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Abstract

While biologicd motion control systems are generally
simple and robust, their robaic analogs tend to be just the
oppasite. While function has driven many o the cntrol
architedures to date, we fed that a biologicdly-inspired
system for monitoring the energy consumption o virtual
muscles can lea to the development of more humanaoid
motion and gesture.

Animal and Robotic Motion Control

While animals of al shapes and sizes are dle to
succesgully move their bodes to perform complicaed
tasks such as runnng a flying, robdic reseach in
modeling animal movements has progreseed sowly. In
part, this may stem from the fad that most motion control
structures have taken a very functionaist approach. In
esence this approach analyzes the physicd system of a
given roba and creaes a wntrol structure that diredly
manipulates these physicd properties to crede the desired
movement. While this approach makes a good ed of
sense, the difference between robaic motion (involving
motors and eledricity) and animal mation (often
involving muscles and a chemicd energy source) has
caused the resulting systems to deviate enormously from
their biologicd inspiration.

We have gproached this problem looking to the
biologicd system in humans for inspiration and dredion.
This approach, though makes the problem twofold: first,
how does the anima motion control system work and
seoond how can we model that system wusing
computational architedures, software, and a roba?
Becaise we ae still strugding to understand the
biologicd system, this would appea to nreallesdy
complicate the task. However, we fed that expanding the
robaic motion control model will result in more dfedive
and human-like gesture aedion.

Functional Focus

Becaise robdic motion generaly focuses on
manipulating the environment, the most common type of
robaic am control places an emphasis on the desired

state of the end effedor (typicdly a daw or hand). Some
smple trigonanetry produwces a smple transform that
prodwces joint angles from a desired postion and
orientation d the hand. By changing the hand pdition
dightly and re-performing the transform, a series of
contiguows angles creaes atrgjedory. This methodis naot
completely withou biologicd inspiration. Cruse (1987
examined gestures in severa different planes of mation
and patulated that human motor planning is dore in part
by minimizing the “cost” asociated with certain
“uncomfortable” joint angles during a trgjedory. While
this work does not diredly say that planningis dore on a
joint-by-joint basis, it does imply that joint angles are
meaningful parameters to monitor and command duing
gesture formation.

Many robds have succesSully employed this idea of
using the orientation o the end effedor as the basis for
gesture formation. For example, the humanoid roba DB
in the Kawato Dynamic Brain Projed has used this type
of control to perform several humanoid tasks ranging
from oculomotor resporses to more full-boded tasks sich
as drumming and dancing. Schad and Tevatia (1999

explicitly say:

“... [M]ovement planning and leaning in task space

require gpropriate wordinate transformation
from task to adtuator space before motor commands
can be computed.”

Their recent work with dfferent computational forms of
the Jambian (Schad and Vijayakumar 2000 has creded a
system that is capable of leaning fairly general tasks
using this transform-based method Their paper cites the
roba’s ahility to lean rhythmic and dscrete gestures by
monitoring pation, velocity, and accéeration profiles for
eat o the joint angles. Through bah faster computers
and mathematicd smplification, the thrust of this
approach was to make this method computationaly
tradable.

While this work is dgrong from a task-exeaution
standpant, it is highly urlikely that this method hdds a
strong analog to the biologicd motion control structure.
The first and bggest difference is that movement comes
not from smple acduated joints but from the muscles that



attach to the limbs themselves. This digtinction is criticd
becaise the mapping from muscles to jointsis nat smple:
some muscles gan aaoss gvera joints, thereby causing
motion in severa joints from a single muscle (or muscle
pair). And while muscles do have sensory organs that
provide some nation d position and welocity, biologicd
reseach has suggested that this feedbadk is not used
diredly, but instead contributes to a more @mplex
control system. McMahon (1984 demonstrated how
some of the pre-cortex control structures might work, and
Hogan's (1990 reseach on the mechanics of arm
movement suggested biologicdly sensible “spring-like”
model for limb movement.

At the Humanoid Robaics Group at MIT, our
humanoid Cog employs a simple, spring-based control
architedure &s the basis for movement. While sensorsin
the am joints snse torque and pgition, these values are
used as feadbadk to asimple linea spring law. Under this
system, joint angles are not spedfied dredly, but instead
are the result of the parameters of the software spring
(equilibrium position,  stiffness and damping) and
properties of the environment and limb (gravity, inertia,
end load). Using ore simulated spring at ead joint,
Willi amson was able to implement some simple balli stic
gestures using a postural primitives model (1996 as well
as rhythmic gestures using a simple neural oscill ator
(1999.

While the system was able to succesqully lean to
read for avisual target with some acerracy (Marjanovic,
Scas<ll ati, and Willi amson, 1996), this Smple spring law
system has me limitations. Although the system creaes
biologicdly inspired movement, the sensory information
from the am is far less complex than the feedback
provided by human muscles. Additionaly, the roba’s
“muscles’ have no memory of the past; the motion d the
arm at any gven time is determined entirely by its date &
that instant. These limitations are particularly debilit ating
when the roba is attempting to lean nowel, humanoid
gestures.

Biological Modeling Focus

In resporse to these shortcomings, we have initi ated work
expanding the underlying control architecdure in hoges of
creaing a more humanoid leaning environment for the
roba. Thefirst step has been to broaden ou basic muscle
model to include amodel for energy consumption.

The biochemistry of how muscles turn chemicd energy
into movement is understood and generally considered a
closed question. However, despite thorough knavledgein
this area power consumptionisaiesin robaic am control
are generaly ignared. This is becaise, obviously, motor
energy consumption is not a aiticd engineaing isse.
Either the roba is tethered and therefore &forded an
unlimited energy suppy or, if the energy suppy is
limited, consumption is dominated by fadors other than
adion seledion, such as medhanicd efficiency or
engineaing design choice. However, aladk of functional

impad in the robaic world dces not mean that feadbacdk
abou energy consumption is not important to the process
of movement organizaion and adion seledion.

In Adams (2000, the agument is made that a model of
energy consumption will help robaic leaning in two
dired ways. First, amodel of energy consumption allows
for greaer equivalency between the roba and those
interading with it. This is particularly important for
imitation-based learning. If a human attempts to perform
atask, but is unsuccesgul due to energy constraints (such
as attempting to hdd a heavty objed in an awkward
pasition), the roba must have a ©ncept of why the task
was unsuccesdul for the human. Withou some basis for
understanding the “cost” asciated with exertion, the
roba is unable to dfferentiate an intentional ad from a
conspedfic’sfailure due to fatigue.

Seaond, limitations impaosed by this model will help the
roba develop aong hunan lines. This is important in
instances where typicd robatic ability is more functional
that of a human. By either providing a failing to curb
superhuman abilities, we run the risk of faling ou
reseach gals by alowing the roba to learn human tasks
in deddedly nonhuman ways. For example a canerathat
can sense variations in temperature would be helpful in
locaing people in the visual field, yet one is nat
employed because such a device ould very well alter the
roba’s social development in a fundamental way. In the
same way, creding a model of energy metabolism in
order to prevent roba’s virtual muscles from exerting
themselves in a superhuman way provides humanoid
boundixries onleaning new gestures.

Robotic Implementation

We have implemented such a system, cdled meso, on
Cog. Using ou message-passng architecure (caled
sok), this g/stem smulates the behavior of the major
organs involved in energy produwction.  Energy is
“expended” by monitoring the torque values snt to the
motors, as more torque is commanded, the metabadlic
system draws more “energy” from the various organs.

The system, in its current implementation, provides a
small set of variables representing chemicad levels at
different points in the human energy metabolism. Loca
energy stores in ead of the muscles (or glycogen),
general energy supdy in the bloodstream (or glucose),
and dfferent longer-term energy stores such as fatty tisaue
and liver glycogen are dl maintained. These variables
communicae with ead ather throughsimulated chemica
messengers sich as insulin, glucagors, and epinephrine.
When the roba exerts a force in ore of its joints, this
causes the locd energy store for that muscle to be
depleted in propation with the strength of the eertion.
As this fuel source is depleted, a variety of chemicd
messengers are triggered, causing dfferent energy stores
to provide energy to “fuel” the mation.



Because hedthy humans never “run ou” of energy, this
system doesn't typicdly interfere with the roba’s motion.
The system does have two major impads on the behavior
of the roba. First, asthe roba moves, the rise and fall of
the different chemicd levels provides the roba with
meaningful feedbadk abou the nature of the gesture. |If
the roba is required to suddenly exert a high level of
force, the metabdlic system will read differently from a
dower but lengthier motion. By using these aies, the
roba can, for example, differentiate one type of gesture
over ancther as being more “energy efficient”. The
second impad the system has isto prevent exertions that
would be superhuman in nature. If an exertion causes the
short-term energy stores to be depleted beyond their
limits, the system intercedes in the motor command
system and reduces the force output. This introduces the
humanoid limits on exertion that encourage proper
leaning.

Any implementation d the metabalic system must ded
with the isaue of complexity. While the metabalic system
is well understood at the cemicd-readion level, the
interplay between ead o the readions, if modeled
explicitly, would crede a system with uracceptable
complexity. In fad, for this applicaion, the requirements
are even more stringent: the model must operate on a
roba in red-time; hence the complexity of the model
must alow the system to creae the proper feedbad on
the proper timescde.

However, creaing a model with a reasonable level of
complexity can be adieved gven ou fairly modest goals.
The aurrent system only reaeaes two aspeds of human
metabolism. Firdt, it provides the roba with humanoid
behavioral limits by pladng appropriate restrictions on
the nealy unliimited powver that the roba is capable of
exerting. Seoond the model creaes the acompanying
metabolic experience that goes along with testing these
limits. Withou entering into the debate of whether a
roba adually has “experiences’, it is enoughto say that
this g/stem provides a set of metabalic variables that
correspondto the roba’s adions and provide information
regarding the level of exertion. Meso accomplishes these
goals by treaing the metabolism as a smple ntrol
mechanism.  While the values of the variables in the
model are nat meant to represent adual values foundin
humans (these vary too gealy for spedfic values to be
useful), they do change in propation with the human
readions. The levels of the variables in the various
proceses are then applied to the dedro-medianicd
system to achieve the second gal.

The time scde for these processes is also significant.
In the aurrent environment, interadions with Cog are,
from a metabdic standpdnt, short (i.e., less than ore
hou). While asmall set of individuals do interad with
the roba over a period d weeks, months, and yeas, the
roba has not yet been designed to acaumulate any sort of
state over a period longer than an hou. As auch, this
implementation o meso focuses on modeling metabalic

effeds that happen ower rougHy an hou. Becaise
developing these longer-term effeds could prove
beneficial in the future, some cnsideration is paid to
alowing for future development in this direcion. Many
of the longterm metabdic dfeds can be represented in
this model by dyramicdly (but dowly) changing the
coefficients of the readions established in meso. Other
longterm metabalic changes could include the results of a
trauma: long periods withou nutrients or an unkalanced
diet. But because the overall fitnesslevel rarely (if ever)
changes in perceptible ways over short-term interadions,
negleding this part of the model will not change the
nature of the short-term behaviors.

Also, from a biologicd standpdnt, any model of the
metabadic system must rewmgrize that ead person's
metabolism is entirely different.  While the basic
chemicd readions are the same in all people, the higher
level relationships (for example, the anourt that the heat
rate goes up for a given amourt of work) vary grealy na
only from person to person, but vary for a given person
over the ourse of his life. Fadors sich as genetic
makeup, environmental quality, and general fitnesslevel
change the relationships gredly, in some caes by an
order of magnitude. As auch, there is no single “right”
behavior, but instead a range of values that the system can
emulate. In meso, the right set of parameters and
asciations are established, but the spedfic relations can
be manipulated. With that basic framework, future work
can model the influence of these other more distant (and
often longer-term) fadors.

Finaly, the meso system credes a “virtual” metabalic
state for the roba, but stops dort of providing easy
emotional or behavioral cues. Like the metabdlic state in
humans, the sensing d the chemicad state of the bodyis
vague and poaly understood These senses do nd result
in concrete thoughs, but instead are though to creae a
feding that may or may nat be ated upon bya higher
level of control. While meso provides parameters that
correspond to nebulous fedings such as “tiredness’, the
corred use of this variable to create humanoid behavior is
an open question.
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