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Abstract. Locomotion is of fundamental importance in understanding
adaptive behavior. In this paper we present two case studies of robot
locomotion that demonstrate how higher level of behavioral diversity can
be achieved while observing the principle of cheap design. More precisely,
it is shown that, by exploiting the dynamics of the system-environment
interaction, very simple controllers can be designed which is essential
to achieve rapid locomotion. Special consideration must be given to the
choice of body materials. We conclude with some speculation about the
importance of locomotion for understanding cognition.

1 Introduction

Normally, when dealing with locomotion, the focus is on the control aspects, as is
illustrated by most of the research in the field of robotics(e.g. [12I3[4/56]). With
a few notable exceptions, the physical body dynamics has not been taken into
account, and has not been sufficiently exploited. As a result, most approaches
still suffer from being relatively slow and lack a high degree of adaptability
because of the enormous real-time computational requirements.

The idea of exploiting dynamics was introduced by the studies of Passive
Dynamic Walkers [78[9], which demonstrated that given certain environmental
conditions and a proper morphological design of the robot, biped walking is
possible without, or with very little, computation and actuation. Because the
Passive Dynamic Walker exploits the specific interaction with the environment
to an extreme extent, its ecological niche is very narrow: it can only walk down
a slope with a particular angle of inclination, and the friction coefficients must
be within a small range. The exploitation of the specifics of the ecological niche
always entails trade-offs: if the conditions do not hold any more, for example, if
the angle of inclination is changed, the Passive Dynamic Walker will fall over.

Previously, a set of design principles of autonomous agents have been pro-
posed [10]. In this framework, the concept of cheap design states that good
designs exploit the physics of the system-environment interaction and the con-
straints of the ecological niche, which substantially reduces the complexity of
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the control architecture. The mechanisms underlying adaptive behavior or intel-
ligence in general, therefore, cannot be reduced to some kind of internal represen-
tation. Rather, it is the interplay between the neural system and the “hardware”
of the body that constitutes these mechanisms. So far, the interaction between
body and control dynamics of locomotion has been only partially explored (e.g.
[TTT2IT3]), and the design principles of such a mobile robot are not fully under-
stood. Generally, cheap design, implies trade-offs which reduces the adaptability
to environmental changes, because the system is relying on the environmental
constraints. However, if interpreted properly as the exploitation of constraints,
“cheap design” can be applied to more complex behaviors.

Based on biomechanical studies, the legged systems have been investigated,
which explained the elastic components in the legs can provide the property
of self-stabilization during locomotion process [T4IBIT6ITTT8]. An interesting
aspect of this approach is that the cheap design (i.e. having passive elasticity in
the body) is employed not only for relaxing the control duty, but also to achieve
the energy efficient and rapid locomotion.

To better understand the nature of cheap design, in this paper, we investigate
the use of body dynamics with two case studies of locomotion robots, called
“Stumpy” and “Puppy”. We will attempt to extract the design principles for
achieving behavioral diversity, which is a prerequisite for an adaptive robot. As
shown in the experimental results below, a robot which properly exploits its
intrinsic body dynamics and self-stabilization mechanisms, is able to display a
high level of behavior diversity. We start by describing the design, the control,
and the various gaits of the hopping robot “Stumpy”. Then we introduce the
quadruped “Puppy” and discuss the mechanisms of self-stabilization. Finally we
discuss the relation of self-stabilization mechanisms and behavioral diversity.

2 Behavioral Diversity of a Hopping Machine

In this section we describe a new kind of hopping robot called Stumpy. Despite its
simple structure, a salient feature of this robot is its large variety of behaviord!]
In a set of systematic experiments, we will show how the behavioral diversity
can be achieved by applying the principle of cheap designﬁ.

2.1 Design and Control

Stumpy uses inverted pendulum dynamics to induce biped-like locomotion gaits.
Its mechanical structure consists of a wide base in the form of a rigid inverted
T-shape mounted on four compliant feet (Figure[d). An important feature of the
base is its springy property. An upright “T” structure is connected to this base
by a rotary joint labeled “waist”. The horizontal beam of the upright “T” is
connected to the vertical beam by a second joint, a rotary joint that we call the

! The video clips are available at: http://www.ifi.unizh.ch/ailab/people/iida/stumpy/
2 For further technical details, refer to the previous papers [T9IZ0J2T].
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Fig. 2. Intrinsic stability of Stumpy. This graph shows the time series pressure data
installed on the right and left feet (top and bottom graphs, respectively). The gait is
disturbed by an external force around time step 150. A time step corresponds roughly
to 1/20 seconds.

“shoulder”. By using this two degrees of freedom mechanical structure, the robot
is able to perform many different locomotion behaviors including hopping and
walking in a straight or curved line. Note that Stumpy does not have sensors to
recognize its global states and so it does not know what behavior it is currently
involved in. There is only local feedback that enables it to perform synchronized
sinusoidal oscillations of the two joints.

2.2 Intrinsic Stability and Behavioral Diversity

In addition to the static stability which is achieved by a wide base and four feet,
the dynamical stability is one of the major features in the behavior of Stumpy.
Figure 2] shows the time-series pressure data measured at the feet of Stumpy.
At around time step 150 an external force disturbance is exerted. The rhythmic
pattern of the ground contact is generally retrieved after a certain period of
chaotic behavior, in the figure after roughly 100 time steps.
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Fig. 3. Gait distribution diagrams. Gait distribution in Terrain 0 (a) and Terrain 1 (b).
The shadings indicate the different gates: “4”: Hopping, “3”: Walking, “2”: Shuffling,
“1”: Unstable, and “0”:Fall.
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Fig. 4. Gait distribution diagrams of the lateral bounding experiments. Gait distribu-
tion on Terrain 0 (a) and Terrain 1 (b). The texture patterns indicate the different gaits:
“6”: Hopping to Right, “5”: Hopping and Stay, “4”: Hopping to Left, “3”: Shuffling to
Right, “2”: Shuffling and Stay, “1”: Shuffling to Left, and “0”:Fall.

To explore this characteristic of self-stabilization further, we have conducted
a systematic investigation in terms of the oscillation of the waist motor and
the influence of environment. By simply changing two control parameters of the
waist and the shoulder oscillation, frequency and amplitude, Stumpy exhibits
a rich diversity of locomotion gaits. Figure [3] illustrates the variations of gaits
when the amplitude and the frequency of the waist motor oscillation are varied
in two different ground conditions (different coefficients of friction) labeled Ter-
rain 1 and Terrain 2. The gaits are categorized in terms of the time-series ground
contact data, which indicate whether both feet are off the ground at a certain
period in a gait cycle (Hopping), one foot is always on the ground (Walking),
or both feet are always on the ground (Shuffling) (The ”Unstable” gait means
that there is no periodic pattern observed in the data). In the first experiment,
we set the center of oscillation to be in the center with respect to the lower
body, and we recorded the foot pressure data during 10 seconds of operation for
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Fig. 5. Locomotion behaviors of Stumpy observed from top (The unit of these graphs
is meters). Stumpy can control its movement direction, turning rate (Top and Middle
panels), and lateral bounding (Bottom panels) by changing only a few control param-
eters. Black dots denote the trajectory of the body center, and the line illustrates the
orientation of bottom base.

every parameter setting of frequency and amplitude. As a result, we observed
four different gaits in this experiment. In a similar way, we also analyzed another
kind of behavior called “lateral bounding”. By setting the center of oscillation
laterally to one side, Stumpy shows a locomotion behavior in the lateral direc-
tion. Compared to the previous experiment, the robot showed two basic gaits,
i.e. Hopping and Shuffling, and the directionality of the movement depends on
frequency and amplitude. Figure 4 shows the behaviors observed with respect
to amplitude and frequency during the lateral bounding experiment.

So far, we used only the waist motor, but the behavioral diversity of Stumpy
can be enhanced even further by adding another degree of freedom in the shoul-
der joint. By coupling the lateral and horizontal momentum induced by the
rotary oscillation of the two motors, a hopping behavior can be achieved. While
the waist oscillation generates a periodic hopping gait, the shoulder motor can
control the horizontal forward/backward movement depending on the synchro-
nization of these two oscillations. When the phase of two oscillations is reversed,
the forward locomotion switches to backward. The turning rate can be controlled
by biasing the speed of the horizontal oscillation: For example, faster rotation
in the clock-wise direction leads to a turning movement (Figure [).

The novelty of this kind of robot locomotion lies in its unique morphology.
Because of the dynamic stability achieved by the wide springy base and the
proper body design, many different patterns of physical interactions between
the body, friction, actuation and control can be generated.
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Fig. 6. The qudruped robot Puppy. A photograph of the quadruped robot (a), and
schematic of the robot (b). The circles denote passive joints and the circles with a
cross inside denote the joints controlled by servomotors. The triangles with numbers
show the positions of LEDs which are used for visual tracking of the body geometry
during locomotion experiments.
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Fig. 7. Behavior analysis of a running experiment. The upper graph shows the behavior
of the whole body based on the visual tracking of LEDs attached to the leg joints and
the ground contacts. The lower graph shows the trajectory of a virtual linear hind leg.

3 Self-Stabilization of Quadruped Running

Cheap design is crucial for the rapid legged locomotion in order to increase
the energy efficiency and reduce the computational cost. In this section, we
describe a four-leg robot which exploits the elasticity of its components for run-
ninﬂ. The experimental results show that the running behavior is achieved by
a self-stabilization mechanism, which can be used also for the control of forward
velocityH

3.1 Design and Control

Figure [@ shows the mechanical design of the running quadruped robot, Puppy,
which is inspired by biomechanical studies. Each leg consists of two standard
servomotors and one elastic passive joint in series, and the designs of all four

3 The video clips are available at: http://www.ifi.unizh.ch/ailab/people/iida/stumpy/
4 Refer to [22] for more technical details.
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Fig. 8. Touch-down and lift-off angles of the qudruped Puppy. (a): The relation between
touch-down and lift-off angles. The touch-down angles and lift-off angles are normalized
by the corresponding mean touch-down and lift-off angles. (b): Relation between the
normalized lift-off angles of successive leg steps.
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Fig. 9. Speed diagrams of Puppy for different parameter values. Average speed vs,

phase (a) and average speed vs. frequency (b) parameters.

legs are identical. This robot carries eight motors, batteries, and a micro-motor
controller. To demonstrate a running gait, we apply a synchronized oscillation
based control scheme to four motors in the hip and shoulder, where each motor
oscillates through a simple sinusoidal position control. No sensory feedback is
used for this controller except for the internal local feedback for the servomotors.

3.2 Behavior Analysis of Self-Stabilization

The behavior of the robot was extracted by a standard visual motion analy-
sis, where the trajectories of the joints were visually tracked. Figure [7] shows a
typical locomotion behavior extracted from a side view. The legs exhibit simple
oscillations, but through the interplay of the elastic body structure, the mass
distribution, the gravity and the ground friction, a natural quadrupedal running
gait occurs, which includes periods in which all four legs are off the ground. In
other words, there is a clear distinction between a stance and a flight phase.
We found that this kind of running behavior significantly relies on the underly-
ing self-stabilization mechanism. Although the control of the robot is extremely
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simple — the controller does not recognize the stance/flight phase, acceleration,
or inclination — the robot maintains a stable periodic gait. This is due to the
fact that it properly exploits its intrinsic body dynamics. The self-stabilization
mechanism uses a unique characteristic of legs, which can be observed by the
touch-down and lift-off angles of the virtual linear leg during the stance phase.
Linear leg analysis means that the virtual line between the hip and the ground
contact is estimated (Figure[db). As shown in Figure Bb, the relation between
successive lift-off angles is roughly linear. This means that, when a lift-off angle
is lower, the subsequent lift-off angle is larger, and vice versa, which results in
a stable touch-down angle over multiple leg steps. The underlying mechanism is
implicitly contained in the entire body dynamics which has the effect that there
is a linear relation between the touch-down and lift-off angles of the legs (Figure
B), which implies that a lower touch-down angle results in a larger lift-off angle,
on average. The data shown in Figure 8]l were collected from a series of 10 runs
of 6 leg steps.

3.3 Control of Forward Velocity

Owing to the intrinsic self-stabilization property, the control of forward veloc-
ity can be easily realized by varying a single phase or frequency parameter of
the oscillation. Figure [d shows the average forward velocity with respect to the
phase and frequency parameters of leg oscillation, which is extracted from the
visual analysis explained above. It shows that, by simply varying the phase and
frequency parameters, the velocity can be changed in the range from 20 to 50
cm/sec, approximately. It is interesting to note that this control strategy of the
forward velocity by means of the oscillation phase and frequency is one of the
simplest possible control parameters because it can be a simple time delay in
the neural substrate.

4 Discussion and Conclusion

Exploiting self-stabilization mechanisms seems to be a common strategy for
legged animals in nature and some of them have been explored in biology and
robotics (e.g. [TATHITA/TR2324]). However, the case studies shown in the previ-
ous sections provide further interesting aspects for a comprehensive understand-
ing of embodied adaptive locomotion.

Self-Stabilization and Behavioral Diversity

The simplicity of the control of Stumpy and Puppy is mostly due to the self-
stabilization mechanisms. Without sensory feedback, the locomotion processes
are maintained by properly exploiting the interaction of body material and dy-
namics (e.g. aluminium, springs, and mass distribution), environmental (e.g.
friction and rough terrain), and control (e.g. amplitude and frequency). More-
over, as illustrated in these case studies, the self-stabilization mechanisms not
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only simplify the control, but also significantly influence the locomotion func-
tion itself. In other words, sophisticated design and control is not always required
in order to achieve rich behavioral diversity. The lateral bounding behavior of
Stumpy provides a good example of how behavioral diversity can be achieved
by exploiting the body dynamics. By simply changing the oscillation frequency,
Stumpy exhibits very different behaviors in terms of gait and direction. As an-
other example, the control of Puppy’s forward velocity is no longer possible by
just varying the rotation speed of the motors, but the control parameters, phase
and frequency, have to be varied in order to influence the body dynamics.

An interesting feature of the proposed approach is the fact that there are
a few different control parameters instead of only one parameter, which can be
used for the same purposes. For example, as shown in Figure[3], the locomotion
gait of Stumpy can be controlled by both amplitude and frequency, and the same
holds for the direction and the gait of lateral bounding locomotion. The forward
velocity of Puppy also illustrates this point clearly, i.e. both parameters, phase
and frequency, are able to control the velocity. Note that these control parameters
are not controlling the locomotion function directly, but indirectly by changing
the dynamics.

In the locomotion experiments shown in this paper, Stumpy and Puppy were
operated mostly at the resonance frequencies of the systems in order to exploit
the body dynamics. However, it is clear that the other kinds of physical inter-
actions which influence the body dynamics should be considered as well. Not
only simple linear springs and rigid materials, but properties such as damping
and mass distribution need to be explored to better understand how behavioral
diversity can be achieved. In addition, it should also be mentioned that the be-
havioral diversity could be potentially enhanced further by operating the system
at non-resonance frequencies for more torque demanding stationary tasks. These
two strategies of behavior control need to be explored further as well.

Toward Embodied Adaptive Locomotion

Although we have focused on the functional aspects of locomotion in this paper,
this approach provides additional insight into embodied adaptive behavior or
intelligence in general. The control of behavior is quite often the major research
interest of adaptive locomotion, but the use of body dynamics is also a funda-
mental mechanism to properly understand behavioral diversity. As illustrated in
the case studies of this paper, the functions of the system are no longer separa-
ble from the constraints derived from embodiment, if the behavior of the robots
highly depends on its body dynamics: there is no longer a clear separation of
hardware and control. In this sense, locomotion behavior is also essential for
high-level cognition, as it enables the agent to construct a “body image” that
on the one hand can be used to guide behavior in the real world and on the
other as a basis for metaphors on top of which something like cognition can be
bootstrapped.
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