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ABSTRACT

Humanoid behavior requires a system with accessto humanoid variables. Our humanoid
robot, Cog, hastwo arms that are structurally smilar to those of humans; however, the
sensory system only provides a sense of strain and position. This thesis describes a
model of the human energy metabolism that is linked to the robot’s behavior. Asthe
robot usesits arms, the model incorporates the behavior to creae asense of tiredness
fatigue, soreness or excitement in the robot, both locdly at the joints and gobally asa
part of the overall system. The model also can limit the robot’ s exertion when
appropriate acording to the biologicd system.

Thesis Supervisor: Rodney A. Brooks
Title: Professor, Eledricad Engineering and Computer Science



Contents

1 Motivation

1.1 Humanoid robots must operate in the world through human channelsin order to
develop like humans

1.2 Empathy with the robot is enhanced if the robot experiences human-like
limitation and sensation

2 The Platform

2.1 Typicd position control results in stiff, non-compliant behavior with low sensory
value

2.2 Spring-like behavior forms the basis for a simple but effedive muscular system
3 The Biological System

3.1 ATP, the basic muscle energy unit, is drawn from several sources

3.2 The bloodstream serves to carry both messages and fuel

3.3 The heat rate has an impad on the quality and type of fuel consumption
4 Meso Implementation

4.1 The implementation must operate on ared robotic system

4.2 The implementation uses the sok architedure

4.3 The model consists of models of the different organs passng signals through
shared memory
5 Results and Discussion

5.1 Heat rate and oxygen delivery

5.2 Homeostatic fuel levels through varied nutrient inputs

5.3 Blood fuel levels during agrobic and anaegobic adivity

6 Conclusions

6.1 Summary of contributions
6.2 Future work

7 References



Acknowledgements

| did thiswork with the help of many, many important people.

Professor Rodney Brooks, my supervisor, has provided me with the doorway to the
world of Artificial Intelligence ard humanoid robotics. Being a part of his group has
made my MIT caea what it istoday. | also wish to thank the members of the Humanoid
Robotics Group at MIT for their friendship and support.

In particular, Matt Marjanovic, my one-time bossand current mentor, provided me
with the inspiration for thiswork. | hope that, as he finishes his degree he finds what
I’ ve done to be helpful and maybe even inspirational. | look forward to working with
him over the coming yea(s).

My family (Mom, Dad, Emily and Laura) has always been my main source of support
and gudance. Many phone mnversations and trips home have provided me with the
perspedive and enthusiasm that is critica to my success | love you all.

My sister, Emily A. Adams, was particularly helpful not only in providing emotional
support, but aso tirelesdy explaining the basics of biochemistry to me, answering
pointed questions, and generally taking me from a bio-birdbrain to the point where | am
today.



1 Motivation

One of the cantral challengesin building humanoid robotics is how to best make the
eledro-medanicd systems in robots emulate the biologicd systemsin humans. Cameras
are used in placeof human eyes, microphones in placeof eadrums, hinges and beaings
in placeof cartilage and bones, and eledric motors or hydraulics in placeof a muscle
system. Of course, the systems are designed to be very similar to their human analogs,
but due to the differencein material and configuration, the robotic and human systems
often have radicdly different abilities and limitations. While overcoming the limitations
of the dedro-mecdhanicd systems are part of the engineeing task, some of the abilities of
the robotic system may also crede problems becaise they leal to abilities that are
patently unhuman in their magnitude or scope.

The example dedt with in thisthesisis that of the motors that replacethe musclesin
the ams. In humans, the duration of a muscle exertion is regulated by a number of
different systems delivering energy to the muscle. However, the robot’s arms, becaise
they run on eledricity and are plugged into the national power grid, have limitsin
duration of exertion that grealy exceel those of humans. In this case, the robot has
super-human ability unless“artificial” limits are implemented to make the system
conform to the same behavior as the human system. The meso system proposed by this
thesis does exadly that: by simulating some of the human metabolic system, the robot
will be restrained by limits that do not stem from its physicd system.

One might ask what the value is in putting human-like limits on the mecdanica
system. Just because humans are limited in the anount of forcethey can exert, should

the robot be subjed to such limitations? Another suggestion that deserves consideration
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isto give the robot a“medanicd” metabolism that is related to the limitations of the
robot’s g/stem. The answer to these questions lies in our reseach focus on human-robot

interadion.

1.1 Humanoid robots must operate in the world through human
channels in order to develop like humans

The first reason to placehuman-inspired limitations on the robot’ s behavior isto aid
in its human-like development. Our lab focuses on huilding arobot that undergoes a
development pattern inspired by human development (Brooks 1997, which implies that
the control system that dictates the am'’s behavior should develop along the same lines as
the human system. This type of developmental control structure relies on humanoid
channels to sense the world.

When working on red robots, though, this type of developmental control structure for
arms requires an additional component because of the ladk of a physicd analog. A
contrasting example will help illustrate the point. An adive vision system that models
the human visual system (such as the one designed by Scassellati 1998 must model the
sensory channel provided by the e/es. The canerasthat serve a the robot’ s eyes, while
not perfed, provide areasonably smilar channel of information. The engineeaing effort
necessary to redify the differences between the biologicd system and the medanicd
system are relatively minor: a pair of cameras has proven to be sufficient to model the
different resolution on different parts of the retina. With this sSmple modification, the
vision system receves information that is plausibly smilar to the information that

influences the human visual system. Thisis not to say that the visual system itself is
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simple or provides limited information about the world. Infad, the opposite istrue: the
cameras provide much more data than the sensorsin the ams. However, the data
provided by the e/es and the data provided by the camerasis sufficiently smilar to creae
human-like, visually controlled systems.

Modeling the am’s sensory system, however, requires a gred ded more engineaing
effort. Whereasthe caneras ad as areasonable biologicd analog to eyes, the motorsin
the ams provide none of the sensory information asociated with muscles. Some dfort
has been made to crede aphysicd system that emulates the human musculature;
spedally designed joints provide strain and position information (see Chapter 3 for more
details). However, the metabolic system, which both provides the energy for movement
aswell as perceptual feadbad, has no physicd analog. The robot is able to draw power
continuously, without any sort of sensory change, for as long as the physicd structure
will support the behavior.

Y et the metabolic system in humans has a dired impad on behavior inarm
movement: the ility to exert aforceis constrained by the metabolic system’s ahility to
deliver energy to power the exertion. This limitation to the am'’s ability to move will
have aparticularly significant effed on a mntrol system that uses the ams red behavior
to lean new behaviors. Additionally, the metabolic system provides snsory feadbadk
about the state of the energy delivery system (i.e., feding “tired” after alengthy or
intense exertion). By using thisdata, alearning control system can anticipate the limits
of the energy suppy system and alter behavior before these limits are reatied. By

suppying both of these feedbadk sources (alimit on exertion and feedbadk about energy



usage), the meso system will allow for the development of a more humanoid control

system.

1.2 Empathy with the robot is enhanced if the robot experiences
human-like limitation and sensation

Of course, controlling a humanoid robot to behave in humanoid waysis agoal in its
own right. However, the meso system contributes to a deeper, and perhaps more
important asped of thisgoal. If the purpose of humanoid robotics reseach isto build a
robot with the highest possble level of “function,” then saaifices on behalf of biologicd
conformity probably do not make sense. However, over-emphasis on the functionaity of
arobot can quickly strain the term “humanoid”. To use the system in question as an
example, consider the cae of arobot with unlimited motor power at its disposal. Asits
control system explores the ailities of its arms, the robot has no reason to ever modulate
behavior to conform to human speeds or strengths, use postures that maximize dficient
energy usage, or take bregs. A human interading with this robot will seethese
behaviors and constantly be reminded that his counterpart is a robot.

But the robot has lost more than the aesthetic value of resemblanceto a human. The
interadions between it and humans will take on a completely different dynamic from
human-to-human interadion. At afundamental level, a human and a robot cannot easily
share experiences unlessthe robot’ s experiences, which are linked its cgpabilities, are
similar to those of a human.

The meso system, like dl the systemsthat are implemented on Cog, refleds this value

of shared experiences for two reasons. First, for humans to attribute human qualities to
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the robot, it must have atruly humanoid form. This meansthat the robot shoud na be
able to perform adions that are outside the range of human ability. While such adions
may provide a“functional” benefit (in the traditional sense of the word), they ultimately
credae barriers between the robot and the person, and are therefore in conflict with our
reseach goals. Asthe human seesthe robot perform a reasonably human arm gesture, he
is able to identify what it feds like to make such a gesture, and this can provide valuable
insight into the robot’s motivation. If, however, the gesture exceals human ability in
magnitude or duration, then the human is unable to identify with the behavior and the
connedion islost.

The second reason for valuing shared experience over function is to allow the robot to
“experience” the world through humanoid channels. If the robot has senses that humans
do not or ladks crucial senses that humans have, there will be two negative outcomes.
First, the robot’s readion to the environment will be wrong. If the robot has alien
sensors, it will read to things that humans will not read to, and this inhuman readion
will crede barriersto social interadion. If it ismissng crucia sensors, it will fail to read
to typicd human stimuli, and inhuman behavior will result. Seoond, the robot’s internal
state will be governed in large part by the data it recaves from its ensory chanrels. If
the robot’ s experience includes channels unknown to humans, then the hidden internal
state will be largely indedpherable. And, becaise interadion relies on the naive observer
corredly inferring thisinternal state, missng or alien sensory channels will break down
or prevent human interadion.

Of course, the medhanics of these dedro-magnetic sensorimotor experiences are ill
fundamentally different from their biologicd counterparts. And, without knowing
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exadly what parts (if any) of our sensorimotor systems are important, we canot say for
certain that arobot will or will not have an “experience” sufficiently similar to the human
one to alow for meaningful interadion with humans. However, even if thisis the case,
by smulating human-like systems on robots (perhaps at the st of “traditional”
function), we will | earn something about human-madine interadion, and perhaps even

the human systems themselves.
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2 The Platform

2.1 Typical position control results in stiff, non-compliant behavior

with low sensory value

Robotic ams are typicdly controlled via commanded joint angles. Consider a smple
example of arobot arm mede up of two segments conneded at arotational joint. An
angle between the segments is typicadly commanded to the joint and a sensor providesthe
adual angle of the am. A control strategy (usually based around a proportional-
derivative @ntroller) then attenuates the aror in the output. Commanding a series of
angles with small differences at a set rate generates sSmple movement. This basic control
strategy can be augmented in severa ways: amore cmplex controller can attenuate the
error more quickly; inverse kinematics can creae smoother trajedories; dynamic
modeling can compensate for error caused by the physics of motion. But these
refinements do not change the “nature” of the am. It moves predsely from position to
position, making acairate task repetition easy. With the right motors and medanicd
setup, the am can aso be very powerful.

Applicaions of this type of arm take advantage of these qualities. Robot arms are
often involved in spray painting automobile equipment because they can do a mnsistently
efficient job, lowering costs for paint and raising the quality of the paint job. Other
robots are enployed for microchip fabricaion, manipulating small objedsin small
spaces where human hands would be too big and clumsy. Other arms perform tasks too

dangerous for humans sich as ultra-high temperature welding. These types of position-
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controlled arms are useful, in fad, for the very reason that they are not like human arms.
In strength, acaracy, and predsion, these robotic ams vastly outperform the human arm.
But superiority in these aeas comes at a price the robotic ams are very poor at tasks
that humans consider trivial. For example, obstades to a planned trajedory represent a
serious challenge: the result is often damage to the am or the obstade or both. Changes
in the dynamics of the am (say, picking upamassat the end of the am) can cause a
radicd changein behavior or even instability. Additionally, the feedbadk from a robotic
arm provides very little information about its gate. A typica robotic am acarately
senses position and quickly computes the derivatives (velocity, acceeration, jerk). By
contrast, humans can control their arms not only using a basic sense of position and
velocity, but also other senses about the extremes of motion: pain when the arm is
extended too far, fatigue when the am has been moving for too long, sorenessafter a
particularly strenuous exertion has taken place Just asthe robotic anv's control is based
around its sensory information, the human arm’s control uses these variables to modify

behavior.

2.2 Spring-like behavior forms the basis for a simple but effective
muscular system

Our goal in putting arms on Cog is to provide the robot with another humanoid
channel to its environment. For that channel to truly be humanoid, the ams must not
only behave in a humanoid way, the robot should control them as humans do as well.
Thisis an important distinction to make: it is possble to give the gopeaance of

humanoid behavior without humanoid control. But a humanoid behavior, if it is
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generated by an un-human control structure, will be insufficient for our work. Because
the robotic arm produces movement using an eledric motor insteal of muscles,
humanoid movement must be system nmust come from the @ntrol structure cmmanding
the motors. This also fits with the development model being used to control the rest of
the rest of therobot. The am behaviors gould start out at the level of an infant and grow
over time. If the control structure generating the behaviorsis not based around a human
model, there is no reason to exped this development to take place and the robot’s arms
will not be &leto be integrated with the rest of the robot. Additionally, humanoid
behavior includes humanoid readion to disturbances from the environment. |If the
behavior of the robot’s arms is generated in a non-human way, then the readion to these
disturbances will be governed by the rules of that command law, and the result will not
be humanoid behavior.

Thefirst issue to be aldressed by the @ntrol structure concerns the nature of the
movement. While most robot arms are controlled by regulating the position of ead joint,
the physiology of human arms makes this kind of control highly unlikely if not
impossble. First, human arms follow very smooth trajedories, and the command rate
that this would require has not been found among the wntrol structuresin the ams
(Massaquoi 1996. Seaond, becaise muscles can only exert forcein one diredion (the
diredion of contradion), human arms are moved by concerted effort on the part of
antagonistic muscle pairs. Often, one joint (such as the shoulder) can be under the
influence of several of these pairs. For successul position control, they would have to
work in close concert, and, again, the biologicd evidence does not support this gructure.
Third, studies of human physiology (such as Stein 1982 have suggested that thereisa
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dired relationship between the force that a muscle exerts and the length of that muscle &
the time of exertion (which may or may not relate to joint position, depending on the
insertion points of the muscle). This relationship between length and force by
antagonistic muscles has led several reseachers to conclude that muscle pairs creae
"springlike" motion (Hogan, 1990.

These two conclusions led to two design dedsions for the @ntrol of Cog's arms.
First, for the many reasons listed above, position control was discarded in favor of force
control. Thismeansthat the commands issued to the motors regulate the force output
without regard to position. This alows the motors to function more like muscles with
minimal computational cost. From atedchnicd standpoint, force @ntrol requires an
acarate measurement of the force exerted by the motors, however the novel series-
elastic acuators (seePratt & Williamson 1995 and a smple PID controller make this
step easy and predse.

The biology of human arms aso inspired the first control law for Cog’'s arms.
Emulating the ac¢ion of antagonistic muscles with a crrelation between length and force
ead joint’s control law consisted of a smple proportional-derivative “spring” law. The
forcefor ead joint depended on the displacement from a prescribed “set point” (and the

rate of movement) to determine the coommanded force

T = k(B2 = Buupu) + B(B2)

where tau is the ommanded force d ajoint, 6, isthe adual joint angle, and Bsspint IS

the eguili brium point of the virtual spring. K and B represent a stiffnessand damping
14



coefficient, respedively. This gring law is effedive in creaing many humanoid arm
behaviors. By manipulating the set point of the virtual spring at ead of the joints, the
arms move smoothly and defled without harm off obstades to the trajedory. This
simple control law successully served as the foundation for another body of work
involving neural oscill ators (Willi amson 1999 that al owed to robot to saw wood, play
with a dinky toy, and throw aball. This smple system of springs has also alowed for
multi-modal work, such as reading for avisua target (Marjanovic, Scas<ll ati,

Willi amson, 1996).

It isimportant to note that this smple spring law is not a panacea It omits svera
subtleties about the musculature system. First, the dfed of where the muscles attach to
the skeleton (the complexity of insertion points) isignored entirely. Seaond, the fad that
muscles metimes attadch to other muscles (thereby co-adivating ead other in some
cases) isalso ignored. Third, the musculature of the human arm does not consist of one
pair of muscles at ead joint. Most of the muscles used for common movement span
multiple joints (polyarticulation). The dfed of this gructure, particularly salient, given
that the various joints can affed ead other’s gates, isalso ignored. Yet, given the large
range of humanoid behaviors creaed with this smple law, it represented a good
foundation for future work.

The meso system hopes to addressanother of the spring law’s shortcomings. Human
muscles are "springlike," but do not blindly conform to a smple spring law. The
chemicd readions that creae movement consume energy and creae byproducts that
often affed performance These dfeds are not modeled in the spring law at all; the ams
currently behave & if they were atadhed by medhanicd springs. Additionaly, the

1t



energy exerted by the musclesin the ams credes additional proprioceptive feedbad that
can have an effed on behavior, adion seledion, and emotive state. In order to move

forward in creding generalized arm behaviors, these shortcomings must be addressed.
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3 The Biological System

While the virtual spring offers agrea ded in terms of credaing a foundation for
humanoid behavior, it falls dort in a number of key areas. Spedficdly, the spring law
does not include any limits due to energy consumption or muscle caability. In order to
have the ams perform fully humanoid behaviors, they must not only be limited in the
same ways, but the limiting system should provide the robot with human-like feedbad
about itsalf.

In humans, this limiting system is a part of the set of chemicd processes colledively
known as metabolism. Metabolism is a general term that describes, at the moleaular
level, the interadions that sustain life. While thisthesisis primarily concerned with the
biochemicd readions that govern energy synthesis, storage, and consumption, different
readions (also cdled “pathways’) drive other criticd processes sich as digestion and
waste removal, growth and heding, and reproduction.

The many different metabolic pathways interad in a number of ways. Often times,
two pathways will share astarting substance. Other processes may crede by-products
somewhere in the middle of their readions that are used by other pathways (often in
entirely different organs of the body). They also all share aneal for energy, making this
function of the metabolic system central to the body’s survival (McMurray 1977). These
same energy-producing pethways provide the energy for limb movement. For these two
reasons, this asped of the metabolic system will be modeled in thisthesis.

This chapter will provide abrief description of how the biologicd system works from

a ontrol perspedive.
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3.1 ATP, the basic muscle energy unit, is drawn from several

sources

All of the body’ s functions require energy. The neural impulsesin the brain, the
churning of stomacd add to breg down food, and the beding of the heat to pump blood
all require some form of chemica energy. Muscle contradion, the rea¢ion of a group of
muscle cdls to a specific stimulus from the nervous g/stem, uses chemicd energy in the
same way to creae the limb movement relevant to thisthesis. At amoleaular level, the
answer is quite straightforward: energy is harvested by bre&ing the high-energy
phosphate bond in adenosine tri-phosphate (ATP), leaving adenosine di-phosphate
(ADP). At the metabolic system level, though, this begs the following question: where
doesthe ATP come from?

The answer is different for ead tisaue in the body, but in the cae of muscles, there
are four potential sources for energy. First, the muscle has a small suppy of credine-
phosphate (CP) stored locdly in the muscle (Okunieff 1978. The CP readily donates its
phosphorus bond to ADP to form ATP. However, thislocd store is not enough for
extended movement, and it mainly allows other energy systems time to swing into adion.

Asthe CP is exhausted, the muscle beginsto bresk down its next locd suppy of
energy, glycogen. Glycogen lreskdown has two prime dfeds: thefirst isto crede
energy for the muscle in the form of ATP, and the second isto signal the body to provide
additional energy for extended movement. Under ided conditions, glycogen produces 37
units of ATP from ead glycogen unit (Okunieff 1978, and the locd supgy in eadt of
the tissues in the body can provide energy for roughly 24 hours before other sources must

be brought into use. In addition, the glycogen burning also releases ladic aad into the
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bloodstrean, which starts a dhemicd readion known as the Cori cycle (Gilbert 1992).
The liver usesthe ladic add to produce glucose for use by the muscles. Glucoseisa
mobili zed form of glycogen: the muscle can use it for energy during exertion, and it is
harvested and stored as glycogen during times of rest. Interestingly, becaise muscles
lack a key enzyme (glucose 6-phosphatase), they can only use thislocd store of glycogen
for their own use. Thisisin contrast to the liver and kidneys, which can (and do) convert
glycogen to glucose to be drculated in the bloodstream.

As adivity continues, the muscle moves on to its third source of energy, fat (note, this
requires the proper oxygen conditions, seesedion 3.3). Stored as adipose tissJe, the fat
suppy in awell-nourished human provides a (virtually) limitlessenergy supgy. It is
worth noting that fat is not another storage form of glucose, but insteal is broken down
into fatty adds, which are released into the bloodstream. These faity adds are then
further broken down into ATP viathe tri-carboxylic-add cycle (TCA) cycle (Champe
1994). Fat breskdown, also cdled beta-oxidation, istriggered by low energy levelsin
the muscles. If the fat suppy runs out or fat cannot be broken down becaise of the
condition of the fuel consumption in the muscle, then the final source of energy isthe
breakdown of protein in the body. Cellsto form structural and functional components
using protein, however, and using it as afuel source ca cause damage to the overall
structure of the body. Protein breakdown only occurs under situations of extreme

malnourishment.
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3.2 The bloodstream serves to carry both messages and fuel

The purpose of the energy metabolic pathways isto provide the body with both a
constant suppy of fuel for general operation as well as providing for the sudden spikes of
need that acampany physicd exertion. Thisis acammplished through the dternate
storage and mobili zation of the different fuel sourcesin different locaions. Because the
system is distributed, though, there must be communicaion and transport to alow eat
of these anatomicadly separate organs interad in efficient ways. The bloodstrean caries
both the messages that coordinate fuel usage & well asthe adual fuel itsalf (Fell 1997).

The pancreasis a aitica organ in coordinating the organsinvolved in the energy
pathways. It monitorsthe content of the bloodstream and sends out chemicd messengers
that adivate the storage and release medhanisms.  Insulin is aeted when the glucose
level in the bloodstream is high. Thisisasignal to the muscles, liver, and kidneys that
thereis sugar available in the bloodstream (which was provided by nutrients from the
gastro-intestinal system) and it should be stored for later use. This causesthe alipose
tisaie to crede fat, the liver and kidneys to store glucose in the form of glycogen to later
release into the bloodstream, and the muscle to store glucose a glycogen for later use
during spikes of adivity. People flicted with diabetes have apancreas that does not
seaete enough insulin, and, consequently, can suffer the dfeds of malnourishment
because their organs do not store enough energy during feeding times.

Glucagon credes the opposite behaviors from insulin. Insteal of signaling that the
bloodstream is full of glucose, glucagon is a signal that reserve fuels $ould be mobili zed
and deposited in the bloodstream for use. The liver and kidneys respond by increasing

their breakdown of glycogen into glucose, and adipose tisaue increases the deposit of
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fatty addsinto the bloodstream. Muscles often begin the processof protein
phosphorylation, and this can cause damage. Glucagon generally signals that the energy
pathways are low in preaursors, and the body isin desperate neal of energy.

The final signal carrier is epinephrine. Creaed in the alrenal medulla and the
sympathetic nerve endings, it signals a sudden spike in the nead for energy. It works very
similarly to glucagon in that it stimulates the body to release stored energy for use.
Primarily adivated in dangerous or frightening situations, though, it works faster and

provides a more immediate source of energy.

3.3 The heart rate has an impact on the quality and type of fuel

consumption

In addition to carrying the fuel and messaging systems, the blood also transports other
chemicds from tisaue to tisaue for use in other chemica readions. While most
substances are generally kept within homeostatic boundaries, one that has a wider range
of values during times of extreme exertion is oxygen. While the anount of oxygen that
the blood can cary is relatively static, the anount that is delivered to the organsis
dictated by the heat rate. Asexertion goes up, signals through the nervous s/stem bring
the heat rate up as well to increase the flow of blood through the system.

The variation in heat rate, though, also impads the way the fuel is burnt. The
bloodstream delivers oxygen, a aiticd component in ead of the dhemicad readions that
creade ATP. However, therate & which the blood is pumping either enhances or
prohibits the anount of oxygen that can be delivered for these readions. If the blood is

moving too slowly, an insufficient volume of oxygen is brought to the muscle. If the
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blood is moving too quickly, though, the readions are unable to use the oxygen that is
present. This means that the blood must be moving at a mid-range speed to maximize
oxygen utili zation. Fitnessexpertsterm this peeal asa“target heat rate” (Sizer 2000.

The heat rate varies grealy over the murse of normal adivity, though. If the heat
rate isin the target range, there ae positive dfeds on both the body and on behavior.
With an abundance of oxygen, the muscle can use energy-rich fat as afuel source One
fully-combusted wnit of fat is the best energy source available in the body, and it is
virtualy inexhaustible. Those trying to lose weight are generally trying to burn fat,
therefore, exercise spedalists often recommend exercising at alevel of exertion that
keeps the heat pumping the target heat rate to maximizethe fat that is burnt.

When oxygen is not available, though, glycogen or glucose must be burnt to sustain
adivity. Burning thisfuel anaerobicdly, though, has threenegative side dfeds. First,
the anount of ATP that is produces per unit of glycogen/glucose is much less The
complete a@obic combustion glycogen can produceten times the anount of energy that
anaegobic combustion yields. Consequently, more fuel is used for the same amnount of
work. Additionally, the incomplete combustion of glycogen/glucose leaves ladic aad.
While ladose is a normal by-product of glycogen/glucose use, ladic add is not as easily
taken away by the bloodstream, and can huild upin the muscle, causing pain upon
contradion. Thisfeding of “soreness’ can be an impediment to movement. Infad,
acording to some reseach (Chase 1988, high quantities of ladic add can cause an
unbalancein the ph of the muscle, which can depressthe muscle's ability to exert any

force 4 all.
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4 Meso Implementation

4.1 The implementation must operate on a real robotic system

Any implementation of the metabolic system must ded with the issue of complexity.
While the metabolic system iswell understood at the chemicd-readion level, the
interplay between ead of the readions, if modeled explicitly, would creae asystem that
would require massve anounts of computation from even the most powerful of
computers. For our applicatiion, the requirements are even more stringent: the model
must operate on arobot in red-time, hence the computation available must alow the
model to creae the proper feedbadk on the proper timescae.

However, creaing a model with areasonable level of complexity is reasonable for a
humanoid robot because the model (at this point) only needsto reaede two aspeds of
the metabolism. First, it should provide the robot with both humanoid behavioral limits.
This model should placehumanoid restrictions on the nealy unlimited power that the
robot is cgpable of exerting. Seoond, the model should crede the acompanying
humanoid experiencethat goes along with testing these limits. Without entering into the
debate of whether arobot adually has “experiences’, it is enough to say that this g/stem
should provide an interfaceto metabolic variablesto regulate other behaviors. Meso
acomplishes these goals by creaing a modeling some of the biochemicd systems that
provide energy to humans. The model does not work at the moleaular level, but instead
treds the metabolism as a smple control medianism. While the values of the variables
in the model do not refled adtual values found in humans (these vary too gredly for

spedfic values to be useful), they do change in proportion with the human reacdions.
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Because the model is fundamentally tied to the behavior of ared robot (spedficaly, the
humanoid robot described in sedion 2), the result of the biochemicd processes are then
applied to the dedro-medhanicd system to adhieve the second goal.

Because this implementation is gedfic to thisrobot and this environment, it is also
important to consider the time scae & which the robot currently operates. Inthe arrent
environment, interadions with Cog are short (i.e., lessthan one hour). While asmall set
of individuals do interact with the robot over a period of weeks, months, and yeas, the
robot has thus far been designed to exhibit the same properties from day to day and week
to week. As guch, thisimplementation of meso focuses on modeling metabolic efeds
that happen over the murse of an interadion lasting lessthan one hour. Because
developing these longer-term effeds could prove beneficia in the future, some
consideration is paid to alowing for future development in this direcion. Many of the
long-term metabolic &feds can be represented in this model by dynamicdly (but slowly)
changing the aoefficients of the readions established in meso. Other long-term metabolic
changes could include the results of atrauma: long periods without nutrients or with an
unbalanced det. Because the overall fitnesslevel rarely (if ever) changesin perceptible
ways over these short-term interadions, though, negleding this part of the model will not
change the nature of the short-term behaviors.

Aside from managing the inherent complexity of reaeaing the metabolism at the
chemicd readion level, any model of the metabolic system must recognizethat eah
person’s metabolic system is entirely different. While the dhemicad readions are the
same in al people, the higher level relationships (i.e., the anount that the heat rate goes
up for a given amount of work) vary gredly not only from person to person, but vary for
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agiven person over the murse of hislife. Fadors sich as genetic makeup, environmental
quality, and general fitnesslevel change the relationships gredly, in some caes by an
order of magnitude. As such, thereisno single “right” behavior, but instead arange of
values that the system should be ale to emulate. The goal should be to have asystem
where the right set of parameters and asciations are established, and the spedfic
relations can be manipulated. With that basic framework, future work can model the
influence of these other more distant fadors.

Finally, the meso system credes a virtual metabolic state for the robot. But, like the
metabolic state in humans, the sensing of that state is vague and poorly understood.
Unlike the senses used to understand the external environment, “proprioceptive” sensing
does not result in concrete thoughts, but instead creaes a feding that may or may not be
aded upon by ahigher level of control. While the meso system provides parameters that
correspond to nebulous fedings sich as “tiredness’, the corred use of this variable to

creae humanoid behavior is left to the designer of the next system.

4.2 The implementation uses the sok architecture

The “metabolism” of the robot must integrate seamlesdy with the overall control
structure. On Cog, thisis accomplished by running all control viathe sok architecture,
creaed by Matthew Marjanovic (Marjanovic 2000. It alowsfor processesto be
dynamicdly started, stopped, restarted, and conneded with other processes. This g/stem
is currently used to implement the spring law that creaes the virtual muscles. It will also

serve & the basis for the metabolic system.



The lowest level of control on the robot is the servo loop providing force ontrol at
ead of thejoints. Thisisdone via aDSPon the motor control card. Running at 1.6kHz,
this computation is unaffeded by the load on other parts of the @ntrol system, and thus
provides a stable base. Commands are sent to the DSPvia alibrary of smple cdls; in the
case of Cog, they are cdled from the body of a sok process In the pre-meso
implementation, one sok processcolleded all the sensory input, computed the spring law
for ead joint, and sent the cmmands to the DSP. This was done succesgully at roughly
1kHz.

Because the meso system creaes additional computational load, the @ntrol is lit
into two parts. Thefirst part is very similar to the old implementation: it colleds snsory
data and generates commands for the spring law. However, instead of sending these
commands diredly to the DSP, they are now sent to the second part, which monitors and
modulates the mmmands acording to the metabolic model, and then sends them to the
motors. Given enough computational power, this gructure dlows the meso systemto
have its own scheduled processng time, allowing the performance of the spring law to
continue & 1kHz. Because the meso system is also a sok process the proprioceptive

outputs are available to other processes via sok processs.

4.3 The model consists of models of the different organs passing
signals through shared memory
The implementation of the metabolism occursin the body of the sok process

Running at roughly 1kHz, the model operates by updating a set of variables acording to

alist of commands. These cmmmands, broken down by organ function, alter a set of
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variables corresponding to the cdhemicds necessary for energy metabolism. These
variables represent the “bloodstrean” through which ead of the organs not only
communicae (via dhemicd messengers) but deliver fuel and waste products. Each organ
only reads the variables that the biologicd organ hes accessto, and the modification is
done entirely through this dared memory.

The following sedions include small stubs of code from thisloop and an explanation
of what the model isreaeding, a short summary of how it works and how it integrates
with the rest of the system, and any significant differences from the biologicd system.
This implementation incorporates exertion from the overall robot, but only provides
proprioceptive data for asingle joint. The final implementation will provide this data for

ead joint in both of the ams.

/ * BLOODSTREAM */

gstrain = 0;

for(i=4; i<6; i++) {
/1 currently only computing the right arm val ues
sstrain[i] = strain_short_sumr[i]/MAX _SHORT HI ST;
Istrain[i] strain_long_sumr[i]/MAX _LONG H ST;

gstrain += strain_long_sumrJ[i];

}
gstrain = gstrain/ (2*MAX_LONG H ST);

if(gstrain < Mn_Target Rate)
percent anaerobic =
fabs((Mn_Target Rate - gstrain) / Target Dist);
if((gstrain > Mn_Target Rate) &% (gstrain < Max_Target Rate))
per cent _anaerobic = O;
if(gstrain > Max_Target Rate)
percent anaerobic =
fabs((gstrain - Max_Target Rate) / Target Dist);

The rate of the blood flow is an important fador to the performance of the

metabolism, asit transports the various chemicas from organ to organ. Thisrateis
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stored in the “gstrain” variable, which isthe average of the average strains of ead of the
muscles. Esentially, it is ameasure of the overal adivity level of the robot. In this
implementation, only two joints are adivated, thus, the total strain isonly divided by a
fador of 2.

The “percent_anaaobic” variable mntains the measure of how well the muscles can
harvest oxygen from the blood. Asdescribed in chapter 3, if thisrate istoo Slow or too
fast, the muscles cannot get the requisite oxygen for energy-producing chemicd
bres&kdowns, and the mnsumption levels are significantly changed. Because this oxygen
delivery relation arises out of aspeds of the cdhemicd readions that are not modeled in
this implementation, it is modeled here diredly as a function of the heat rate. The
“Min_Target Rate”, “Max_Target_Rate”, and “Target_Dist” variables crede arange of
exertions that allow for completely agobic combustion. These variables are hedth-

related in humans and can be dhanged to vary the fitnesslevel of the robot.

/' * PANCREAS and ADRENAL GLANDS: */

i f(gi_glucose > 0)

nodi fy_bl ood_nessengers(1 NSULIN, (gi_glucose * .00005));
i f(gi_glucose < 0.2)

nodi fy_bl ood_nessenger s( GLUCAGON, 0. 00002);

i f(excitement > 0)
nodi fy_bl ood_nessenger s( EPI NEPHRI NE, (excitenent * .1));
i f(sstrain[JO NT] > THRESH)
nodi fy_bl ood_messenger s( EPI NEPHRI NE,
(sstrain[JA NT] * .00000001));

The pancreas and adrenal glands provide other inputs to the metabolic system. The
pancreas monitors the gastro-intestinal input to the system (provided by an input sok

port). When there is gastro-intestinal fuel available (*gi_glucose”), the “pancreas’
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increments the insulin shared variable (in proportion to the anount of gi_glucose) to
signal that the blood ducose will be rising, and the other organs $ould prepare to store
that energy. When, insteal, there islow gastro-intestinal input, the “ pancrees”
increments the glucagon variable, which has the opposite dfed: the other organs

mobili ze their stored energy. In thisway, the pancreas keeps the glucose shared variable
at ahomeostatic level. Without this regulation, gastro-intestinal input would cause a
large spike in the blood gucose and long periods without gastro-intestinal input would
alow that variable to beaome too low.

The arenal glands produce ginephrine, which creaes a very similar effed as
glucagons, but has two significant differences. First, epinephrine can be introduced into
the bloodstream quickly, which allows more energy to be mobili zed faster in times of
extreme need. Sewond, the alrenal glands are triggered not by gastro-intestinal levels, but
instead by stress Consequently, they can be triggered neurologicadly (in other words, by
an emotional or behavioral subsystem), and therefore can provide extrafuel for afight-
or-flight response or they can be triggered by adivity by the body to allow for extra fuel

during times of extreme exertion. Both types of triggers are implemented.

/* ADI PCSE Tl SSUE: */

[l -- INSULIN turn glucose into fat

nodi fy_bl ood_fuel (GLUCOSE, (bl ood nessengers[ I NSULIN * -1 *
FAT_MESSGR _CONST) ) ;

nodi fy_bl ood_nessenger s(1 NSULI N, MESSGR_ABSCRB) ;

/1 (infinite supply of fat ...)

[l -- GLUCAGON:. put in fatty acids into bl ood

nodi fy_bl ood_fuel (FATTY_ACI DS, (bl ood_nessenger s[ GLUCAGON] *
FAT_MESSGR _CONST) ) ;

nodi fy_bl ood_nessenger s( GLUCAGON, MESSCGR ABSORB) ;

/1 (infinite supply of fat ...)

[l -- EPINEPHRINE: put in fatty acids into bl ood
PAS



nodi fy_bl ood_fuel (FATTY_ACI DS, (bl ood_nessenger s[ EPI NEPHRI NE] *
FAT_MESSGR _CONST) ) ;
nodi fy_bl ood_messenger s( EPI NEPHRI NE, MESSGR_ABSCRB,) ;

The alipose tisue, more commonly caled fat, serves as a storage fadlity for energy.
This virtual organ reals the levels of the various chemicd messengers (modified in the
previous edion) and modifies the relevant blood fuel levels appropriately. When the
insulin variable has been signaled, glucose is drawn from the bloodstream. In the
biologicd system, fat is creaded. However, because the fat sourcein well-nourished
humans can last for days or weeks, it is assumed to be infinite in this model.
Consequently, the glucose withdrawal does not adually affed the system. Similarly,
when the glucagon variable has been modified, the fatty _aadds variable is incremented,
but no “source” is correspondingly deaemented. Epinephrine is the final messenger, and
its effeds are similar to that of glucagon. The only red differenceis that the epinephrine
variable can read much higher levels more quickly, and can therefore dlow more fuel to
be released quicker.

These threereactions highlight another important asped of the biologicd system that
is modeled here: glucose is turned into fat, but fat is not turned bad into glucose for
energy. Fatty adds are used dredly by the muscles (in conjunction with glucose) to

provide fuel under aeobic conditions.

/* LI VER */

[l -- turn gastro-intestinal glucose into bl oodstream
tmpfl oat = .00015 * gi gl ucose;

gi _glucose -= tnpfloat;

nodi fy_bl ood_f uel (GLUCOSE, tnpfloat);

/1l -- GLUCOSE: regulate the glucose levels in the | ood
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i f(blood fuel [ GLUCOSE] < M n_d ucose_Level) { //mn=2
nmodi fy_bl ood_fuel (GLUCCSE, .0002);
; Il glycogen store for the liver

}

/1 -- LACTATE: renpve | actose, put in glucose
i f (bl ood_fuel [LACTATE] > 0)
tmpfl oat = (bl ood_fuel [ LACTATE] * .0002);
nmodi fy_bl ood_f uel (GLUCCSE, tnpfloat);
nmodi fy_bl ood_f uel (LACTATE, (-1 * tnpfloat));

}

/1 -- INSULIN store blood glucose as gl ycogen

i f (bl ood_nessengers[INSULIN > 0) {
tmpfloat = .001 * bl ood_nessengers[ | NSULIN];
nmodi fy_bl ood_fuel (GLUCOSE, (tnpfloat * -1));
nmodi fy_bl ood_mnessenger s( | NSULI N, MESSGR _ABSORB) ;

}
/1 -- GLUCAGON: turn glycogen into glucose
i f (bl ood_nessenger s[ GLUCAGON] > 0) {
tmpfloat = .001 * bl ood_nessenger s[ GLUCAGON ;

nmodi fy_bl ood_fuel (GLUCOSE, tnpfloat);
nmodi fy_bl ood_nessenger s( GLUCAGON, MESSGR _ABSORB) ;

}

/1 -- EPINEPHRI NE: nake gl ucose for bl ood

i f (bl ood_nessenger s[ EPI NEPHRI NE] > 0) {
tmpfloat = .001 * bl ood_nessenger s[ EPI NEPHRI NE] ;
nmodi fy_bl ood_f uel (GLUCCSE, tnpfloat);
nmodi fy_bl ood_nessenger s( EPI NEPHRI NE, MESSGR_ABSORB) ;

}

Biologicdly, the liver works as a dhemicd filter for the bloodstream. Ead of the
chemicd messengers causes the liver to take adion that maintains the levels of the
various blood fuels. In the model, the liver readsto ead of the chemicd messengers and
blood fuels. When insulin is present, the liver reduces the glucose store and contributes
to alocd glycogen store. Likeinthe alipose tisue, this fuel store should last longer than
any anticipated interadions, so no record is kept. Conversely, glucagon causes the
glucose to be incremented (and a theoreticd glycogen store to be depleted). Epinephrine

again causes the mobili zation of energy, so the glucose variable is incremented.
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The liver, though, also readsto the levels of the blood fuels. If the glucose level gets
too low (from over-exertion, malnourishment, or some other metabolic imbalance), the
liver notices this and turns additional glycogen into glucose. Theliver is also sensitive to
ladate, the waste product of aeobic combustion. The liver deaements the ladate
variable and increments the glucose variable (modeling the Cori cycle in humans). This

has the dfed of helping maintain the glucose level even during times of exertion.

/' * MJUSCLES: */

/'l -- RESTING

if(sstrain[JONT] < THRESH) ({
[/l -- restore the cp if sstrain < thresh
if(cp[JONT] < 10)
cp[JO NT] += .0002; // replenish in 10 sec

}

/1 -- INITIAL EXERTI ON
if(sstrainfJONT] > (Istrain[JO NT] +THRESH)) {

/[l -- drain cp, if no cp, drain glycogen

i f(cp[JAONT] > 0)

Cp[JAO NT] -= sstrain[JONT] * .00002; //reduce in 5 sec

el se {

tmpfl oat = percent _anaerobic * sstrain[JO NT] * AEROBI C_CONST;
muscl e_gl ycogen[ JO NT] -= tnpfloat;

lactic_acid[JO NT] += tnpfloat;

tmpfl oat = (1-percent _anaerobic) *
sstrai n[JO NT] * ANAEROBI C_CONST;

muscl e_gl ycogen[ JO NT] -= tnpfl oat;
nmodi fy_bl ood_f uel (LACTATE, tnpfloat);
}

}

/1 -- EXTENDED EXERTI ON

if((sstrain[JONT] > THRESH &&
(sstrainfJONT] < (lIstrainfJONT] + THRESH)) &&
(sstrainfJONT] > (IstrainfJONT] - THRESH))) {

/1 -- anaerobic comnbustion

tmpfl oat = percent _anaerobic * sstrain[JO NT] * AEROBI C_CONST;
nmodi fy_bl ood_fuel (GLUCCSE, (-1 * tnpfloat));

lactic_acid[JO NT] += .1*tnpfl oat;

/1 -- aerobic conbustion
tmpfl oat = (1-percent _anaerobic) *
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sstrai n[JO NT] * ANAEROBI C_CONST *. 1;
nodi fy_bl ood_fuel (FATTY_ACIDS, (-1 * tnpfloat));
nodi fy bl ood fuel (LUCCSE, (-1 * tnpfloat));
nodi fy_bl ood_f uel (LACTATE, tnpfloat);

}

The muscle readion to the metabolic system isthe ceterpieceof the meso system.
Thisfirst sedion, the energy-burning model, has threesedions. First, when the muscles
are d rest, theinitial energy sourcereplenishesitself. The phospho-credine well
(“cp[JOINT]"), which is the first energy to be expended during exertion, is $owly
incremented. In the biologicd system, this fuel sourceis creaed and broken down using
chemicasthat stay in the muscle. Becaiuse thisreadion mainly involves chemicds that
do not impad the rest of the metabolic system, the “cp[JOINT]” variable is replenished
without drawing energy from any other source

When the muscle is not at rest, though, there ae two stages of energy expenditure.
The stages are differentiated by whether the muscle has just begun to exert itself and is
mobili zing the various energy sources or if the muscle isin the middle of alengthy
exertion. Thisis sensed by comparing the short-term average (average over the last
seoond) with the long-term average (average over the last 30 seconds). When the short
term average is much higher than the long term average, the model simulates the initial
stages of energy consumption. First, the phospho-credine well is depleted (with no
penalty to the rest of the system). However this only takes a matter of seconds, and the
muscle must then move on to the locd glycogen store.

Burning gycogen (and the similar read¢ion which burns glucose) requiresthat the fuel
be processed either with or without oxygen (aerobicaly or anagobicdly). Because the

oxygen level varies with the heat rage, the readion generally happens under both
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conditions, with the available oxygen resulting in agobic conditions, and the remainder
of the energy requirement coming from anaeobic combustion. To refled thisin the
model, the fuel consumption is cadculated under both conditions, with the
“percent_anaaobic” variable determining the relative quantities. The model refleds the
diff erences between these two types of combustion in two ways. First, the aeobic
portion produces ladate, which the liver then regycles into new glucose. The anaeobic
portion, however, creaes ladic add, which leals to sorenessand pain during muscle
movement. Seaond, the relative dficiencies of the fuel combustion conditions are dso
refleaded in the model. The AEROBIC_CONSTANT isten times larger than then
ANAEROBIC_CONSTANT, modeling the fad that the incomplete breakdown resultsin
amuch lessenergy and a much higher fuel requirement for the same exertion.

The extended exertion portion is much like the initial post-phopho-creédine phase,
however it incorporates other fuel sources. The same @nstants refleding the relative
efficiency levels are used in the aeobic and anagobic readion. As exertion moves on,
the muscle switches from using the loca glycogen store to the glucose in the blood (the
glucose variable), and becaise the ladate from the a@obic glycogen burning has caused
the glucose variable to be incremented, its value is higher than usual. Asthe readion
becomes more aeobic, the muscle beginsto use its most efficient fuel source fatty adds.
Released by the alipose tisaue, the fatty adds all ow the muscle to exert much more force
than the glucose or glycogen. Thisisrefleded in the model by the fad that the fatty
adds are only consumed at one tenth the rate of the glucose (refleded inthe .1 fador). It
isimportant to note, though, that glucose is required in the burning of the fatty add, so
thereis gill adraw on the glucose source
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/1 -- INSULIN: replenish glycogen
i f(blood nessengers[INSULIN > 0) {
tmpfloat = .001 * bl ood_nessengers[ | NSULIN];
nmuscl e_gl ycogen[ JO NT] += tnpfl oat;
nodi fy_bl ood_fuel (GLUCOSE, (-1*tnpfloat));
nodi fy_bl ood_nessenger s(1 NSULI N, MESSGR_ABSCRB,) ;
}

/[l -- drain lactic acid
if(lactic_acid[JO NT] > 0)
| actic_acid[JO NT] -= .000001;

tmpfl oat = 1;
[/l -- deternmine if ph-balance should Iimt rmnuscle output
if(lactic_acid[JONT] > LACTIC THRESH) ({
tmpfloat = 1- (2*(lactic_acid[JO NT] - LACTIC THRESH));
strain_reduce[JONT] = tnpfloat * strain_r[JO NT];
}

The muscles, like other organs, store energy during times of high glucose avail abili ty.
Consequently, insulin causes the muscles to draw from the glucose in the blood and add
to the locd glycogen stores. Because these glycogen stores can refled afeding of
“muscle fatigue,” this gore is modeled with a variable (“muscle_glycogen[JOINT]") for
eat muscle, eat of which isincremented duing this energy storage period.
Additionally, the bloodstream draws away any ladic add that might be in the muscles.
This reduces the sorenessand pain that comes with anaeobic adivity.

The final pieceof the muscle model is the potential to limit the muscle output dueto a
ph imbalance. When an over-abundance of ladic agd builds up in the muscles, pain is
not the only outcome. The over-addity can cause the @mntradile &oility of the cdisto be
gredly diminished. Thisis modeled by reducing the output strain

(strain_reducg JOINT)) if the ladic aad is over a cetain threshold.

/' * ENERGY DRAI N */



nodi fy_bl ood_fuel (GLUCCSE, -0.00001);
nmodi fy_bl ood_f uel (FATTY_ACI DS, -0.00001);

The organs ead require energy to perform their various functions aswell. Two small
fuel drains model this effed. Most organs (muscle, liver, kidneys) use fatty adds as their
resting fuel, but two criticd organs, the brain and the red blood cdls, lack the necessary
mitochondriain their cdls, and therefore must use glucose & fuel sources. To model this
fad, both fuel sources are dowly drawn from over time. Monitoring mechanismsin the

liver, though, ensure that these fuel sources maintain reasonable values.
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5 Results and Discussion

One of the cantral challengesto the model isfor it to exhibit the proper behavior
under many different conditions of exertion. The same system must maintain
homeostatic values in ead of the different variables when the am is performing a short
high-intensity exertion aswell aswhen it is sibjeded to alower-intensity but longer-term
exertion. Thismust also be mmbined with a proper response to the new inputs that are
avail able to the system, namely, a gastro-intestinal input as well as the potential for a
neurologicd stimulation of the adrenal glands.

This edion will outline aseries of tests performed on the system and provide the
relevant outputs. Eadh set of results will be followed by analysis of the similarities and

differences with the biologicd system.

5.1 Heart rate and oxygen delivery

The heat rate is regulated acarding to the global exertion rate of the robot. The
heat rate then determines the anount of oxygen that can be delivered to the muscles
during fuel combustion. In these examples, the exertion was brought to alevel that was
above or below the target zone, and the percent_anaeaobic variable was observed and

recorded.
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Figure 1 (timedisplayed: 1m 25s): The heart_rate and percent_anaerobic

variables during mostly aerobic exertion. Thetop panel showsthe short-term strain

(yellow trace) and the longer-term averaged strain (red trace).
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Infigure 1, the level of strain is relatively low, and the percent_anaeobic variable,
which is the measure of how much fuel combustion can take placein the presence of

oxygen, deaeases with it.
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Figure 2 (timedisplayed: 1m 25s): The heart_rate and percent_anaerobic

variables during mostly anaerobic exertion
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Infigure 2, the exertion level brings the heat rate out of the target zone. In this case,
asthe heat rate first begins to increase, the percent_anaeaobic variable dropsto zero and
stays there while the heat rate isin the target zone. However, asit continuesto rise, the
percent_anaeaobic goes up again, simulating the inabili ty of the muscles to harvest

oxygen due to the speed of the bloodstream.

5.2 Homeostatic fuel levels through varied nutrient inputs

Asthe robot takes on rutrients, it is important to keep the blood fuel levelsrelatively
static. While they do vary over time (and the body senses those variations), they do not
reat zero or their maximum values except in examples of trauma or malfunction. Inthe
following examples, the robot’s nutrient input is varied and the resulting blood fuel levels

are displayed.
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Figure 3 (time displayed: 2m 35s): Nutrientsareinserted into the system via the
gi_glucose variable (middle window, bluetrace). The other blood fuels react

accordingly.

Infigure 3, the robot was given a blast of nutrients (the blue trace on the middle
window). The system readed and maintained arelatively steady glucose level (green

trace middle window) by adding insulin to the system (green trace top window). The
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rise in insulin caused the other organs, such asthe liver and adipose tissue, to draw from
the glucose and creae stores (glycogen and fat, respedively). Because the fat and liver
glycogen stores are modeled as infinite stores, their levels are not displayed, however the
muscle glycogen (green trace bottom window) did rise & the insulin was introduced into

the system.
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Figure 4 (time displayed: 2m 35s): No nutrientsare introduced into the system,
yet the glucagon (too small to show) allowed the blood fuel levelsto remain

relatively constant.

Figure 4 shows the robot at a state of zero input nutrients. The fuel levels do change
(the body’ s tissues draw on the fuel for survival), but the fuel is depleted much more
dowly than the rate it is being drawn. In this case, the glucagon variable is incremented
just enough to encourage the liver and adipose tisaue to deposit fuel into the blood to

prevent the exertion from completely draining the system.
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Figure 5 (time displayed: 1m 25s): Two short bursts of epinephrine cause the
liver and adiposetissueto release glucose and fatty acids, respectively, into the

bloodstream for immediate use.

In addition to nutrients, stressinduced epinephrine can also cause avariation in the
blood fuel levels aswell. In this example, the robot has just digested a small amount of

nutrients, so the glucagon levels have not yet begun to rise. A small rise in epinephrine is
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administered to the system; smilar to the way a agnitive stresor might excite the
adrenal glands. The fuel levelsrise, providing the body with extra fuel to prepare for

adion.

5.3 Blood fuel levels during aerobic and anaerobic activity

The model must not only maintain the blood fuel levels during varied nutrient levels,
but also during varied levels of exertion. In the following examples, the robot will be

driven at different levels of exertion and the blood fud levels will be demonstrated.
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Figure 6 (timedisplayed: 1m 25s): With alow exertion level (yellow trace, top
panel, left window), the heart rate stayed relatively low. Thiscaused some
anaer obic combustion, however the levels of lactic acid (yellow trace, bottom panel,
right window) and fuel drain (yellow and green traces, middle panel, right window)

are acceptable due to the low amount of fuel needed.

In this example, the robot is being driven at alevel of exertion that is well below the
target heat range. Although the exertion is roughly half anaeobic, becaise the total
amount of fuel is small, the fuel levels experiencelittle dhange, and thereislittle to no
buildup of ladic aad (yellow trace bottom panel, right window) in the system. First the
phospho-credine (red trace bottom panel, right window) is completely depleted and then
the muscle glycogen and blood gucose contribute fuel. At thislevel of exertion, their
levels will be maintained by glucagon, a very small amount of epinephrine, and the

glucose monitoring function in the liver.
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Figure 7 (timedisplayed: 1m 25s): Theexertion in thisexample brings about an

aerobic heart condition, and this allows for maximum fuel efficiency.

Infigure 7, the robot’s exertion level is elevated to the point where the heat rateisin
the target zone. This means that the fuel combustion takes place #most entirely in the
presence of oxygen. Consequently, even though the exertion level is higher, the blood
fuel levels are still kept at relatively similar levels. Note that, although the exertion
started out with an anaerobic component, as it vanished, the fuel consumption and ladic

add production tailed off into the more dficient state. A small amount of epinephrine
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(yellow trace top panel, right window) isreleased due to the stressof the exertion. This
causes the other organs to release fuels into the bloodstream, but the mgjority of the fuel
being burned is glucose (provided by the liver’s large glycogen store) and fatty adds

(provided by the vast fat store in the body).

Figure 8 (time displayed: 1m 25s): The exertion in this exampleis much higher
than therobot can sustain for along period of time, and the fuel levels begin to go

out of balance.
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Figure 8 represents an exertion that brings the robot’ s heat rate well above the target
zone, and this level of stressadually does bring the robot’s fuel levels out of balance. At
first, the high exertion is compensated for by arise in the anount of epinephrine (the
yellow tracein the upper right hand corner is visible for a short period), and the exertion
can continue. However, asthe combustion becomes completely anaerobic, the body is
limited to burning large anounts of glucose without oxygen, and the ladic aad level
begins to rise to unacceptable levels. These levels cause the reduction in output force
(yellow trace top panel, right window). Given more time, the reduced forcewould cause

alower ned for fuel, and allows the system to return to homeostatic levels.
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6 Conclusions

6.1 Summary of contributions

The model outlined in this thesis was designed and built to integrate the behavior of a
red robot with biochemica limits and sensory values. Many biologists have built more
sophisticated models of different aspeds of the human metabolism with success By
simulating ead readion and linking the preaursors and products, these models have been
ableto smulate asmall set of biologicd readions with a high degreeof fidelity.
However, they are dso amost universally isolated from the red world. Successis
adieved by having the smulated readion result in chemicd levels being the same &
exist in humans.

This thesis works on a different premise from those models. Instead of attempting to
caefully model ead chemicd readion (at large mmputational expense), the goal of this
model isto creae amore cmprehensive system that is efficient enough to runin red
time. Further, it interfaces with arobot operating in the red world, so the values must
conform not to a measured result of a biochemicd readion, but instead to a
representation of how ead of the values change in the human system given a pattern of
red behavior. Finaly, thismodel aso hasthe &bility to intervene and affed the behavior
in acordance with the model.

The red contribution of thiswork, however, will come & more functional systems
are mnstructed utili zing meso as a foundation. The goal of a system that generates a
broad variety of humanoid gestures will require humanoid inputs. The cnstruction of

the robot (human form and range of motion, acarate force sensors) provides sme of the
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foundation for humanoid inputs. However, a system hoping to emulate the way humans
gesture must have accssto the same information that the biologicd analog doesin
humans in order to be succesdul. Meso provides that information, allowing such a

system to be developed.

6.2 Future work

Beyond the generalized gesture system that meso is intended to support, there ae
several other interesting interfaces to the biochemicd system that could be successully
modeled on the robot. Aswas mentioned in chapter 4, the implementation currently only
supports change to the state of the robot that occurs over the murse of roughly an hour.
However, longer-term changes could be integrated into the system, allowing the robot to
improve its performance over the curse of weeks and months. For thiswork to be
meaningful, though, there must either be interadions that occur over these longer periods
or some way for the robot to recognizeits changes in fitnessand work for improvement.

However, the biochemicd systems modeled in meso also have other effeds on the
body that could inspire additional modeling on the robot. While this thesis primarily
models the dfed of energy storage and consumption from the muscle point of view,
these energy sources also drive the mental systems of the robot. This effed is easily
observed when atired person will exerciseto “wake up.” The exercise aedes ademand
for energy from the muscles, and as the various organs put fuel into the bloodstrean to
provide for this exertion, the brain is also able to gather more fuel and work harder. As

the robot develops more @mgnitive processes, they can interfacewith the meso system as
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an energy provider to creae the éb and flow of mental exertion that is charaderistic of
human cognitive processes.

In addition to the dfed that energy level has on cognitive processs, the anotional
madinery that is currently being investigated by other robots has connedions with the
systems modeled in meso. In our lab, the robot Kismet (Breze& 2000 has a “fatigue”
drive that increases monotonicdly. Because Kismet is only a head, this “drive” may
make sense, however, for a fully embodied robot, fatigue should be regulated by the
overal behavior of the robot. Thismodel provides that interface and, with it, amore
fully redized emotional model.

Finally, the very inspiration of the meso system, to provide ahumanoid robot with
accessto human metabolic senses, could be dightly altered to creae avery different
system. Insteal of giving the robot a smulated human metabolic system, one could
imagine ametabolic system that is based around the robot’ s red energy source, namely,
eledricity. While Cog is afforded an unlimited and fairly regular suppy of energy, a
robotic metabolism would be particularly useful in the event that Cog ever needed to
limit its power consumption. It might be possbleto creae asystem in which models for
the use of temporary power sourcesin humans (locd glycogen stores, phospho-credine)
could be used to regulate atemporary power suppy such as a battery padk. ldedly, meso
could serve to allow the benefits of the human energy regulation system to apply to a

humanoid robotic system.
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