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Major Goals: The modular snake robots in Carnegie Mellon’s Biorobotics lab provide an intriguing platform
for research: they have already been shown to excel at a variety of locomotive tasks

and have incredible potential for navigating complex terrains, but much of that potential

remains untapped.

The motivation to expand the capabilities of these robots stems from experiencing several

failures and limitations in real world tests. For example, this robot was able to navigate a

narrow passage underneath a rubble pile at a disaster response training site, but was unable

to pass over a four inch high piece of wood which lay across its path once the passage widened.

In an archaeological expedition near the Red Sea, the robot was able to move further than

a human could into a collapsed cave containing four-millenia-old ship timbers. However, a

gradual sandy slope prevented the robot from moving further and potentially making an
archaeological discovery.

To extend the capabilities and learn improved controllers for these robots, a model must

be found on which to evaluate the controller. Unfortunately, analytic snake robot models

have proven overly complex due to the robots’ complex, multi-modal locomotion dynamics,

and after pages of formulae these models only provide qualitatively accurate results.

1

(@) (b) (c)

Figure 1.1: This work develops learning algorithms for robotics applications; this includes (a) optimization
of motion in steady-state settings, (b) learning from demonstration, and (c) overcoming obstacles with
limited feedback.

Numerical simulation models evaluated through computer-based simulation engines provide

a simpler approach. However, the accuracy of these models begins to break down as

the frequency of collisions increases, and constraint violations due to numerical issues can

cause meaningless results.

The only course remaining is to learn through evaluations on the physical robot itself.

This is an expensive optimization problem due to the relatively limited experimental budget

when working with a physical system as compared to a computer model. In this work, the
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CMU team developed machine learning techniques which address the challenges associated
with such optimization problems. This work extends research from other fields, simultaneously
advancing the robotics literature as well as those fields from which the methods

originate.

This work also seeks to add low-level autonomy to improve robot capabilities and simplify

the task for the operator, rather than providing complete autonomous control. In the desired
applications for the snake robot system which motivate this work (archaeology, search and
rescue), a human is crucial for analyzing the scene for objects of interest or potential victims
and providing high level directional control. By lowering the cognitive workload necessary

2

to control the robot and understand the scene, | hope to allow the operator to place more
focus on the task rather than the tool, improving mission performance. However, elements

of this work could still be used for full autonomy in other scenarios.

Additionally, although there is no known simple analytic motion model for the snake

robots, this work created a physics simulation of the robot using open source software.
Although this model is of questionable fidelity compared to the real robot, we believe that using it as a relatively
cheap alternative to evaluation of an action on the robot. We were

motivated by how to best incorporate the knowledge generated by the simulator to improve
locomotion optimization methods. Although the methods developed herein are primarily
designed for improving snake robot teleoperative performance, they are applicable to a wider
variety of problems with similar underlying challenges. By addressing problems faced by the
current robot with algorithmic and learning advances rather than hardware development,

this work addresses the following more general theoretic problems (Fig. 1.1):

1. Optimization of noisy, expensive, black-box functions, with extensions for multiple objectives
and learning multiple related tasks.

2. Collection and generalization of demonstrated input for underactuated systems.

3. Optimization of expensive functions with stochastic binary outcomes.

Accomplishments: Improving Gaits for Locomoting Systems

Control of snake robots is difficult in part because of the large number of degrees of freedom
in the system. One method of reducing the dimensionality to a more manageable level

is through coupling the control of these individual actuators by using gaits. A gaitis a

cyclic motion in the robot’s shape space which produces some (possibly trivial) motion of

3

the robot in the world. Gaits are the foundation of snake robot locomotion; their effective
overall motion is easily characterized, and controllability proofs show that cyclic motion is
optimal for locomotion over large distances.

Empirically, gaits, including those demonstrated on our robots, have produced impressive
results when moving over uniform terrain, including pipes, or terrain with low amplitude
disturbances. However, we have no reason to believe that our current set of gaits is optimal
or complete; in addition, we know these existing gaits cannot handle all of the challenges
that the robot has faced.

The gait optimization work in this work uses a surrogate function to create a model

of gait performance as a function of gait parameters. Applying this method enables the
robots to move more robustly over a set of small obstacles, and to climb steeper slopes
than previously possible. We improved existing surrogate function optimization approaches
to enable the optimization to run robustly, without finicky tuning parameters. Also, as
stochasticity exists in physical systems being run in the real world, we also developed several
approaches to explicitly take into account this noise and show the effects of these methods.
As robotic systems often have multiple conflicting notions of optimality, we introduced a
multi-objective formulation of the optimization setting above to generate Pareto optimal sets
of gait parameters; these sets contain optimal parameter choices for multiple simultaneous
(and potentially conflicting) objectives, such as speed and robustness.

We also extended the basic optimization setting to include parameters describing the
environment or task, such as slope or crevice width. This extension seeks a control parameter
policy over these environment parameters, as opposed to a single optimal gait parameter
setting. The result has been demonstrated in a simple autonomous behavior by incorporating
state estimation that allows the system to measure and react to its environment. In future
work, we would like to more rigorously compare this work to other methods, both similarly
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grounded and based on different principles.

4

Learning and Optimizing Non-Gait Shape Changes

Although gaits are the motion of choice for traversing long distances over uniform terrain,

more interesting environments will rarely be uniform for significant lengths. Instead, complex
non-steady state motions must be learned that enable navigation over complex terrain and
large obstacles. Rather than a simple gait optimization problem, this becomes a planning
problem using a complex dynamical system in a 16-dimensional trajectory space. Unfortunately,
planners require a model than can be evaluated many times in order to generate

useful results — a requirement at odds with the expensive nature of physical systems. We

used the simulator to provide such a model for the planner; albeit not useful for fine-tuned
optimization, it produces reasonable estimation of gross motion.

We also developed an approach to record, simplify, and parameterize demonstrated trajectories
from expert and novice users. As the settings where these motions are needed

usually measure the result of the motion in terms of success and failure rather than a numerical
score, we derived extensions to the optimization framework used for improving gaits

to handle stochastic binary functions, and use this to optimize robustness of trajectories for
moving over obstacles.

Transitions

Finally, a set of good motions are useless unless it is possible to move between them. Although
the space of possible transitions is large, fairly simple methods can be employed to

select reasonable transitions. Also, it is critical to be aware of the environment during a
transition — even knowing the robot’s orientation with respect to gravity has been shown to
ensure that the new gait performs as desired. | propose the creation of a metric that will

score a potential transition on its quality, given factors such as the environment and stability

of the current robot location, using the simulator to help evaluate this metric.

5

Applications to Other Systems

Although a primary goal of this work is to generate tools that allow improved teleoperation

of a snake robot, the work would be shortsighted if these could not be applied to any other
system. Future work could include applying the work in this proposal to other robotic

systems and non-robotic problems. Especially given that many of these techniques have

roots in a more general global optimization community, we believe this work will naturally
extend to a wide variety of problems.
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Chapter 1

Introduction

The modular snake robots in Carnegie Mellon’s Biorobotics lab provide an intriguing plat-
form for research: they have already been shown to excel at a variety of locomotive tasks
and have incredible potential for navigating complex terrains, but much of that potential
remains untapped.

The motivation to expand the capabilities of these robots stems from experiencing several
failures and limitations in real world tests. For example, this robot was able to navigate a
narrow passage underneath a rubble pile at a disaster response training site, but was unable
to pass over a four inch high piece of wood which lay across its path once the passage widened.
In an archaeological expedition near the Red Sea, the robot was able to move further than
a human could into a collapsed cave containing four-millenia-old ship timbers. However, a
gradual sandy slope prevented the robot from moving further and potentially making an
archaeological discovery.

To extend the capabilities and learn improved controllers for these robots, a model must
be found on which to evaluate the controller. Unfortunately, analytic snake robot models
have proven overly complex due to the robots’ complex, multi-modal locomotion dynamics,

and after pages of formulae these models only provide qualitatively accurate results.



(a)

Figure 1.1: This work develops learning algorithms for robotics applications; this includes (a) optimization
of motion in steady-state settings, (b) learning from demonstration, and (c) overcoming obstacles with

limited feedback.

Numerical simulation models evaluated through computer-based simulation engines pro-
vide a simpler approach. However, the accuracy of these models begins to break down as
the frequency of collisions increases, and constraint violations due to numerical issues can
cause meaningless results.

The only course remaining is to learn through evaluations on the physical robot itself.
This is an ezxpensive optimization problem due to the relatively limited experimental budget
when working with a physical system as compared to a computer model. In this work, the
CMU team developed machine learning techniques which address the challenges associated
with such optimization problems. This work extends research from other fields, simulta-
neously advancing the robotics literature as well as those fields from which the methods
originate.

This work also seeks to add low-level autonomy to improve robot capabilities and simplify
the task for the operator, rather than providing complete autonomous control. In the desired
applications for the snake robot system which motivate this work (archaeology, search and
rescue), a human is crucial for analyzing the scene for objects of interest or potential victims

and providing high level directional control. By lowering the cognitive workload necessary



to control the robot and understand the scene, I hope to allow the operator to place more
focus on the task rather than the tool, improving mission performance. However, elements
of this work could still be used for full autonomy in other scenarios.

Additionally, although there is no known simple analytic motion model for the snake
robots, this work created a physics simulation of the robot using open source software.
Although this model is of questionable fidelity compared to the real robot, we believe that
using it as a relatively cheap alternative to evaluation of an action on the robot. We were
motivated by how to best incorporate the knowledge generated by the simulator to improve
locomotion optimization methods. Although the methods developed herein are primarily
designed for improving snake robot teleoperative performance, they are applicable to a wider
variety of problems with similar underlying challenges. By addressing problems faced by the
current robot with algorithmic and learning advances rather than hardware development,

this work addresses the following more general theoretic problems (Fig. 1.1):

1. Optimization of noisy, expensive, black-box functions, with extensions for multiple ob-

jectives and learning multiple related tasks.
2. Collection and generalization of demonstrated input for underactuated systems.
3. Optimization of expensive functions with stochastic binary outcomes.

The specific contributions of the proposed work include

Improving Gaits for Locomoting Systems

Control of snake robots is difficult in part because of the large number of degrees of freedom
in the system. One method of reducing the dimensionality to a more manageable level
is through coupling the control of these individual actuators by using gaits. A gait is a

cyclic motion in the robot’s shape space which produces some (possibly trivial) motion of

3



the robot in the world. Gaits are the foundation of snake robot locomotion; their effective
overall motion is easily characterized, and controllability proofs show that cyclic motion is
optimal for locomotion over large distances.

Empirically, gaits, including those demonstrated on our robots, have produced impressive
results when moving over uniform terrain, including pipes, or terrain with low amplitude
disturbances. However, we have no reason to believe that our current set of gaits is optimal
or complete; in addition, we know these existing gaits cannot handle all of the challenges
that the robot has faced.

The gait optimization work in this work uses a surrogate function to create a model
of gait performance as a function of gait parameters. Applying this method enables the
robots to move more robustly over a set of small obstacles, and to climb steeper slopes
than previously possible. We improved existing surrogate function optimization approaches
to enable the optimization to run robustly, without finicky tuning parameters. Also, as
stochasticity exists in physical systems being run in the real world, we also developed several
approaches to explicitly take into account this noise and show the effects of these methods.

As robotic systems often have multiple conflicting notions of optimality, we introduced a
multi-objective formulation of the optimization setting above to generate Pareto optimal sets
of gait parameters; these sets contain optimal parameter choices for multiple simultaneous
(and potentially conflicting) objectives, such as speed and robustness.

We also extended the basic optimization setting to include parameters describing the
environment or task, such as slope or crevice width. This extension seeks a control parameter
policy over these environment parameters, as opposed to a single optimal gait parameter
setting. The result has been demonstrated in a simple autonomous behavior by incorporating
state estimation that allows the system to measure and react to its environment. In future
work, we would like to more rigorously compare this work to other methods, both similarly

grounded and based on different principles.



Learning and Optimizing Non-Gait Shape Changes

Although gaits are the motion of choice for traversing long distances over uniform terrain,
more interesting environments will rarely be uniform for significant lengths. Instead, complex
non-steady state motions must be learned that enable navigation over complex terrain and
large obstacles. Rather than a simple gait optimization problem, this becomes a planning
problem using a complex dynamical system in a 16-dimensional trajectory space. Unfor-
tunately, planners require a model than can be evaluated many times in order to generate
useful results — a requirement at odds with the expensive nature of physical systems. We
used the simulator to provide such a model for the planner; albeit not useful for fine-tuned
optimization, it produces reasonable estimation of gross motion.

We also developed an approach to record, simplify, and parameterize demonstrated tra-
jectories from expert and novice users. As the settings where these motions are needed
usually measure the result of the motion in terms of success and failure rather than a nu-
merical score, we derived extensions to the optimization framework used for improving gaits
to handle stochastic binary functions, and use this to optimize robustness of trajectories for

moving over obstacles.

Transitions

Finally, a set of good motions are useless unless it is possible to move between them. Al-
though the space of possible transitions is large, fairly simple methods can be employed to
select reasonable transitions. Also, it is critical to be aware of the environment during a
transition — even knowing the robot’s orientation with respect to gravity has been shown to
ensure that the new gait performs as desired. I propose the creation of a metric that will
score a potential transition on its quality, given factors such as the environment and stability

of the current robot location, using the simulator to help evaluate this metric.



Applications to Other Systems

Although a primary goal of this work is to generate tools that allow improved teleoperation
of a snake robot, the work would be shortsighted if these could not be applied to any other
system. Future work could include applying the work in this proposal to other robotic
systems and non-robotic problems. Especially given that many of these techniques have
roots in a more general global optimization community, we believe this work will naturally

extend to a wide variety of problems.

1.1 Relevance to Army

One of the key features of the developed algorithms is that they apply to a variety of Army-
relevant applications occurring over different scales. Here, scale means the size of the area
inside of which a task, such as search, must occur. So, the different scales range from
large (city-size), to medium (block-size), to small (building size). For each scale, one can
envision a different robot having applicability, say a team of blimps searching a city, mobile
ground vehicles searching the city block, and a snake robot looking through a building.
Many applications have components of all three scales; the proposed work is inspired by the
following Army-relevant applications:

Reconnaissance and Surveillance in Urban Engagements: One of the largest con-
cerns of our defense personnel centers on knowing the location of enemies in their immediate
surroundings in urban situations. If the enemy does not cooperate, then the military has to
blindly maneuver until they blunder onto the enemy at which point the battle begins. Here,
the enemy decides when to fight and puts our military on the defensive. Simply locating the
enemy and confirming regions are enemy-free makes the military’s job significantly easier,
safer, and more effective. Imagine if we can quietly deploy a team of blimps, most likely at

night, to fly low over a several city blocks. They can collectively search for enemy locations



and serve as sensors in the sky. Mobile robots can drive up and down city blocks deploying
sensors for ad-hoc sensor networks. Snake robots can exploit their internal degrees of freedom
to peek through holes, maneuver through wall-spaces, and climb through ducts, to furnish a
complete view of a room on the other side of a wall. The robot can also place a remote sensor
in a room through a hole thereby supplying the war-fighters with telepresence capabilities.
With this minimally invasive capability, war-fighters can gain information about the enemy
without informing the enemy of our defenses position and intentions.

Search and Rescue: An accident or terrorist attack in an urban center with bio-
chemical agents can kill instantly. Assessing the situation, as quickly as possible, is of
paramount importance. A bio-chemical technician, wearing a protective suit, can enter
the scene, but at extreme risk and at a snail’s pace because of the heavy protective suit.
Moreover, infrastructure may be unusable and a team of blimps can be deployed to locate
regions in a city containing high densities of survivors. Mobile robot may be able to clear city
blocks and map out the regions that are safe to traverse. In a collapsed or bombed building,
with mobility severely limited and the environment difficult to evaluate, snake robots are
well suited to extend the reach of rescue workers to speed the retrieval of trapped victims.
With a camera and microphone installed on the robot, rescue workers can more quickly
locate survivors and diagnose problems.

Perimeter Security: Wherever the Army has significant assets it would like to protect,
it needs to set up a perimeter around those assets that functions as a monitoring system and
a first line of defense. Ideally, the perimeter will be a sign cant distance from the assets in
order to afford time for a response to intrusions. This distance means that the length of the
perimeter will be significant. Similarly, the ideal perimeter will have some depth that also
increases the total area and functionality to be covered. These requirements point to a team

of robots with multiple abilities requiring both learning and coordination.





