five windows (W) were defined as follows: W = 0.7kL,
where k is a number between 1 and 5 (in 0.5 increments), and L is the subject’s leg
length, taken as the vertical height of the right thigh marker located at the greater
trochanter of the femur. Thus, in the smallest window (k = 1), subjects were only able to
see obstacles that were within roughly one step length (0.7L) of their current position
and in the largest window (k = 5), obstacles were visible within roughly five step lengths
(3.5L).
As subjects walked through the field of obstacles, the leading edge of the visibility
window eventually reached the end position. From that point until the end of the trial,
the size of the visibility window was effectively equal to the distance from the subject to
the end position. This means that the difference in window sizes across conditions grew
smaller toward the end of each trial. For example, when the subject was within one step
length of the end position, the window sizes were the same in all five conditions. When
the subject was within two step lengths of the end position, the window sizes were the
same in conditions with k ≥ 2. This may have reduced the overall effect of the visibility
window manipulation. However, even for the larger window sizes, the first few steps of
each trial were unaffected by this limitation. Thus, if there are differences in behavior
across visibility window sizes, then these differences should still be reflected in the
dependent measures.
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Figure 6. Experimental Setup. (A) An LCD projector displayed obstacles on the ground. The
projector system was synced with a motion capture system so that subjects’ collisions with the
virtual obstacles could be registered and recorded. In the full vision control condition (B), the entire
field of obstacles was visible throughout the trial. In the limited vision conditions (C), obstacles were
only displayed when they fell within a certain visibility window centered on the subject. In this study,
nine different window sizes were tested, with radii ranging from one step length (0.7*Leg Length) to
five step lengths. The edge of the visibility window shown here (C, dashed circle) was not visible to
the subject.

3.2.3

Analyses
The position of each subject’s COM was found by calculating the weighted

average of the position of each body segment, based on anthropometric data reported in
(Winter, 2009). These data are based on aggregated studies stemming from multiple
investigators, who examined the relative weight distribution of the human body using
both cadavers and living subjects. The resulting anthropometric values are intended to
provide a “best guess” at the mass distrubtion of any able bodied human. As such, the
COM calculation that I used in this study neglects individual differences in subjects’
bodies, as well as the differences between male and female subjects. However, this is
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standard practice in the biomechanics community, and I do not believe that this will have
a significant effect on the output of the analyses used in this study.
In order to determine how well subjects were exploiting their biomechanical structure,
subjects’ movements were compared to a passively moving 3D inverted pendulum
(Figure 7). I first used an algorithm to find the portions of the trial when the subject was
in the single-support phase of gait (Zeni, Richards, & Higginson, 2008). At the onset of
each single support phase, immediately after toe-off, the position and instantaneous
velocity of the COM were used as the initial conditions for a 3D pendulum with a pivot
point set at the ankle marker of the planted foot of the subject. The motion of the
pendulum was simulated numerically from the Hamiltonian equations of motion by an
ordinary differential equation solver in Matlab (ODE45). The model calculated the
trajectory of a 3D pendulum falling under the influence of gravity with the initial
position and velocity measured from the subject’s COM at the beginning of the step. The
pendulum was defined in spherical coordinates with the origin set at the marker on the
lateral malelous of the subject’s ankle joint. At the end of the simulation, I calculated the
3D Euclidean distance between the position of the subject’s COM at the end of the
single support phase (immediately before heel strike) and the calculated position of the
idealized pendulum model after the period of time taken in the actual step. Each
subjects’ endpoint difference was normalized by dividing the mean endpoint difference
in each condition by that found in an obstacle free walking condition. Mean walking
speed and collisions per trial were also calculated, using the same method described in
(Matthis & Fajen, 2014).
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Figure 7. Depiction of the Predicted/Actual COM trajectory analysis used in this study.

3.2.4

Results

The visibility window manipulation had a significant effect on the mean number of
collisions per trial (F(3.19, 35.09) = 24.99, p < .01, partial η2 = .69) and mean walking
speed (F(1.75, 17.03) = 26.07, p < .01, partial η2 = .70). In particular, there was an
increase in collisions with the obstacles when the visibility window is less than two step
lengths (Window 1, p < .01; Window 1.5, p = .03; Figure 8B) and a decrease in walking
speed for windows smaller than three step lengths (Windows 1-2.5, p < .01; Figure 8C).
These results replicate the effects observed for stepping accuracy and walking speed that
were reported in Matthis and Fajen (2013).
The results of pendulum analysis are summarized in Figure 8A. The univariate repeated
measures ANOVA revealed a significant main effect of visibility window size on COM
trajectory endpoint difference (F(1.48, 16.279) = 18.46, p<.01, partial η2 = .63). Planned
comparisons between each visibility window condition and the full vision control
condition revealed no significant increase in the difference between subjects’ actual
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COM trajectories and the passive trajectory predicted by the inverted pendulum model
when subjects could see two or more step lengths ahead (p > .05, window sizes 2 - 5 step
lengths). When the visibility window was smaller than two step lengths there was a
significant increase in the predicted trajectory endpoint difference measurement relative
to the full vision control condition (Windows 1 & 1.5, p = .01)1 .

Figure 8. Results for all subjects (n = 12). (A) Mean Euclidean distance between COM at the end of
each step and the predicted endpoint if the COM had followed the trajectory of an unactuated
inverted pendulum with equivalent initial conditions. (B) Mean number of collisions per trial for
each visibility condition. (C) Mean walking speed for each visibility condition. Each subjects’ score
in (A) and (C) were normalized to their scores in an obstacle free condition. Asterisks denote
significant deviations from the full vision control condition (p < .05). Bars indicate +/- 1 s.e.m.
Reprinted from (Matthis & Fajen, 2013).

1

There was also a small but significant decrease in endpoint difference for windows 3.0
and 4.5 (p = .01). However, the extremely small magnitude of this decrease (-.03 & -.02,
respectively) and the direction of the difference makes it difficult to interpret this result.
Thus, although the statistical tests are significant for these windows, I do not believe that
the differences are meaningful.
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3.2.5

Discussion

To summarize, the results reveal that when subjects were able to see two or more
step lengths of the upcoming terrain, they were able to exploit their biomechanical
structure as efficiently as they did when they had full vision. They were also able to
avoid stepping on obstacles as well as they could with full vision, and walking speed
approached normal with a small decrease persisting into the 2.5 step length condition.
Taken together, these results that two step lengths of visual look ahead is sufficient for
walkers to walk successfully over complex terrain while fully exploiting the physical
dynamics of bipedal walking.
These results corroborate the interpretation of the importance of the two step length
distance to the visual control of walking that motivated this experiment. According to
that interpretation, two step lengths of visual information is sufficient for walkers to take
control of the two determinants of the passive trajectory of the COM during a step—the
location of the planted foot and the push-off force that defines the initial velocity of the
COM (Figure 5). Indeed, when visual look ahead was constrained to less than two step
lengths, subjects appeared to lose their ability to exploit the inverted pendulum structure
of bipedal gait, as evidenced by a decreased similarity between their COM trajectories
and that of an idealized inverted pendulum.

3.3 Experiment 2 – Visual guidance of foot placement
Although understanding the role of visual look ahead is essential to developing a
theory of the visual control of foot placement in complex terrain, the results of
Experiment 1 are only informative about the feedforward components of visual control
of walking. These findings tell us about the way that humans look ahead to the planning
of future steps, but they leave open questions about the kind of visual control that guides
the actual execution of the step itself. Given that walkers need to see at least two steps
ahead for normal walking performance, what sort of control underlies the accurate
placement of each step in its desired location?
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Experiment 2 is designed to investigate the way that walkers use visual
information from within the two step length range to execute each step with the high
spatiotemporal accuracy required to maintain stable and efficient locomotion over
complex terrain. Subjects walked across a path of irregularly spaced target footholds
while maintaining a high degree of accuracy at each step. They performed this task in a
full vision condition in which the targets were visible for the entire trial, and in several
limited visibility conditions in which the each target would become invisible at different
points prior to the step to that target. The empirical goal of this study is to determine the
point preceding foot contact with a target that the target can become invisible without
affecting stepping accuracy. The theoretical goal is to determine the role of visual
feedback about target location in the execution of a precisely controlled footstep during
an ongoing walking task.
This study will also help to alleviate some conflicting research that investigates
whether visual feedback about target location is used to guide foot placement. In a series
of related experiments on the relationship between eye movements and precise foot
placement, Hollands and Marple-Horvat (1995, 1996, 2001) reported that subjects
walking across a series of footholds showed no decrease in accuracy when vision was
removed for the entirety of a step. However, the apparatus they used had very poor
resolution (any step within +/- 750 mm of target center counted as a “hit”), so it is
possible that some subtle performance degradation could have gone unnoticed in their
analyses. In contrast with that finding, Reynolds and Day (2005) showed that removing
visual information about target location did seem to have an effect on subjects’ ability to
step accurately towards a single target while standing, suggesting a role for visual
feedback in the guidance of foot placement. However, that experiment asked subjects to
stand still and then step to a single target in front of them, so it is not clear what
relevance those results have to the visual control of foot placement during actual
walking. The results of the present study will serve relieve this conflict in the literature.
Some predictions for this experiment can be motivated from the previous results.
In Experiment 1, when subjects could see two or more step lengths of the upcoming,
they chose footholds that allowed them to exploit the physical dynamics in order to
move travel ballistically during each step. If ballistic movement through the single
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support phase is a goal of visually guided walking, then we should expect that walkers
will not engage in any active visual control of foot trajectory during this phase of gait.
Any active adjustment of the trajectory of the swinging leg will have consequences on
the full body trajectory during the step. If instead a walker pre-determined the trajectory
of the foot based on visual information about target location gathered prior to toe-off,
then no active adjustment of foot trajectory would be necessary during the step itself.
Such a strategy would allow a walker to maintain an energetically efficient ballistic
trajectory throughout each step. If humans use this type of visual control strategy, then
we should expect that stepping accuracy will be unaffected if the targets disappear after
toe-off of the step towards them, but that accuracy will be negatively affected if the
target becomes invisible during the preceding step.
3.3.1

Methods

3.3.1.1 Subjects
Twelve subjects (4 female, 8 male; mean age: 19.0 years; mean height: 1.76 m,
SD; mean weight: 72.2 kg, mean leg length: 0.93m) participated in this study. Subjects
were recruited from psychology courses and received extra credit for participating. All
subjects reported no motor impairments and normal or corrected-to-normal vision. The
protocol was approved by the Institutional Review Board at Rensselaer Polytechnic
Institute and all subjects gave informed consent before performing the experiment.
3.3.1.2 Task and procedure
Subjects walked across a path of six small circular target footholds (radius: 50mm)
that spanned the space between the start and end locations. To define the target foothold
configurations used in this study, I first recorded my normal footfall pattern when I
walked from the start to end location without targets. The target configurations were
then obtained by randomly placing the targets within a 300mm x 300mm box centered
on this pattern of footfalls. Because the normal foothold layout was based on my
stepping pattern, the distances between targets were multiplied by the ratio of each
subject’s leg length to my own leg length in order to scale the task to the subject’s body
size. Since an individual’s preferred step length is primarily determined by their leg
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length (Donelan et al., 2002), this protocol should be sufficient to tailor the experimental
environment to subjects’ bodily dimensions. The projector system was synched to the
motion capture system using the method used in Experiment 1.
Subjects began the experiment by completing ten free walking trials, in which there
were no obstacles and subjects were asked to walk at a brisk pace from a start position
(marked with tape on a carpeted floor) to an end position 5.0 m away. In the conditions
following the free walking trials, subjects walked across a path of six footholds spanning
the path between the start and end locations. At each step, if the marker attached to the
2nd metatarsal head of the foot was within the target, the system would play a highpitched tone to indicate the subject had successfully hit the target. Otherwise, a lowpitched tone was played to indicate that the target had been missed. Subjects were
instructed to walk so as to place the foot marker as close to the center of the target as
possible. Subjects clicked a button on a wireless mouse to begin each trial, after which
they had five seconds to reach the end position before the trial was terminated and rerun. As such, subjects had to walk with an average speed of at least 1.0m/s in order to
successfully complete each trial.
3.3.1.3 Design
An experimental session consisted of two blocks of 100 trials each, for a total of 200
trials per subject. The first block was composed of ten different sets of ten trials. The
first set of trials was the obstacle-free condition and the remaining sets were a random
ordering of the nine different visibility conditions: a full vision control condition in
which all targets were visible for the entire trial and the eight different limited vision
conditions in which the targets would be rendered invisible at some point before the
subject stepped on them. The nine sets were presented in a randomized order for each
subject. The second block was identical to the first, except that the order of the nine subblocks following the free walking condition was reversed. In all, there were a total of
twenty repetitions of each condition.
In the limited vision condition, the visibility of each target was controlled by various
types of “invisibility triggers.” Each target was surrounded by a circular invisibility
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trigger (not displayed to subjects), and the system was defined so that the target would
be rendered invisible whenever the subject’s foot moved inside of the trigger’s range.
The radius of each invisibility trigger was defined by multiplying the distance between
two consecutive targets by a number between 0 and 1. This distance defined the stride
length (SL) prescribed by the layout of the target foothold. For example, if the radius
was defined as 0.5*SL (i.e. the 0.5 invisibility trigger condition, Figure 9A), each target
would be invisible for the last 50% of each step. In the 1.0 trigger condition (radius
defined as 1.0*SL, Figure 9B), each target would become invisible at the moment of toeoff from the previous target, so the target would be invisible for 100% of that step. In
trigger conditions larger than 1.0 (i.e. the 1.5 trigger, Figure 9C), entering the invisibility
trigger range of, say, Target 3 caused Target 4 to become invisible. In this condition,
Target 4 was rendered invisible during the last 50% of the step to Target 3, and for the
entirety of the step to Target 4. I also included a condition wherein stepping onto a given
target would cause the upcoming target to become invisible, that is, for example, Target
4 would become invisible the moment the foot landed on Target 3.

Figure 9. Diagram of a selection of the invisibility trigger manipulations used in Experiment 2. In
the 0.5 invisibility trigger condition (A), targetN was rendered invisible 50% of the way through
stepN to that target. In the 1.0 invisibility trigger (B), target N became invisible immediately after toe
off of the step to the target. When the trigger was larger than 1.0, as in the 1.5 invisibility trigger
(C), targetN became invisible during stepN-1 toward targetN-1.

Because of lag caused by processing time and the network communication between
the computer running the motion capture software and the one controlling the projector,
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there was a ~80ms delay between the time that a subjects’ foot entered into the
invisibility trigger surrounding a particular target and the time that the target was
rendered invisible. As a result, the actual visibility conditions experienced by the subject
were different than what was prescribed by the invisibility triggers. To account for this
difference, the actual visibility condition experienced in each step was calculated for
each step in the various conditions by adjusting the timestamp that the system logs
recorded the target becoming invisible forward by 80ms. This adjusted timestamp was
then compared to the total duration of the step to determine the actual visibility condition
experienced during that step. This adjustment was dependent on the velocity of the foot
during the step, so even steps within the same invisibility trigger condition had slightly
different calculated visibility values. The value shown on the x-axis of Figure 10 is the
mean calculated visibility for that condition.
3.3.1.4 Analyses
The main dependent measure used in this study was the accuracy with which
subjects stepped onto the targets, as indicated by the error between the subjects’ feet and
the target footholds. In this experiment, stepping error was defined as the distance of the
motion capture marker at the 2nd metatarsal head of each foot from the center of a target
during each step. Because targets were drawn as a circle with a radius of 50mm, any step
in which the relevant foot marker landed within 50mm of the target center was counted
as a hit.
I only analyzed accuracy data from steps to the last four of the six targets used in this
experiment (targets 3-6). Data from the first two targets were excluded because
invisibility triggers larger than 1.0 did not affect the visibility of those targets. Therefore,
each trial yielded accuracy data from a total of four steps. Each of the twelve subjects
completed twenty repetitions of each of the nine visibility condition (full vision and the
eight invisibility triggers), resulting in 80 analyzable steps per condition, for 720 total
steps per subject. In total, the final analyses in this study examined 960 steps per
visibility condition for a grand total of 8640 steps. One subject accidentally took an extra
step when traversing the six targets, so data from that trial were excluded from the final
analyses.
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3.3.2

Results

The results of this study are presented in Figure 6. A univariate repeated measures
ANOVA was conducted on the stepping error dependent measure, which revealed a
significant effect of the invisibility trigger manipulation on subject’s stepping error F(8,
88) =24.34, p <.01, partial η 2 = .69.
Planned comparisons at the p < .05 were performed to compare subjects’ stepping
error in each invisibility trigger condition to the full vision control condition (Adjusted
trigger size/p-values - .24/.78; .44/.52; .70/.57; .95/.11; 1.03/.02; 1.22/<.01; 1.41/<.01;
1.66/<.01). In summary, visibility triggers which rendered a target invisible during the
step towards that target (triggers .24-.95) had no significant effect on subject’s stepping
accuracy, but stepping error increased significantly if targets disappeared at any point
during the step preceding the step to the target (triggers 1.03-1.66).

Figure 10. Stepping accuracy from all subjects in Experiment 2 (n = 12). Recall that trigger sizes
smaller than 1.0 render each TargetN invisible during the StepN to that target, while triggers larger
than 1.0 render TargetN invisible during the StepN-1 to TargetN-1. For instance, in the 0.7 trigger
condition, each TargetN was invisible for the last 70% of the step to that target, while in the 1.43
trigger condition, TargetN was invisible for the last 25% of the step towards Target N-1, and for the
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entirety of the step towards TargetN. Asterisks denote significant deviations from the full vision
control condition (p < .05). Bars indicate +/- 1 s.e.m.

3.3.3

Discussion

The results of Experiment 2 show that visual feedback about target location is not
used to guide foot placement during the step itself. Rather, it appears that foot placement
is controlled on the basis of visual information gathered prior to toe off. This finding
supports the motivating hypothesis of this dissertation, which is that humans use visual
control strategies that allow them to accurately control foot placement while also
exploiting the physical dynamics of bipedal gait. By avoiding active visual control of the
swinging leg during the single support phase, the walker is able to travel ballistically
through each step. This strategy may serve to increase the energetic efficiency of gait by
allowing the passive mechanical forces inherent to human gait to dominate the walking
motion. By carefully controlling the initial conditions of the COM leading into each step,
a walker can exploit the inverted pendulum structure of bipedal gait in order to travel in
the desired direction with minimal energetic cost.
The results of the present study support and extend the biomechanics-based
theoretical prospective on the visual control of foot placement that motivated
Experiment 1. Based on the results of that experiment, I argued that humans use visual
information about upcoming terrain in order to choose footholds that will allow them to
approximate the level of energetic efficiency achievable when walking in a flat,
obstacle-free environment. I found that at least two step lengths of visual look ahead was
sufficient for subjects to select footholds that allowed them to follow an energeticallyefficient ballistic trajectory through each step. The finding that visual feedback about
target location was not necessary for precise foot placement is consistent with the view
that humans seek to follow a ballistic trajectory during each step. By determining the
desired footfall location prior to toe-off, the walker is free to allow the natural dynamics
of their body to dominate their motion during the step itself.

41

3.4

Experiment 3 – The critical period for visual control
Experiments 1 and 2 investigated two complementary aspects of the visual

control of foot placement when walking over complex terrain. The results of Experiment
1 show that humans need to be able to see at least two steps ahead in order to be able to
choose footholds that harness the passive mechanical forces inherent to bipedal walking.
Following on that result, Experiment 2 reveals that visual feedback about a target’s
location is not necessary after toe off of the step to land on that target. Taken together,
the results of these studies suggest there is a relatively narrow range within which visual
information about the upcoming path is needed to guide foot placement. In particular,
the results suggest that humans only require visual information about the terrain relevant
to a particular step during the stance phase of the preceding step. In short, the results of
the Experiments 1 and 2 suggest that there is a critical period for the visual control of
StepN that occurs during the preceding StepN-1 (Figure 11).
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Figure 11. Summary of the results of Experiment 1 and 2. Experiment 3 is designed to test the
hypothesis that there is a critical period for the control of each foot placement that occurs during
the preceding step.

Although this hypothesis is well motivated by the results of the previous
experiments, some important concerns remain. For one, Experiments 1 and 2 were
conducted separately, but the hypothesis that StepN is controlled during StepN-1 requires
considering a case where the manipulations of the two experiments are combined within
a single task. In that case, upcoming terrain would become visible at a certain distance
(as in Experiment 1) and then disappear again within another distance (as in Experiment
2). It is possible that the results found in those two experiments would not replicate in
such a manipulation. For example, it is possible that two step lengths of visual look
ahead is not sufficient for normal walking behavior if the terrain becomes invisible after
being revealed. Similarly, it is possible that subjects in Experiment 2 were only able to
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step accurately to targets that disappeared immediately after toe-off because that
experiment provided them with unlimited visual look-ahead of the upcoming obstacles.
Experiment 3 is designed to provide a direct test of the hypothesis that there is a
critical period for the visual control of each step that occurs during the preceding step. In
this experiment (as in Experiment 2), subjects will walk across a path of target footholds
while maintaining normal walking speed and high stepping accuracy. During the task,
the target footholds will only be visible during specific phases of a subject’s approach.
That is, targets will become visible some distance ahead of the subject (analogous to the
visibility window used in Experiment 1) and then disappear some distance prior to being
stepping on (as with the invisibility trigger in Experiment 2). Combining the timing at
which the targets become visible and invisible makes it possible to create conditions that
test some strong predictions of the interpretations of Experiments 1 and 2. Essentially,
the results of those experiments will be used to predict conditions that should lead to a
detriment to walking performance, as well as those that should yield unperturbed
walking behavior. In addition, I will also test some predictions about the specific ways
that walking behavior will be affected by the different visibility conditions.
Note that Experiment 3 involves subjects walking over a path of target footholds,
rather than the field of obstacles used in Experiment 1. This is potentially significant, as
walking so as to step accurately on a series of targets is subtly different from walking so
as to avoid stepping on obstacles that cover one’s path. In an obstacle based task,
subjects have a choice for where they will place each step—as long as the foot does not
collide with an obstacle, any step is permissible. With targets, each step must land on
each target with a high degree of accuracy; the subject has no choice for where to place
each step. Furthermore, in Experiment 1, subjects were allowed to step anywhere that
was not occupied by an obstacle, so less precision was required than in Experiment 2
where each step was constrained to land within a 50mm radius target. Because of these
differences, the manipulation of visual look ahead in Experiment 3 does not directly
recreate the visibility window manipulation used in Experiment 1. This is something of
an advantage, as it tests whether the results of Experiment 1 will generalize to a new
task.
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3.4.1

Methods

3.4.1.1 Subjects
Fourteen subjects participated in this experiment (5 female, 9 male; mean age:
18.7 years; mean height: 1.73m; mean weight: 77.2kg; mean leg length: 0.91m) Two
subjects were marked as outliers and excluded from the final analyses because their
average stepping accuracy across all conditions was more than two standard deviations
from the mean. Subjects were recruited from psychology courses and received extra
credit for participating. All subjects reported no motor impairments and normal or
corrected-to-normal vision. The protocol was approved by the Institutional Review
Board at Rensselaer Polytechnic Institute and all subjects gave informed consent before
performing the experiment.
3.4.1.2 Design
The basic task for Experiment 3 is similar to that of Experiment 2, in that subjects
will again walk across a path of irregularly spaced target footholds. This experiment will
utilize the same invisibility trigger manipulation introduced for Experiment 2, in
addition to a new visibility trigger manipulation that is analogous to the visibility
window manipulation from Experiment 1. Just as the invisibility triggers in Experiment
2 rendered target invisible when activated by the subject’s feet, the visibility trigger will
render a pre-determined number of targets visible when the subject’s foot enters within
its radius. As in Experiment 2, the visibility and invisibility triggers will be defined by
either the stride length prescribed by the target footholds or by foot contact with the
targets on the ground, so the combination of these two mechanisms will allow us to
couple the availability of visual information about the target footholds to specific points
in the subject’s gait cycle.
By manipulating the timing at which targets become visible and invisible, I will
create visibility conditions that will allow me to test specific predictions stemming from
the combined results of Experiments 1 and 2. However, before I get to that, it will be
helpful to consider the relationship between the visibility triggers used in the experiment
and the visibility window used in Experiment 1. Clarifying the way that the two
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manipulations relate to each other will help in understanding the way that conditions in
the experiment were chosen to test the predictions that arose from Experiment 1.
Figure 12 shows a schematic diagram of a target stepping task with the targets
labeled counting back from TargetN. The two rows of number below the targets denote
the visibility window (top row) and visibility trigger (bottom row) at which visual
information at TargetN becomes available to the subject. Because the visibility windows
in Experiment 1 were defined in units of step length and because the windows were
centered on the vertical projection of the head, in, say, the 2.0 step length visibility
window, the terrain relevant to StepN became available when the subject’s head was over
TargetN-2. In contrast, the visibility trigger is based on the location of the subject’s feet,
so the trigger that would yield a condition similar to the 2.0 step length window would
render the TargetN visible as the subject’s swinging foot passes under the head in the
single support phase over TargetN-2. This would occur if there was a 0.5 visibility trigger
centered on TargetN-1 that was configured such that when it was triggered it turned on
the N+1th target (1.5 visibility trigger).
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Figure 12. Schematic diagram of the relationship between visibility windows and visibility triggers.

______________________________________________________________
3.4.1.3 Conditions
By carefully combining visibility and invisibility trigger sizes, it is possible to
tightly control the visual information available to subjects and thereby investigate the
visual control of foot placement in great detail. In particular, it is possible to create
conditions that will test specific predictions that stem from my interpretation of the
results of Experiments 1 and 2. The conditions included in Experiment 3 are outlined in
Figure 13 and described in §3.4.1.3.1 - 3.4.1.3.6. Note that that the visibility and
invisibility conditions named to define these conditions do not account for system lag.
The actual configurations used to create these conditions were chosen so that so that the
subjects’ experience was as close as possible to the desired visibility conditions
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described below. The relationship between the desired visibility conditions, the visibility
conditions coded into the experiment, and the actual conditions that occurred during
Experiment 3 are described in Table 1.

Figure 13. Visibility conditions used in Experiment 3. Each bar denotes the condition number and
the visibility and invisibility triggers used to define the visibility of each target within that condition
in the following format: “Condition# - visibility/invisibility.” Visibility triggers caused the target to
become visible, while invisibility triggers rendered targets invisible. The colored lines depict the
phase of the approach during which each target was visible in the various condition. For example, in
condition 2, each target (TargetN) became visible at toe-off of StepN-1 to TargetN-1, and then
disappeared again at toe-off of StepN towards TargetN. Note that although this figure depicts the
visibility of a single target, this manipulation was applied to targets 3, 4, 5, and 6 in Experiment 3.

3.4.1.3.1 Condition 1 – Full vision
In this condition, subjects will walk over the path of foothold targets with
unlimited vision. Because visual information is unconstrained, it is assumed that
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subject’s behavior in the full vision condition constitutes normal walking behavior. Their
performance in this condition serves as a baseline against which to compare the behavior
recorded in the other visibility conditions. If subjects’ performance in a given condition
is significantly different from their performance in the full vision condition, it indicates
that their normal mode of visual control has broken down in some way.
3.4.1.3.2

Condition 2 – 2.0/1.0: Visual information about TargetN is only available
during StepN-1

This condition will utilize a 1.0 invisibility trigger and a 2.0 visibility trigger, which
entails that subjects will only be able to see each target during the stance phase of the
preceding step. For example, in this condition, Target4 will become visible at toe-off of
the step heading to Target3, remain visible throughout that step, and then disappear at
toe-off of the step heading to Target4. If the interpretation of Experiments 1 and 2 is
correct, then this condition will provide sufficient visual information for subjects to walk
with a level of stepping accuracy similar to the full vision control condition.
3.4.1.3.3

Condition 3 – 2.5/1.5: Visual information about TargetN disappears too
early for successful control foot placement

This condition will utilize a 1.5 invisibility trigger and a 2.5 visibility trigger. This
will allow subjects to see each target for roughly the same temporal duration as in the
2.0/1.0 condition, but this information will come roughly half of a gait cycle earlier in
the approach to each target. For example, in this condition Target4 will become visible
halfway through the step leading to Target2, and then disappear halfway through the step
to Target3. Based on previous findings, the visibility trigger in this condition is expected
to provide sufficient look ahead for full walking performance – the 2.5 trigger is
analogous to the 3 step length visibility window in Experiment 1. However, the 1.5
invisibility trigger caused subjects to step less accurately in Experiment 2, so I expect it
will similarly degrade subjects’ stepping accuracy in this experiment. This condition is
important because targets will be visible for the same duration as in the 2.0/1.0
condition, but the visual information is predicted to come too early to allow for normal
levels of walking performance.
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3.4.1.3.4 Condition 4 – 1.0/0.0: Visual information about Targetn appears too late
for successful control of foot placement
This condition has no invisibility trigger and a 1.0 visibility trigger. It also provides
the same duration of visual information about each target as the 2.5/1.5 condition, but
this information is predicted to come too late to allow for normal levels of walking
behavior. In this condition, each target will only appear at toe off of the step leading to
that target. This is analogous to the 1.5 step length visibility window from Experiment 1,
and it is predicted that this condition will provide insufficient visual look ahead for
subjects to walk with normal levels of walking performance. In particular, based on
subjects’ behavior in the 1.5 visibility window condition of Experiment 1, I expect that
subjects in this condition will brake the momentum of their COM at each step to provide
themselves with more time to step accurately on the targets, which will have the effect of
lowering walking speed and causing them to move less like an inverted pendulum than
they do in the full vision condition.
3.4.1.3.5 Condition 5 – 1.5/1.0: Visual information about Targetn is only available
during the second half of Stepn-1
The hypothesis that humans need to see the terrain relevant to a given StepN during
the preceding StepN-1 in order to be able to walk at a level of performance comparable to
full vision is motivated by the outcomes of Experiments 1 and 2. However, the results of
those studies are somewhat ambiguous about whether the visual information is needed
for the entirety of the stance phase of StepN-1 or if it is sufficient for the terrain around
StepN to be visible only during the latter part of StepN-1. This condition is similar to the
2.0/1.0, but with a more restrictive visibility window. For example, in this condition,
Target4 will appear halfway through the step to Target3 and then disappear at toe-off of
the step to Target4. In this condition, the targets will only be visible for a very short
duration of time, but it is possible that the timing of this visibility will be such that
subjects will be able to walk at a level of performance comparable to the full vision
condition.
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3.4.1.3.6 Condition 6 - 2.0/0.8 and Condition 7 – 2.5/1.0
Although it is predicted that the 2.0/1.0 condition will provide subjects with the
visual information necessary to walk at a level comparable to the full vision condition, if
there is a detriment to walking performance in that condition, the 2.0/0.8 and 2.5/1.0
conditions will help determine its cause. The 2.0/0.8 condition has a slightly more
forgiving invisibility trigger, while the 2.5/1.0 has a more forgiving visibility trigger. As
such, if there is a detriment to performance in the 2.0/1.0 condition but not in the 2.0/0.8
condition, then I can conclude that the detriment in the 2.0/1.0 condition was the result
of the invisibility trigger. Similarly if performance is degraded in the 2.0/1.0 condition
but not 2.5/1.0 condition, it will suggest that the visibility trigger is culprit.
Table 1. Outline of the visibility conditions used in Experiment 3. “Desired Vis/Invis” refers to the
desired conditions in this experiment, while “Coded Vis/Invis” lists the way the conditions were
defined in the code that ran the experiment. The coded conditions were defined so that ~90ms of lag
in the projector/motion capture system would be result in conditions that were as close as possible to
the conditions depicted in Figure 14. “DS” invisibility triggers rendered TargetN invisible when the
subject’s foot contacted TargetN-1. “DS+2” visibility triggers rendered targets visible when the
subject’s foot contacted TargetN-2. “Calculated Vis/Invis” shows the actual conditions that were
calculated post hoc from subject movement data and target visibility logs. Because the actual target
visibility was a function of subjects’ movements, there was some variability in the calculated
visibility conditions. “Std Dev Vis/Invis” lists the standard deviation of the calculated visibility
conditions.
Condition # Desired Vis/Invis Coded Vis/Invis Calculated Vis/Invis Std Dev Vis/Invis
1
N/A
N/A
N/A
N/A
2
2.0/1.0
DS+2/DS
1.97/0.93
0.14/0.12
3
2.5/1.5
2.8/1.8
2.40/1.41
0.07/0.07
4
1.0/-DS+2/-0.97/-0.13/-5
1.5/1.0
1.8/DS
1.43/0.95
0.14/0.14
6
2.0/0.8
DS+2/1.0
1.97/.65
0.14/0.7
7
2.5/1.0
2.8/DS
2.40/0.93
0.7/0.12

3.4.1.4 Analyses
Three dependent measures will be recorded from subject data. Two measures will
be used to quantify how well subjects were able to control the placement of each step –
mean stepping error and stepping error variability. The error of each step will be
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measured by calculating the Euclidean distance of the vertical projection of the marker
on the 2nd metatarsal head of subjects' feet from the center of the target at each step.
Because the circular targets have a radius of 50mm, any step that was within 50mm of
the target center will result in a 'hit' sound. Mean stepping error will be calculated from
the error score of each step in each condition. Stepping error variability will be
determined by calculating the standard deviation of the accuracy scores of every step in
each condition. Both values are important, as the mean error reveals the average
precision of each footstep while error variability indicates the consistency of subjects
stepping behavior.
Average walking speed will also be computed in each trial by dividing the
distance between the start and end box by the amount of time it took to travel that
distance. Walking speed will be normalized by dividing the mean walking speed in each
condition by the mean walking speed in an obstacle free walking condition. Note that in
Experiment 1, the results of the pendulum analysis follow the inverse of subjects'
normalized walking speed, owing to subjects' tendency to 'brake' the forward momentum
of their COMs in visibility conditions with insufficient visual look ahead. As such, for
present purposes the walking speed measure can be considered as a surrogate for the
pendulum analysis.
3.4.2

Results
Results of this experiment are presented in Figure 14. Figure 14A shows subjects

mean stepping accuracy in the various conditions. Each condition is represented by a
line of a different color, with the horizontal length and position denoting the timing and
duration of target variability (as in Figure 13) and the vertical position indicating mean
stepping error. Figure 14B shows mean normalized walking speed and Figure 14C
shows stepping error variability. Note that the colors of the bars in Figure 14B and C
match the color of conditions in Figure 14A, and that the color coding of this figure
matches Figure 13.
Repeated measures ANOVAs were carried out on all three dependent measures.
Mauchy’s test revealed that the sphericity assumption was violated for all measures. The
stepping accuracy, variability, and walking speed measures had ε values were .36, .40,
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and .33 for (respectively). Since these values were all less than .75, a GreenhouseGeisser correction was applied to the results. This correction adjusts the degrees of
freedom in the F test in order to minimize Type-I errors caused by the differences in
variabilty between the different conditions. The corrected ANOVAs revealed that the
visibility manipulation had a significant effect on stepping accuracy (F(2.14, 23.52) =
10.58, p<0.01, partial η2 =.490), stepping variability (F(2.42, 26.63) = 11.07, p<0.01,
partial η2 =.502), and walking speed (F(1.99, 21.87) = 24.36, p<0.01, partial η2 =.690).
Planned comparisons between each condition and the full vision control condition were
completed for each of the three dependent variables. The results of these comparisons
are summarized in Table 2.
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Figure 14. Results from Experiment 3. (A) Mean stepping accuracy in each condition. Data are
overlaid on a reproduction of Figure 13 to assist in the interpretation of the present data. Y-axis
denotes mean stepping error in this experiment, while X-axis denotes target visibility/invisibility
triggers. (B) Walking speed in each condition. Each subject’s speed was normalized by their walking
speed in the target free walking condition; (C) Variability in subjects’ stepping accuracy in each
condition. All bars denote +/- 1 s.e.m. Asterisks denote a significant deviation from the Full Vision
condition at the p<.05 (*) or p<.01 (**) level.

The conditions can be separated into three groups based on subjects' performance
relative to the full vision control condition. The first group includes the 2.0/0.8 and
2.5/1.0 conditions, which showed the walking performance that was very similar to
baseline levels. The 2.0/0.8 condition was not significantly different from baseline for
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any of the dependent measures, while the 2.5/1.0 showed no significant differences in
stepping accuracy or walking speed and only a marginally significant difference in mean
stepping accuracy. The second group includes the 2.0/1.0 and 1.5/1.0 conditions, in
which subjects displayed slightly diminished stepping accuracy compared to the full
vision condition. The significant increase in stepping error and variability for these
conditions indicates that subjects ability to control their foot placement was degraded in
these conditions. However, performance showed a much greater degradation in the third
group that includes the 2.5/1.5 and 1.0/0.0 conditions. Subjects in the 2.5/1.5 condition
showed a large significant increase in stepping error and variability, mirroring results
from the 1.5 invisibility condition from Experiment 2. In the 1.0/0.0 condition, subjects
showed a moderate increase in stepping error and a large increase in variability,
indicating that the 1.0 visibility trigger in that condition was not sufficient for accurate
control of foot placement. In addition, subjects showed a large drop in walking speed for
that condition, as was predicted by performance in the analogous 1.5 step length
visibility window in Experiment1. Because of the expected inverse relationship between
recorded walking speed and the inverted pendulum analysis, this result implies that
subjects’ COM trajectories will also be significantly less similar to the trajectory of an
inverted pendulum than they were in the full vision condition. This result would suggest
that subjects were less able to exploit their physical dynamics in this condition, again
mirroring the results of Experiment 1.
Table 2. Summary of planned simple comparisons to the Full Vision condition for Experiment 3.
Each cell shows the p-value of each condition compared to the full vision condition. A p-value less
than 0.05 entails that subjects showed a significant deviation from baseline performance. p-values
less than 0.05 are marked with italic font and a * symbol, and p-values less than 0.01 are marked
with bold italic font and a ** symbol.
Stepping Accuracy Stepping Variability Walking Speed
Condition 1 – Full Vision
---Condition 2 - 2.0/1.0
.01*
.01*
0.35
Condition 3 - 2.5/1.5
0.59
< .01**
< .01**
Condition 4 - 1.0/0.0
0.02*
< .01**
< .01**
Condition 5 - 1.5/1.0
.01*
0.12
< .01**
Condition 6 - 2.0/0.8
0.15
0.19
0.22
Condition 7 - 2.5/1.0
.04*
0.14
0.75
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3.4.3

Discussion

Although there was a detriment to stepping accuracy in the 2.0/1.0 condition, the
results of Experiment 3 still provide evidence that there is a critical period for the visual
control of the placement of each step. There was an increase in stepping error and
variability in that condition, but there was a far greater degradation to walking
performance in the 2.5/1.5 and 1.0/0.0 conditions. Targets were visible for the same
duration of time in all of these conditions, but in the 2.5/1.5 and 1.0/0.0 conditions the
visual information did not come during the hypothesized critical period. Even more
importantly, performance was better in the 1.5/1.0 condition than in both the 2.5/1.5 and
1.0/0.0 conditions, despite the fact that targets were visible for roughly half the time in
that condition. This result in particular provides support for the critical period hypothesis
by showing that a shorter viewing duration during the critical period can yield better
performance than a longer viewing duration at a non-critical phase of the gait cycle.
If the 1.5/1.0 condition provides evidence in favor of the critical period hypothesis,
why was there a degradation in walking performance in the 2.0/1.0 condition? Recall
that in the event of degraded performance to the 2.0/1.0 condition, the 2.0/0.8 and
2.5/1.0 conditions were designed to determine whether the drop in performance was
caused by the invisibility trigger or the visibility trigger (respectively). However, the
results showed that subjects performed at near baseline levels in both these conditions.
This indicates that performance returned to normal levels regardless of whether the
targets remain visible slightly longer than in the 2.0/1.0 condition or if they appears
slightly earlier. I believe that this unexpected result stems from the fact that targets were
visible for longer in the 2.0/0.8 and 2.5/1.0 conditions, which affected task performance
in two important ways. First, the increased viewing duration reduced the attentional load
on subjects during this task. Second, these were the only conditions in Experiment 3
where more than one target was visible at a time.
3.4.3.1 The attentional demands of Experiment 3
Much of the discussion of Experiments 1-3 has focused on the way that the
biomechanics of bipedal gait shape the visual control strategies used to guide foot
placement when walking over complex terrain. However, this discussion has neglected
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the fact that cognitive factors may also constrain the way that visual information is used
to control human walking. In comparison to the tasks in Experiments 1 and 2, the task in
Experiment 3 required much greater attention and focus to perform successfully, and
was subjectively more difficult than the previous tasks. Targets were only visible for a
short duration of each trial, even in conditions that were expected to yield baseline levels
of performance. Unlike the large visibility windows in Experiment 1 and the small
invisibility triggers in Experiment 2, there were no “easy” conditions in Experiment 3;
every condition required a degree of concentration and careful allocation of visual
attention from the subjects. And although targets were visible during the critical period
in the 1.5/1.0, 2.0/1.0, 2.0/0.8, and 2.5/1.0 conditions, only the 2.0/0.8 and 2.5/1.0
conditions decreased the attentional requirements of the subject by providing a longer
duration of viewing time about target location.
With this in mind, a possible reason for the unexpectedly good performance on both
the 2.0/0.8 and 2.5/1.0 becomes apparent. Although the superior performance in the
1.5/1.0 condition relative to the 2.5/1.5 and 1.0/0.0 conditions provides good evidence
for the critical period hypothesis, neither that nor the 2.0/1.0 condition provided an
adequate duration of viewing time to allow for baseline levels of walking performance
(Figure 15). In both of those conditions, it appears that the brevity of the presentation
about target location may have led to a degradation in subjects' ability to accurately
control the placement of each step onto the target footholds. The fact that performance
was near baseline for both the 2.0/0.8 and 2.5/1.0 conditions suggests that the drop in
performance in the 2.0/1.0 condition was not the fault of the visibility or invisibility
triggers. Rather, it may have been the result of the high attentional demands caused by
the short duration of the presentation of target location.
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Figure 15. Target visibility duration in Experiment 3. Units are shown in steps (based on design of
visibility/invisibility triggers) and approximate equivalent time in milliseconds

3.4.3.2 Absolute vs. Relative position of targets in Experiment 3
Until this point, I have only discussed the visual information available to subjects in
Boolean terms; subjects either had information about the upcoming terrain or they did
not. However, the visual system is complex, and it is possible that there is more to the
visual control of walking than just whether the terrain around particular step is visible or
not. In particular, in the design of Experiment 3, I only considered the relevance of
absolute position of a target, that is, the ability to see the location of a particular target
on the ground independent of any other target. I did not consider the potential
importance of information about the relative position of targets, i.e. the location of a
particular target relative to the previous target. Because only one target was visible at a
time in Conditions 2-5 of Experiment 3, subjects were only ever provided with
information about the absolute position of targets. Only in the 2.0/0.8, 2.5/1.0, and Full
Vision Conditions did the visibility of one target overlap with the next one, so only in
these conditions were subjects provided with visual information about both the absolute
and relative position of the target footholds.
Visual information about the relative position of a target may be important for
several reasons. One potentially important aspect of information about the relative
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position of targets relates to the discussion of the importance of two step lengths of
visual look ahead discussed in §3.2.1. Recall that in that discussion, I explained that two
step lengths of look ahead provided all of the visual information necessary to full exploit
the biomechanics of bipedal gait. Two step lengths of look ahead allows a walker to take
control of the two determinants of the passive trajectory of their inverted pendulum-like
structure during the upcoming step – the location of the planted foot and the push-off
force that will define the initial conditions of the COM leading into that step. As
discussed previously in this thesis, so long as a walker can see the terrain relevant to a
given StepN two or more step lengths in advance, it is possible to control both of those
determinants in order to control foot placement in complex terrain while efficiently
exploiting the biomechanics of bipedal gait.
However, notice that the push off force that will define the ballistic trajectory of the
body during the single support phase of StepN must be tailored to the placement of the
foot during StepN-1. As such, the ability to see the position of a target relative to the
previous target may assist in a walker’s ability to control their foot placement. Although
subjects had access to visual information about the absolute position of targets during the
critical period in the 2.0/1.0 and 1.5/1.0 conditions, the timing of presentation in those
conditions entailed that only one target was ever visible at a time. Access to information
absolute location of targets during the critical period allowed subjects to perform better
than in conditions in which information came at a different point in the approach phase,
but it is possible that normal levels of stepping accuracy require access to visual
information about both absolute and relative target location. This information was only
available in 2.0/0.8 and 2.5/1.0 conditions because those were the only conditions in
which targets were visible for longer than a single step (Figure 15). Furthermore, the fact
that the 2.0/0.8 conditions included a more forgiving invisibility trigger and 2.5/1.0
condition had a more forgiving visibility trigger suggests that the increased performance
in those condition was not a result of the difference in point in the gait cycle that targets
appeared and disappeared. Rather, it is possible that the small overlap in the presentation
of subsequent targets provided the information about the relative position of targets that
subjects needed to yield baseline levels of walking performance.
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3.5 Experiment 4 – The critical period revisited
The results of Experiment 3 reveal that a brief presentation of target location during
the hypothesized critical period yields better performance than a longer presentation at a
different point of the gait cycle. However, even though the targets were visible during
the hypothesized critical period in the 2.0/1.0 and 1.5/1.0 conditions, stepping accuracy
was still worse than it was in the full vision condition. Performance only returned to
baseline levels in the 2.0/0.8 and 2.5/1.0 conditions, possibly because of the decreased
attentional load in those conditions, or due to the overlapping viewing durations that
provided subjects with visual information about the relative position of subsequent
targets.
Experiment 4 was identical to Experiment 3, except that the visibility manipulations
outlined in Figure 13 and §3.4.1.3 were only be applied to a single target in each trial.
This small change in design mitigates both of the factors that may have caused the
degradation in the 2.0/1.0 and 1.5/1.0 conditions in Experiment 3 but still allows for a
direct test of the hypothesis about the biomechanically-specified critical period for the
visual control of foot placement. Applying the visibility manipulation to only one target
per trial decreases the overall attentional demand of the task, which should lower the
effects of attentional load on subjects’ performance. In addition, because the unaffected
targets were visible throughout the entire trial, the availability of visual information
about absolute and relative target position was coupled in this task. By minimizing the
effects of both of these potentially complicating factors, this experiment provided a
clearer picture of the way that the timing of visual information about target location
affects subjects’ ability to accurately control foot placement when walking over complex
terrain.
3.5.1

Methods

3.5.1.1 Subjects
Twelve subjects participated in this study (5 female, 7 male; mean age: 20.0
years; mean height: 1.67 m; mean weight: 63kg, mean leg length:0.89m). Subjects were
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recruited from psychology courses and received extra credit for participating. All
subjects reported no motor impairments and normal or corrected-to-normal vision. The
protocol was approved by the Institutional Review Board at Rensselaer Polytechnic
Institute and all subjects gave informed consent before performing the experiment.
3.5.1.2 Task, Procedure and Design
Experiment 4 was identical to Experiment 3, except that the visibility/invisibility
manipulation was only applied to a single target in each trial. Experiment 4 employed
the same number of trials as Experiment 3, and subjects walked across the same
arrangements of six irregularly spaced target footholds during each trial. The
experimental procedure was also similar. Subjects completed two blocks of 96 trials,
each comprising eight sub-blocks of 12 trials. Subjects first completed 12 target-free
walking trials, followed by a random ordering of the seven visibility condition similar to
those used in Experiment 3 (See Figure 13 and §3.4.1.3 for full description). Prior to the
start of each trial, the system randomly selected either Target4 or Target5 to be subject to
the visibility manipulation. All other targets were visible throughout the entire trial. In
addition, in every trial, there were two cyan circles (radius: 380mm) drawn on the
ground around the area in which Target4 and Target5 would appear. This was done in
order to remind subjects that a target would appear somewhere in the circular region, so
that they did not accidentally attempt to skip the invisible target.
3.5.1.3 Analyses
Experiment 4 used the same dependent measures employed in Experiment 3,
namely, mean stepping accuracy, stepping accuracy variability, and walking speed. All
analyses were completed in a similar manner as the previous experiment, but were
applied only to the affected step. In the case of walking speed, this entailed only
calculating the subjects average speed between heel strike of the target prior to the
affected target and heel strike on the target after the affected target. Because this analysis
could not be completed in the Free Walking condition, subjects’ walking speed was
normalized by their performance in the Full Vision condition.
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3.5.2

Results

Results of this experiment are presented in Figure 16. Repeated measures ANOVAs
were carried out on all three dependent measures, followed by planned comparisons
between each condition and the full vision control condition. The ANOVAs revealed
that the visibility manipulation had a significant effect on stepping variability (F(6, 66) =
5.63, p<0.01, partial η2 =.339), and walking speed (F(6,66) = 9.20, p<0.01, partial η2
=.455), but not mean stepping accuracy measure (p = 0.09). The results of the planned
comparisons are summarized in Table 3.

Figure 16. Results from Experiment 4. (A) Mean stepping accuracy in each condition. Data is
overlaid on a reproduction of Figure 13 to assist in the interpretation of the present data. Y-axis
denotes mean stepping error in this experiment, while X-axis denotes target visibility/invisibility
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triggers. (B) Walking speed in each condition. Each subject’s speed was normalized by their walking
speed in the target free walking condition; (C) Variability in subjects’ stepping accuracy in each
condition. All bars denote +/- 1 s.e.m. Asterisks denote a significant deviation from the Full Vision
condition at the p<.05 (*) or p<.01 (**) level.

The results of the planned comparisons provide additional support for the critical
period hypothesis. When subjects were provided with visual information about the target
foothold during the critical period (Conditions 2, 5-7), their mean stepping accuracy was
not significantly different from the Full Vision control condition. However, providing an
equal or longer duration of visual information at a different point of the gait cycle
(Conditions 3 and 4) resulted in a significant increase in subjects’ stepping error (Figure
16A). In addition, when targets were not visible during the critical period in the
preceding step, subjects showed a significant increase in the variability in their stepping
accuracy with only a small but significant increase in variability in the 1.5/1.0 condition
(Figure 16C). Finally, subjects also showed a significant decrease in walking speed in
the 1.0/-- condition, similar to what was found in the equivalent condition in Experiment
3 and in the 1.5 step length visibility window condition of Experiment 1. (Figure 16B).
In summary, the results of Experiment 4 replicate the main findings of Experiment 3
without the degradation in performance found in the 2.0/1.0 and 1.5/1.0 conditions.

Table 3. Summary of planned simple comparisons to the Full Vision condition for Experiment 4.
Each cell shows the p-value of each condition compared to the full vision condition. A p-value
greater than 0.05 entails that subjects showed a significant deviation from baseline performance. pvalues less than 0.05 are marked with italic font and a * symbol, and p-values less than 0.01 are
marked with bold italic font and a ** symbol. There was a small but significant increase in walking
speed in the 2.5/1.0 condition, though the small magnitude and direction of the differences suggest
that it is not meaningful

Condition 1 – Full Vision
Condition 2 - 2.0/1.0
Condition 3 - 2.5/1.5
Condition 4 - 1.0/0.0
Condition 5 - 1.5/1.0
Condition 6 - 2.0/0.8
Condition 7 - 2.5/1.0

Stepping Accuracy Stepping Variability Walking Speed
---.50
.08
0.99
.03*
0.98
< .01**
.04*
<.01**
< .01**
.51
.03*
0.07
.20
.57
0.59
.15
.09
0.03*
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3.5.3

Discussion

Although Experiment 3 provided evidence in favor of the hypothesis that there is a
critical period for the visual control of foot placement that occurs in the preceding step,
there was still degradation in performance in the 2.0/1.0 and 1.5/1.0 condition relative to
the Full Vision condition. Experiment 4 had an identical design to Experiment 3, but the
visibility manipulation was only applied to a single target in each trial. This change
minimized the attentional load of the task and also ensured that the visibility
manipulation would control the availability of visual information about both absolute
and relative position of the affected target.

With those two complicating factors

removed, the results of Experiment 4 again support the hypothesis that there is a critical
period for the control of foot placement that occurs during the preceding step. Even a
brief presentation of target location during this period yielded performance that was
indistinguishable from the Full Vision control condition. However, an equal or longer
presentation of the target during a different phase of the gait cycle caused significant
degradation in walking performance.
Although the single-target manipulation in Experiment 4 eliminated the difference
in walking performance between the 2.0/1.0 and 1.5/1.0 conditions and the full vision
condition, the results do not identify the cause of that decrease in performance in
Experiment 3. It is possible that by lowering the attentional demands of the walking
task, making the position of targets visible during the critical period was sufficient for
normal levels of walking performance. In addition, the fact that subjects could see the
position of the affected target relative to the previous foothold during the prescribed
viewing period may have contributed to the increase in performance. It is also possible
that both of these factors played a role in the difference between the two experiments.
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4

General Discussion

4.1 Summary
This dissertation presents the results of four experiments designed to investigate the
visual control of foot placement when walking over complex terrain. In particular, this
project is motivated by the idea that the biomechanics of bipedal gait constrain the visual
control strategies used to guide human walking over complex terrain. Experiment 1
investigated the way that visual information about upcoming terrain is used to guide foot
placement. The results of that study show that humans need at least two step lengths of
visual look ahead to be able to choose footholds that allow them to exploit their
biomechanical structure as efficiently as they do with unlimited vision. Experiment 2
followed up on that study to show that foot placement is controlled on the basis of visual
information gathered prior to toe-off; visual feedback about the foothold location is not
necessary during the step itself. Taken together, the results of those two studies suggest
that there is a critical period for the visual control of foot placement that occurs during
the stance phase of the preceding step. Experiment 3 provided a direct test of this
hypothesis, and found evidence that there is indeed a critical period for the visual control
of foot placement that occurs in the second half of the stance phase of the preceding step.
However, although the results of Experiment 3 support the critical period
hypothesis, subjects still showed decreased walking performance in the conditions
wherein targets were visible during the critical period. This degradation may have been
the result of the high attentional load of the experimental task, or that the inability to see
the position of the targets relative to the previous target hindered subjects’ ability to
accurately control their steps. Experiment 4 mitigated both of these issues by applying
the visibility manipulation of Experiment 3 to only a single target per trial. This subtle
change minimized the attentional load on subjects, while also ensuring that the visibility
manipulation on the affected target controlled for visual information about both absolute
and relative target location. The results of this study provide addition evidence that there
is indeed a critical period for the visual control of foot placement that occurs during the
preceding step. Even a brief presentation of target location during that period yielded
performance that was comparable to the full vision condition, while a much longer
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presentation at a different phase of the gait cycle led to a decrease subjects’ ability to
step accurately to the targets.

4.2 The critical period hypothesis and the N+1 control of human gait
Recent research on the biomechanics of human walking contends that the high
energetic efficiency of human locomotion is the result of our ability to exploit the
physical dynamics of bipedal gait. By allowing the dynamics of our physical bodies to
dominate our motion during gait, we get most of the translation that occurs during
walking with minimal muscular involvement. Essentially, rather than actively
controlling the movement of the body and the limbs, humans instead set up each footstep
so that the body will passively fall in the desired direction with minimal energetic effort
(Donelan et al., 2002; Kuo, Donelan, & Ruina, 2005; Kuo & Donelan, 2010; Kuo,
2007).
A central component of this characterization of walking is the idea that humans
attempt to move ballistically during the single support phase, which has important
implications for the visual control of gait over complex terrain. By definition, this
ballistic movement is the result of the interaction between a walker’s physical structure,
momentum, and the force of gravity rather than muscular forces. Of course, in reality the
muscles do play a role in the maintenance of a steady state gait cycle, but this
idealization nevertheless highlights the central role of passive dynamics in human
locomotion. If the goal of human walking is to minimize muscular work during walking
by moving ballistically through each step, then any visual control strategy used to
regulate walking over complex terrain must do so in a way that respects this guiding
principle. In other words, rather than using visual feedback to enact continuous,
feedback-driven muscular control the COM, a walker should use feedforward visual
control to establish the initial conditions of each step so that the resultant ballistic
movement will serve to achieve the visually specified goal.
This consideration was used to predict the finding from Experiment 1 that walkers
need to see at least two step lengths in advance (§3.2.1, also Matthis & Fajen, 2013,
2014). Essentially, with two steps of visual look ahead the walker has sufficient
information to enact control over both of the determinants of the ballistic trajectory of
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the upcoming step, namely the placement of the planted foot and the push off force that
restores the energy lost in the step-to-step transition. Controlling these determinants
allows a walker to control the initial conditions that will define the passive trajectory of
the body in the upcoming single support phase, so careful tailoring of these factors will
allow a walker to meet their visual specified goals without relying on muscular
intervention on the COM during the step itself. A similar consideration was used to
predict the finding from Experiment 2 that visual feedback about target location was not
needed after toe off of the step to that target. Given that walkers seek to move
ballistically during the single support phase, it makes sense that they would not want to
engage in active visual control of the leg during that ballistic movement. The results of
those two studies suggested that there is a critical period for the visual control of each
footstep that occurs during the preceding step (Figure 11), a hypothesis that was
confirmed in Experiments 3 and 4.
The existence of the critical period for the visual control of foot placement is
indicative of a simple N+1 control strategy for walking over complex terrain. Basically,
by using visual information about upcoming terrain to identify the desired foothold for
StepN+1 during the single support phase of StepN, a walker is able to tailor the two
determinants of the passive trajectory of the COM that will define the initial conditions
of the body during StepN+1. Such an approach allows the walker to get their foot to the
desired foothold in StepN+1 while exploiting the biomechanics of bipedal gait and
minimizing energetic cost. Furthermore, since the visual control occurred prior to toe
off, during the single support phase of StepN+1 the walker is free to determine the desired
foothold location for StepN+2. In this way, the walker will be able to traverse extended
stretches of complex terrain while accurately controlling the placement of each foot and
exploiting the physical dynamics of bipedal gait in order to approximate the level of
energetic efficiency that is achievable when walking in flat, obstacle-free environments.

4.3 Physical dynamics and the visual control of walking
The N+1 control strategy highlights the way that the human sensorimotor system
exploits the physical dynamics and biomechanical structure of bipedal to efficiently
control the body during locomotion. Rather than using muscular forces to move the body
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along a particular path through Euclidean space, the motor system instead manipulates
the overall potential and kinetic energy of the COM so that the desired movement will be
the physical consequence of the mechanical state of the body relative to the planted foot.
The goal is not to move the body along a desired path within a given step, but to
establish the initial conditions of each step such that the desired movement will arise
naturally from the dynamics the biomechanical system that is the human body.
Such a control scheme is inherently supervisory. The motor system is capable of
intervening into the state of affairs to facilitate a specific outcome, but the preference is
to control indirectly by way of the physical dynamics by tailoring the initial conditions
of each step. This mixture of active regulation and passive control is reminiscent of
recent research on the control of a bouncing ball on a tennis racket. In a series of related
studies, subjects were asked to bounce a ball on a racket while attempting to maintain a
regular rhythm and bounce height. It turns out that there is a simple, passively stable
solution to this problem, such that if the ball hits the racket when the racket is moving
upwards with negative acceleration, deviations from the ball’s desired path will always
decrease. This passively stable solution automatically damps out perturbations to the
system, so no active regulation is necessary to maintain the ball’s desired bouncing
behavior. Indeed, subjects tend to locate this passively stable solution, and will use it to
control the bouncing of the ball (Schaal, Atkeson, & Sternad, 1996; Sternad, Dean, &
Schaal, 2000; Sternad, Duarte, Katsumata, & Schaal, 2001). However, although the
physical dynamics of task entail that subjects do not need to actively regulate their
control, when researchers perturbed the dynamics of the ball-racket system by artificially
changing the effect of gravity in a virtual task subjects adjusted to the change within a
single bounce cycle. Even though subjects identified and utilized a passively stable
control scheme that did not require active regulation, they were still monitoring the state
of the bouncing system to the point that they were able to respond to the change in
dynamic within a single bounce. The researchers refer to this blending of passive and
active control as “mixed control” (Siegler, Warren, 2010, 2013).
Human walking seems to employ a similar control scheme that mixes active and
passive control elements. By using the two determinants discussed in §3.2.1 to tailor the
initial conditions of each step, a stable gait cycle will arise naturally from the physical
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dynamics of the human body. However, the walker can still monitor the state of the
system throughout this passively generated movement, and rapidly respond to
perturbations in the form of trips, slips, stumbles, and unexpected obstacles (Marigold et
al., 2007; Patla, 2003).
The N+1 control strategy is a special case of the kind of mixed control that is used
to guide walking in flat obstacle-free environments. In such a setting, walkers are
thought to utilize a “deadbeat control” strategy (Wisse, Atkeson, & Kloimwieder, 2005),
wherein the goal is to return the system back to steady-state within a single step. That is,
in obstacle-free walking a walker will control their foot placement and push off force so
as to correct for any perturbations that may have occurred within the previous step. Such
a strategy helps to ensure symmetry between steps, which will facilitate the stability and
efficiency of the ongoing gait cycle.
However, while stepping symmetry may be desirable in simple, obstacle-free
environments, it may not be appropriate when walking over more complex terrain. In the
presence of obstacles and target footholds a walker may intentionally make subsequent
steps asymmetric in order to, say, take a short step to a desirable foothold followed by a
long step over an obstacle.

While a deadbeat control strategy adjusts the initial

conditions of each step in order to ensure that the upcoming step will be similar to the
previous one, an N+1 strategy seeks to establish initial conditions that will make each
step appropriate for upcoming terrain. Notice that these two control strategies may play
complimentary roles in the control of walking over complex terrain. The deadbeat
controller seeks to mitigate deviations from the preferred gait cycle in order to draw the
walker back towards a nominal steady state stepping pattern while the N+1 controller
uses visual information about upcoming terrain to shoehorn the gait cycle into a form
that is appropriate for the complex environment the walker is traversing.

4.4 Conclusion
Humans are, among other things, physical objects acting under the influence of
physical laws. As such, the biomechanical structure of our bodies necessarily play into
the control strategies that we use to guide our movements through a complex and
dynamic world. In this dissertation, I reported the results of a research project aimed at
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understanding the way that the physical dynamics of the human body constrains the
visual control strategies used to control foot placement when walking over complex
terrain. The results of this project identified that there is a critical period for the visual
control of foot placement that occurs in the preceding step, which is indicative of an N+1
control strategy for walking over complex terrain. This simple visual control strategy
allows walkers to traverse unlimited stretches of complex terrain while exploiting the
physical dynamics of bipedal gait in order to approximate the level of energetic
efficiency that is achievable during steady state walking in a flat, obstacle free
environment.
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