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Abstract. This article discusses the issues of adaptive autonomous nav-
igation as a challenge of artificial intelligence. We argue that, in order
to enhance the dexterity and adaptivity in robot navigation, we need to
take into account the decentralized mechanisms which exploit physical
system-environment interactions. In this paper, by introducing a few un-
deractuated locomotion systems, we explain (1) how mechanical body
structures are related to motor control in locomotion behavior, (2) how
a simple computational control process can generate complex locomo-
tion behavior, and (3) how a motor control architecture can exploit the
body dynamics through a learning process. Based on the case studies,
we discuss the challenges and perspectives toward a new framework of
adaptive robot control.

1 Introduction

Navigation is one of the most fundamental functions of adaptive autonomous
systems and it has been a central issue of artificial intelligence. As in most of the
other topics of AI research, navigation has been traditionally treated as a “sense-
think-act” process, where the problem is generally decomposed into three sub-
processes of (1) identifying the situation, i.e. mapping the sensory stimulation on
to an internal representation, the world model, (2) planning an action based on
this world model, and (3) executing the physical action. In this framework, the
navigation problem was nicely formulated by engineering terms as exemplified by
the Simultaneous Localization and Map Building [1]. Although for many tasks
these systems perform well, a considerable number of issues remain to be solved
if compared to biological systems that routinely exhibit adaptive locomotion and
navigation tasks in complex environments with great ease and robustness.

The studies of physiology and biomechanics revealed that animals’ navigation
capabilities generally rely on highly distributed mechanisms: object recognition
and large-scale planning in the brain, reflexes and basic motor signals in periph-
eral nervous circuitry, and adaptive musculoskeletal dynamics in the mechanical
level, for example. Although the decentralized nature of navigation mechanisms
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was previously formulated by the so-called Behavior Based Approach [2,3] with-
out explicit internal representation of the world, this approach generally does not
explicitly discuss the physics of system-environment interactions, which makes
the navigation capabilities still highly limited to relatively simple tasks such as
obstacle avoidance and basic target following [4,5].

The computational framework of adaptive control architectures often ignores
the fact that every behavior is the result of system-environment interaction,
and it is implicitly assumed that computational processes and physical ones are
independent problems. There are, however, a number of aspects where the com-
putational processes have to take system-environment interactions into account
as discussed in the field of embodied artificial intelligence [6,7,8]. For the navi-
gation problem in particular, there are the following three main reasons. Firstly
and most importantly, capabilities and limits of navigation are largely influ-
enced by how robotic systems interact physically with environment. The well-
designed mechanical structures are prerequisite for maximum forward speed,
maneuverability, and energy efficiency for the locomotion in complex dynamic
environment. Secondly, motor control architectures are highly related to the
way how the system interacts physically with the environment. With a good
mechanical design, computational process of motor control can be significantly
simplified as demonstrated by Passive Dynamic Walkers [9,10,11], for example.
And thirdly, because the dynamics of physical system-environment interaction
are often highly nonlinear, the computational processes such as route planning
cannot make decisions arbitrarily, but they need to take the physical constraints
into account. For example, as demonstrated later in this article, the physical
constraint of underactuated locomotion systems need to exploit the dynamics of
hopping behavior in order to traverse rough terrains.

This article introduces three projects of locomotion machines with a special
focus on underactuated systems, i.e. the systems that exploit passive dynamics
for their behavioral functions. These case studies demonstrate how behavioral
performances such as rapid movement, behavioral diversity, and complex be-
havior patterns can be improved in underactuated robotic systems by taking
advantage of the interplay between material properties, body structures and
dynamics, and adaptive control processes. Based on these case studies we will
speculate further challenges and perspectives of robot navigation.

2 “Cheap Design” for Locomotion

Complex mechanical structures are a fertile basis of animals’ adaptive behavior.
Likewise, well-designed structures and mechanical properties of robot body are
an important prerequisite, which make the robotic systems capable of achiev-
ing many behavioral variations for the purpose of adaptive behavior in com-
plex dynamic environment. Exploiting physical constraints of the systems’ own
body and ecological niche is essential not only for energy efficient, rapid behav-
ior with high maneuverability, but also simplified control, as nicely formulated
by the principle of “cheap design” [6][8]. This section explains how physical
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Fig. 1. Behavioral dynamics of the fish robot. (a) Photograph of the fish robot. (b)
Forward velocity of three types of tail fins made of different materials (Square plot:
flexible fin, triangle plot: soft fin, and circle plot: hard fin). (c) Time-series photographs
of a typical forward swimming of the fish robot.

system-environment interactions can be exploited to achieve locomotion func-
tions through a case study of an underwater locomotion robot. This “cheap”
underwarter locomotion nicely demonstrates how locomotion capabilities are de-
pendent on the physical system-environment interaction induced by mechanical
design.

The fish robot has one single degree-of-freedom of actuation: it can basically
wiggle its tail fin back and forth. The motor connects a rigid frontal plate and the
elastic tail fin (Figure 1(a)). With this body structure, simple motor oscillation
drives this fish robot not only in the forward direction, but also right, left, up,
and down by exploiting fluidic friction and buoyancy [12]. Turning left and right
is achieved by setting the zero-point of the wiggle movement either left or right
at a certain angle. The buoyancy is such that if it moves forward slowly, it
will sink (move down). The forward swimming speed is controlled by wiggling
frequency and amplitude. If it moves fast and turns, its body will tilt slightly
to one side which produces upthrust so that it will move upwards. For these
behavioral variations, therefore, control of forward speed plays an important
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role. It is generated by the fluid dynamics as the elastic fin interacts with the
environment. If the robot has inappropriate material properties in the tail fin,
the locomotion performance is significantly degraded. Figure 1(b) shows how
the forward velocity is related to the oscillation frequency of the motor and the
material properties of tail fin.

This case study provides a nice illustration of how a computational process
of motor control is related to the mechanical structure of the robot. The loco-
motion function is a consequence of physical system-environment interaction,
i.e. the interaction between the frontal plate, the tail fin and the fluid, and
the actuation simply induces the particular dynamic interaction. As a result,
the control architecture can be very simple (oscillation of one motor). Another
notable implication is the fact that the material properties of the robot body
become important control parameters when motor control exploits the system-
environment interaction. By changing the material property of the tail fin only,
the same kinematic movement of the motor can result in fast or slow forward
velocity.

3 Body Dynamics for Behavioral Diversity

Physical interaction is important not only in underwater locomotion but also
for locomotion on the hard terrain. In this section we introduce a biped robot,
which demonstrates two gait patterns - walking and running - by exploiting the
dynamics induced by elastic legs interacting with the ground. This case study
shows how behavioral diversity can be generated through a particular body
structure and its dynamics.

Inspired from biomechanical models of human legs [13,14,15], each leg of this
biped robot has one servomotor at the hip and two passive joints at the knee
and the ankle (Figure 2(a)). Four springs, which are used to mimic the biological
muscle-tendon systems, constrain the passive joints. Three of the springs are
connected over two joints: they correspond to the biarticular muscles in the
biological systems (i.e. two springs attached between the hip and the shank,
another one between the thigh and the heel). Essentially, biarticular muscles
induce more complex dynamics because the force exerted on each spring is not
only dependent on the angle of a single joint but also the angle of the other
joint. Interestingly, however, this unique design of the elastic legs enables the
system to induce two different gait patterns, walking and running, by using a
basic oscillation of the hip motors.

Despite the simplicity of the motor control, the leg behavior of walking is
surprisingly similar to that of human [16]: As shown in Figure 2(c,e), during
a stance phase, the body trajectory exhibits multiple peaks in vertical move-
ment, the knee joint exhibits multiple flexion and extension movements, and the
ankle joint rotates rapidly at the end. We found that these characteristics of
joint trajectories are common also in human walking behavior. With the same
configuration of the body design, this robot is also capable of running by vary-
ing the spring constants and a few motor oscillation parameters. As shown in
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Fig. 2. Dynamic biped walking and running. (a) Schematic illustration and (b) pho-
tograph of the biped robot. This robot consists of a joint controlled by a servomotor
(represented by a black circle) and three leg segments which are connected through
two passive joints (gray circles). Four tension springs are attached to the segments and
rubber materials are implemented at the two ground contact points of the foot body
segment. The robot is attached to a pole to restrict rotational movement of the body.
(c)Walking and (d) running dynamics are illustrated in terms of the vertical movement
of body, knee joint angle, ankle joint angle, and vertical ground reaction force GRF
(from top to bottom) which are aligned by the stance phase of 10 steps (the stance
phase is indicated by two vertical lines in the figures). Time-series trajectories of the
robot (c) walking and (d) running.
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Figure 2(d,f), the robot shows a clear flight phase of about 0.1 second, result-
ing from the complex dynamics of the body and joint trajectories significantly
different from those of walking [17].

This case study demonstrated how different kinds of behavioral patterns can
be essentially generated by the body dynamics which are necessary in the adap-
tive locomotion scheme. By carefully designing elastic body structures, behav-
ioral diversity can be not only achieved by the computational processes of motor
control, but also significantly influenced by the dynamics induced by the inter-
actions with simple motor action and the ground reaction force.

4 Control and Learning Through Body Dynamics

As shown in the previous sections, the use of body dynamics has a great potential
to significantly improve the physical locomotion performances by using very
simple control. However, a fundamental problem in control of underactuated
systems lies in the fact that the desired behavior is always dependent on the
environmental conditions. When the conditions are changed, the same motor
commands result in a different behavior, and it is difficult to find the new set of
motor commands in the new environment. In other words, the behavior is coupled
with environmental properties, which the system could actually take advantage
of. For example, the velocity curves of the fish robot are dramatically changed in
rapid water flow or turbulence, and the biped walking and running is no longer
possible in insufficient ground friction or a soft surface. In this sense, a dynamic
adaptive controller is an essential prerequisite for underactuated systems.

This section introduces a case study of a hopping one-legged robot that learns
motor control in order to traverse rough terrains [18]. This robot consists of one
servomotor at the hip joint and two limb segments that are connected through
a passive joint and a linear tension spring (Figure 3(a,b)). Although, on a level
ground, this underactuated system exhibits periodic stable running locomotion
with a simple oscillation of the actuator [19], it requires dynamic control of
parameters in order to negotiate with large changes in the environment such as
a series of large steps.

In this experiment, we applied a simple machine learning method, the so-called
Q-learning algorithm, for optimizing the oscillation frequency of the actuated
joint. The system optimizes the motor frequency of every leg step to induce
adequate hopping to jump over relatively large steps on the terrain. The sequence
of motor frequency is learned through the positive reward proportional to the
travelling distance and negative reward in case of fall. Because the learning
process requires a number of iterations, we conducted the control optimization
in simulation and the learned parameters were transferred to the real-world
robotic platform. After a few hundred iterations of the simulation, the system is
able to find a sequence of frequency parameters that generates a hopping gait of
several leg steps for the locomotion of the given rough terrain (Figure 3(c,d)).

In general, the control architectures of underactuated systems are highly non-
linear in a sense that hopping height and forward velocity of this one-legged
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Fig. 3. One-legged hopping robot traversing rough terrains. (a) Photograph and (b)
schematic of the one-legged hopping robot, that consists of one servomotor at the
hip joint and two limb segments connected through compliant passive joint. (c) Op-
timization results of motor control in simulation. The optimized sequence of motor
frequency exhibits 12 leg steps successfully travelling through a rough terrain. (d)
Time-series photographs of the robot hopping over the steps. The motor control para-
meter was first optimized in simulation and transferred to the robot for the real-world
experiment.

robot, for example, are not fully proportional to the motor oscillation frequency.
Therefore, in order to achieve locomotion in complex environment, it is neces-
sary to have adaptive control architectures such as a learning process shown
in this case study. However, if the mechanics is properly designed, these adap-
tive control architectures can be kept quite simple. In fact the optimization
process of the one-legged robot searches a sequence of one control parameter only,
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i.e. the frequency of motor oscillation. Simplicity of control results in a reduced
parameter space and less exploration, which leads to considerable speed-up of
the learning process.

5 Discussion: Challenges and Perspectives

In the navigation studies in general, means of locomotion and body structures
are not explicitly considered, and the research is typically centered around the
issues of sensing, modelling of the environment, and planning. However, this
article showed that it is essential to investigate physical system-environment
interactions in locomotion in order to scale up the performance and complexity
of navigation tasks significantly. In this section, we elaborate how the dynamics
of underactuated systems is related to a new framework of navigation based on
the case studies presented.

One of the most fundamental open problems is still in the level of mechanics.
Generally the exploitation of mechanical properties in underactuated systems
provides energy efficiency [11,20], recovery of periodic behavioral patterns from
disturbances [9,21,22,25], and the increase of behavioral variations derived from
body dynamics [26,23,24]. While we still do not fully understand how to design
“adaptive mechanics”, it is important to note that mechanics is significantly
related to motor control and perception, hence navigation and locomotion cannot
be independent problems.

Another challenge lies in the adaptive dynamic control architecture, which
is a prerequisite for underactuated systems as explained in the case study of
the one-legged hopping robot. It is still an active research topic, and a num-
ber of different approaches are currently investigated (e.g. [27,28,29,30]). Along
this line of research, we expect to understand how underactuated systems will
actively explore their body dynamics. By obtaining the capabilities and limits
of their own body, they will be able to deal rapidly and precisely with complex
environment.

Although we have not explicitly discussed so far how perception processes
are related to mechanical properties and motor control, it is a highly important
issue in the context of navigation. In fact, the use of body dynamics can be
used for better sensing [31]. Because the sensing and the recognition processes
are fundamental open problems in navigation, underactuated systems should
be investigated further in order to gain a comprehensive understanding of the
sensory-motor processes.
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