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Abstract 

Thc realistic animation of human and animal figures has long been a prime goal in computer 

graphics. A recent, physically-based approach to  the problem suggests ~nodr l ing creatures as act,~latcd 

articulated bodies equipped with a "virtual brain" which generates the control signals required by 

the a;tuators to  produce t,lle desired motion. The  animation of such a creature is simply a forward 

sin~ulation of the resulting motion under the laws of physics in time. 

While using tmllis approach ensures physically realistic rnotion, there is no obvious ~ o l u t ~ i o n  to the 

problem of devising a control syst,enl that  leads t,o the  desired motion. Even though good results have 

been achieved by carefully handcrafting control systems on the  basis of biolnechanical knowledge and 

physical intuition, it is desirable to produce control system autmornat,ically. Evolut'ionary algorithms 

n-hich it,eratively improve randomly generated initial cont.rol systems have shown to  he  a promising 

approach to this problem. 

This thesis introduces spectral synthesis as a tool for generating control syst,erns to  be opt,i~rlizetl 

in an evolutionary process and demonstrat,es the viahilit,y of t,he approaclt by evolving creatures for 

the t,ask of legged locomotion. Other than represer~t~atior~s of control systems t,hat have previously 

been used for evolving useful behavior, spectral synthesis guarantees evolvability, improving the 

cllances of the evolutionary search t,o succeed. Virt,ual creatures esl~ibit,iug a great variet>y of niodes 

of locomotion, including hopping, crawling, jumping, and walking, have been evolved as part of t,his 

work. The  incorporat,ion of more goal-direct,etl components remains as a future goal. 

A second accorriplishrnent of this t,hesis is t8he derivation of t,he equat,ions describing t8he effect of 

applying a contact force t,o an a r t i~u la t~ed  body on its accelerat,ion, making it possible t,o gmcralize 

the common algorithms for handling contacts in systems of rigid bodies t,o articulated bodies. The 

physical simulation algorithm described in this thesis allows for real t#irne simulation of articulated 

creatures of up to  about twenty degrces of freedom. Efficient simulation algor~thmb are espec~ally irn- 

portant as evolutionary optinuzation requires the exaluation and therefore sirnulat~on of the behawor 

of a great number of creatures. 



I'd like to  thank Dave for encouragement, support, and helpful advice, and the other 

members of my examining committee for useful input which helped shaping the final version 

of this thesis. 
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Chapter 1 

Introduction 

The realistic modeling of the locomotion of human and animal figures has long bccn a prime 

goal in computer graphics. In a direct derivation from traditiorral anilnation techniques, 

the problem of animating figures in physically realistic and visually convincing ways has 

long been put into the hands of highly skilled animators who prescribe the positions and 

orientations of the objects in motion for a number of key frames, with intermediate frames 

constructed by computer interpolation. 1 , ~ ~ s  ETRR [27] givcs a corrlprchensive account of 

how the principles of traditional animation apply to  3D keyframe computer animation. 

However, producing motion kinematically by determining positions of objects over t h e  

while neglecting the forces and torques that generate the motion in the real world often 

causes tlre n~ovements to  have a somewhat unrralistic appearance, and figures may look as 

if being pulled by invisible strings instead of locomoting as a re5ult of thc4r limb movements. 

Dynamic methods do not suffer from this problem as they model the behavior of the 

objects in motion under the laws of physics and therefore guarantee physically realistic 

and visually pleasing results in the limits of the physical model being employed. llsing a 

physically-based approacli, articulated figures are usually modeled as collections of rigid 

bodies connected by joints. Virtual "~nuscles", in the following referred to  as actuators, 

apply forces across the joints to  make the creatures move. The motion of the rigid bodies 

comprising an articulated figure is governed by the laws of Newton and Euler, with the 

joints imposing kinematic constraints. To generate the successive time frames required for 

an animation sequence, the system conrhining the equations of rnotion with any constraint 

equations that  might be needed, for example for avoiding interpenetration of solid objects, 

is numerically integrated. 

Unfortunately. however. the gain in realism resulting from the use of dynamic simulation 



as opposed to  kinematic methods comes at the cost of a lobs of control. The prohlt~rn of 

specifying a physically realistic sequcncc of positions alid orientations has lwcn replaced by 

the even less intuitive problern of specifying a system which. \vlien subjected to the la\vz.c, 

of physics and simulated over time, shows the desired hel~avior. 111 particular, to  produce 

ar~imations of actuated articlilatetl figures. the actuator forces and torq~ies leading to the 

desired rnotion have to be given. As the num1)er of c1egrer.s of freedom is potentially quite 

large, the problem of finding and coordinating appropriate control algorithlils is rather 

complex. 

Related Work 

In recent years. a numl~r r  of studies liave dealt with the problem of automating the creation 

of animations of articulated figures. The followirig overview does not attempt t o  cover all 

of the work done in thc area, but rather concentrates on instances where dynamic concepts 

have been used as a tool t o  achieve realistically looking rnotion. For readers interested 

in a more comprehensive treatment of the subject or related higher level approaches, the 

anthology Making Them Jfove ['L] can serve as a starting point. 

Several authors liave introduced r~~etl iods for blentling kin~rnatic constraints with dy- 

narnic simulation. ISAACS and C'OHEN [2O] and BARZCI, a n d  BARR [r)] suggested cserting 

explicit control over some of tlie degrees of freedom 1)y kinematically specifying positional 

constraints on parts of a hotly while allowing other parts to react in a correct dynamic 

fashion. Technically. this car1 be achieved by treating the kinematic constraints as ronse- 

cluences of constraint forces which are solved for and subsequently added into the simulation. 

cancelling out tlit. part of the dynamics that  lcatls to  the violation of the constraint. The 

approach permits parts of an articulated body. such as a character's hands or feet. to he 

rnoved along predefined trajectories. However, it provides no help in defining those trajecto- 

ries. which is the central probleni in creating character animation. and unrealistically large 

forces can occur as a consequence of badly chosen constraii~ts. It has been noted that  while 

allowing a character to be dragged around manually like a mar ionet t~ ,  constraint forces 

sidestep the central issue of deciding how the character should move. 

In an attempt to  overcome these limitations, LVITKIN and tiizss [53]  introduced space- 

tirne constraints, permitting the imposition of constraints througliout the time course of 

the motion, with the effects of constraints propagating freely backward as well as forward 

in time. The approach conceptnally deviates from the sirnulation paradigm by treating the 

laws of physics as constraints on the motion rather than as tlie primary driving force for 

simulation. Instead of progressing sequentially through time. the problem of producing an 



animation sequence is collsitlerecl as a trajectory optirnizatio~r problcrr~ \vit lr the laws of 

plrysich as constraints, and is so lv~d  by iteratively refining an initial guess at a possibl~ 

trajectory. As the optisnimtion prohleln rcqnircs that all forces and all of a creature's de- 

grees of f r t d o m  during the entire time interval of interebt are solved for sirnultanroudy. 

the computational requirements grows rapidly ~vi th  the nuniber of degrees of freedom of the 

ol.)jects being modeled and \vith the lengt 11 of the sirnulat ion time interval. illoreover. the 

approach requircs exact advance kno~vlcdgc~ of the time steps a t  \vlticll no11-interpc~lretratiorl 

constraints are active. nlaliing it difficult if riot impossible to lrantlle multiple and frequently 

changing contacts realistically. In an attempt to alleviate these problems, COHEN [12] ex- 

tended the original idea by introducing spacetime windows, suhdivitiing spacetime into dis- 

crete pieces, and created an interactive framework for specifying coslstraints and objectives 

for the motion. and for guiding the nwnerical solution of the optirnimtion problem. 

An entirely different approach was chosen by BRUDERLIN and CALVERT [ lo]  who made 

use of detailed knowledge of the hior~~cchanics of walking to  create a simplified dynarrric 

model of the human gait and to control its degrees of freedom. Rather then relying on a 

general dynamic model. they tailored a leg model based upon a telescoping structure with 

two degrees of freedom for the stance phase and a compountl pendulum for the swing phase, 

and analytically constrained the motion to  allow for orrly a specific range of movenrents. 

Having thus reduced the number of degrees of freedom as compared to a general dynamic 

rnotlel, they used knowledge about locomotion cycles to construct a hierarcl~ical process 

controlling the remaining variables. Feet, upper body, and arms were added to  the model 

kinematically. and were made to move i n  an oscillatory pattern similar to that observed i n  

humans. The approach rcsulted in a procedural modtl allowing an animator to  effortlessly 

control the motion by simply varying some parameters affecting the gait. 

The reniainder of this survey concentrates exclusively on related work employing general 

dynamic models with no kinematic constraints other than those ster~rri~ing directly from the 

laws of physics. No advance assumptions are being made about the forms of motion that  

emerge during the course of a simulation. Given an accurate physical model, the motion that  

can be generated using this approach is extraordinarily realistic and naturally incorporates 

effects resulting from phenon~erra such as surface friction in a convincing manner. Two 

major problems pertaining to  it are the high computational demands of a general pl~ysics 

simulator which is sufficiently robust to cope convincingly with all constellations that might 

occur during the course of a simulation. and the difficult question of how to design a control 

system which generates input to  the actuators leading to  the tlcsired form of motion. 

LVhile the problem of physical simulation has often been dealt with in the past by using 



simplifiecl dynamic models, crcating statically stable syiteliib, or restricting the motio~i to 

two dirnr~nions, a corlsitlerable amollnt of work exibts on the prohlern of designing poucrful 

control systems. Illstead of just producing periodic time series as inp~lts  for the actuators, 

control ~ 5 t e m s  can rrlake use of serisor infor~ilation to compute appropriate signals on 

the basis of data on the currerit position and velocity of the creature and parts thereof, 

i~~forrrlation on contact with the ground or other objects. or even visual data ahout the 

c~nvironrrient . 
As the design 1)ased upon physical intnition or knowledge of bionleclianics requires a 

consiclerahle amount of effort o n  the part of the animator, nluch of which consists of tweaking 

parameter values, at tempts have been made to  generate sucll system5 automatically in an 

evolutionary process. The perfornrance of initially randornly generated control systenir is 

evaluated, and in a process mimicking features of biological evolution, promising systems are 

used as starting points for further generations while poorly performing ones are discarded. 
r 1 1 he approach derives part of its appeal from its potential to  generate interesting and often 

surprising results that  would be hard to  achieve by using other methods. 'The disadvantage 

that  the influence an animator can exert on the behavior of the creatures to  be evolved is 

lirnited to  the specification of fitness criteria, arid therefore is iriclirect and comparatively 

weak, is often more than compensated for by the fact that  evolvecl characters frequently 

exhibit behaviors which give them the appearance of intention and personality without it 

being explicitly designed. 

The following liyt describes interesting features of some related xvork in whicl~ control 

systems have been generated that  lead to  successfill locomotion behavior. 

L I C ' K E N N A  and ZELZER [29] created a t h r e e - c h e n s i o d ,  six-legged virtual iniect with 

38 degrees of freedom which is capable of statically stable walking. The problem of 

generating a control systern was divided into one of coordinating the motion of the 

links and one of gonerating the actual forces. Coortlinatio~l was achieved by a gait 

controller consisting of a numher of coupled oscillators - one for each leg of the 

crcature - which rhythmically trigger the legs t o  step. Additionally, reflexes such 

as a step refiex which triggers a leg to  step if it has nearly reached its maximum 

rearward extension, and a load-bearing reflex which prevents a leg from stepping if 

it is currently supporting the body, were added t o  reinforce the stepping pattern. 

The problem of computing the forces was solved by carefully handcrafting motor 

programs for stepping and stance which compute the forces necessary to lift the leg 

up and forward and place it in a position to  take up the load of the body when stance 

begins, and the forces needed t o  support the body via the legs and propel it forward, 



respectively. The resulting control systerti can adapt to  various speeds as a reaction 

to  changcs in an exogenous parameter and proved to be robuht enough to  enable the 

creature to  ncgot iatc its way in uneven terrain. 

0 NGO and MARKS [35]  evolved control systems for two-dinlcnsional stick figures treated 

as autonomously deforming objects without dynamic internal degrees of freedom. .is 

the deforniatiotl of such creatures is purely kinematic, the task of physical sirnulatiorl 

is restricted to  rnodeling interactions with the ground plane. Sensors inchiding pro- 

prioceptive sensors for the joints, tactile sensors delivering inforrrration on the forces 

exerted by tlre endpoints of the links on the ground, kinesthetic sensors giving the. 

vertical velocity of the center of mass of a creature. and position sensors supplying the 

vertical position of the center of mass relative to the floor provide input t o  tlie control 

systems of the creatures. The control system itself uses a number of stirnulus-respo~~se 

pairs and a metric defined on tlre sensor space to  map sensor readings to  the response 

associatcd with the closest stored sensor tuple. 

VAN DE PANNE and F I U ~ ~ E  [49] pursued similar goals by connectirig the sensors of 

their two-dimensional creatures to  the actuators through a neural network which ivas 

designed to incorporate internal delays, thereby giving it clynaniic properties. 

0 S~nls [13] made use of a highly parallel cornputer to  create virtual creaturcs for walk- 

ing, swinrrning. and jumping in a simulatrd three-dimensional world. ivith both the 

rnorphologies and the control systems being generated automatically in an evolution- 

ary process. His articulated figures arr  composed entirely of tllree-dinlensio~i:il, bos- 

shaped rigid bodies connected by a variety ofjoint types. Control systems are net~vorks 

of nodes computing simple logic and arithmetic functions, resembling dataflow com- 

puters in their operation. Both morphologirs and control systems were encoded as 

graphs, a ~ r d  evolutionary operators applicable to this representation Lvere specifically 

designed. 

0 VEIVTRELLA 1.501 enlianced the automatic evolutionary algorithm by an ilrteractive 

component. making it possible for the aninlator to let subjective judgenrent influence 

the csploratiori of emergent locomotion behavior in articulated three-dimensional stick 

figures evolved for walking. Both morphologics and the control systems which were 

rnade to  generate simple sinusoitlal output without rnaking use of serlsor input were 

subject to  evolutionary change. 

0 HODGINS, WOOTEN, BROGAN, and O'BRIEN [19] produced animations of human 



atl~letics. They created kir~ernatic models of humans ~vith up to  30 controllet1 drgrees 

of freedom and designed control algorithms based upon physical intuition about the 

t)ehavior\. observations of hnrnau\ perfornling thc task, and hionlechanical data  to 

produce anin~ations of running. bicycling, and vaulting. 

Goals 

The goal of this thesis is to  produce realistic animations of three-tlirnensional, fully dy- 

namic'. legged articulated creatures. Two separate cllallenges are related to this task. First, 

algorithms for the clyriamic simulation of three-dinlrnsional articulated figures have to be 

developed. While efficient algorithms for the simulation of unconstrained figures exist. the 

situation is less satisfactory when interpenetration constraints have to he considered. One 

contribution of this thesis is the generalization of an algorithm for computing contact forces 

from systems of rigid bodies to  articulated bodies. The resulting simulator is snffici~ntly 

powerful and robust to  convincingly simulate the motion of rounded three-dimensional ob- 

jects \vith up to ahout twenty degrees of freedom in real time. 

The second challenge is the problr~n of finding ericodings describing virtual creatures 

which are suitable for evolutionary optimization, in that  they increase the cllances of the 

evolutionary search to  succeed. Such genotypic descriptions have to contain all infortilation 

on tlie kinematic structure of the links and joints. the mass and inertia properties of the 

links, and the parameters describing the control system of a creature. The encotlings of most 

current control systcrns such as neural netmorks or dataflow architectures suffer from the 

defects that for most values of the parameters, the resulting hchaviors are rneaninglcss, and 

that the dependence of creature behavior on the parameters is usually highly disco~~tinuous. 

In this thcsis, spectral synthesis is introduced as a i~scful tool for the design of motor 

programs, and problem specific evolutionary operators are suggested. 

Overview 

The remainder of this thesis is organized as follows. Chapter 2 introduces tlie physical 

groundwork for modeling articulated creatures. I11 particular. after outlining the basic con- 

cepts and equations of motion. the articulated body method as first formulated by FEATH- 

ERSTONE [16] is derived as an efficient algorithm for computing the dynamics of articulated 

bodies without kinematic loops. Then. algorithms for handling collisions and static contacts 

are presented and their appropriateness for the problem at  hand is discussed. Chapter 3 

starts with an introduction into the field of evolutionary optimization before outlining i n -  



Chapter 1. I11trotluction 

portant factors for the design of scripting languages for the morphology and control systerns 

of creatrlrcs which are to  be optimized in an automatic evolutioriary process. The~r,  results 

from esperirnetits in which virtual legged creatures have been evolved for locornotio~l he- 

havior are presented. ('hapter 4 concludes, and Appenclis describes the soft ware system 

developed for conducting the experiments. 



Chapter 2 

Physical Simulation of Actuated 

Articulated Bodies 

Actuated articulated bodies arc systerlis of rigid bodies connected by joints which are pow- 

ered by force generators - hencefortl~ referred to  as actuators - applying forces in thc free 

directions of the joints. Often, as is the case here. articulated bodies are required to  not have 

internal loops, meaning that  a graph with vertices correspoliding to the links cornyrising an 

articulated body and edges corresponding to  the connecting joints is cycle-free. Acyclic ar- 

ticulated bodies are sufficiently general to encompass models for legged creatures as required 

in C'hapter :3. Admitting cyclic topologies \vould lead to redundant systerns of equations. 

thereby greatly increasing the mathematical and computational difficulties arising during 

sinlulation. 

The state of an articulated body can be described by means of a set of joint position 

coordinates, y, and their derivatives with respect to  time. joint velocities 6 .  Tho simulation 

problem for articulated bodies consists of solving for the joint accelerations q ,  given the 

current positions and velocities of the joints and the torques anti forces applied internally 

by the actuators and externally by contact and friction forces. A numerical integration pro- 

cedure can then be used to  compute nem positions and velocities, advancing the simulation 

in time. 

Effectively, the real problem is the practical one of finding formulations of articulated 

body dynamics and schemes for solving the equations of motion that lead to  efficient al- 

gorithms. Two different paradigms are cornrnonly used. Non-recursive algorithms, such as 

the composite rigzd body method by \ ~ - A I , I < E R  and ORIN [Tjl], obtain and then solve a set of 

simultaneous linear equations in the unknown joint accelerations. That is, they construct 



a systtm of equations of the for111 . J ( y ) i j  = f ( y . 4 ) .  nlrcre .J i:, tlit. joint space inertia rna- 

t r i s  of the articulated hotly and depends on tlre current joint positions, a ~ i d  f i5 a li~iear 

function of (1 and 4.  antl then solve for ij by inverting .I. Since such algorithms require the 

inversion of the x IY matris J ,  m~here ,Y is the rrurnber of t lcgrr~s  of freedom of the hod?. 

the computational requirornents are high. On the other hand, recursive algorithn~s such as 

the nr t i c t r ln fd  body method by FE.ATIIERSTONE [IT)] make explicit use of the topological 

structure of the systern to structure t h t ~  computational process by propagati~ig rnotion and 

force constraints along the mechanism, and require coniputational resources growing only 

linearly with K .  

\Vhile the problem of generating and solvi~ig the equations of motion for an articulated 

body witliout internal loops or contact to other bodies is a matter of efficiency, the rnore 

general problenr of si~nulating an  articulated hotly. parts of which are in contact with other 

parts of the body or with thcl environment, i \  more cornplex. SIathematically, contacts 

introduce additional constrairit equations, eliminating some of the degrees of freedom of 

the body, and giving rise to  the problem of finding efficient schemes for incorporating tlre 

constraint equations into the system of equations of motion. Unfortunately. the additional 

equations can lead to  redundancies which result in inconsistencies or am1)iguities. It is a 

well estal~lished fact that combining the pri~rciples of rigid body rr~echariics with the usual 

assun~ptions about the corrstraints at  contact points suffers from this kind of problenl. 

Moreover, none of the current contact handling algorithms is al~vays able to  avoid the trend 

t o  intolerably small intcgration step sizes as a conseqnencr of configurations it is not suited 

for. As a general rule, the more complex the articulated body to  be simulated, the rnore 

demanding the task of plrysical simulation. 

The purpose of this chapter is to  present computationally efficient algorillinls for cal- 

culating the dynamics of actuated articulated bodies. After irltroducing terminology and 

notation for the description of articulated bodies i n  Section 2.1, the equations governing 

the motion of articlilated bodies are outliried in Section 2.2 and a recursive schenie for 

their solution - devised by FEATHERSTONE [IT)] antl generalized and refined by BRAY DL.  

JOI-IANNI. and OTTER [XI - is described in Section 2.3. This algorithm is included here 

because the equations derived in its development form the basis for the algorithms dealing 

with static contacts and collisions discussed in Section 2.4. Tlre derivation of the equations 

of motion of an articulated body subject to  applied ilnplilses in Subsection 2.4.1 and the 

proposed algorithrn for handling rnultiplt. static contacts in Subsection 2.4.4 are original 

contributions of this thesis. The chapter concludes with a summary and a discrission of how 

to  integrate the outlined algorithrlis with a numerical integration procedure. 



('haptcr 2. Phr~sical Simrila tjon o f  .-1ct ua fed :2rticrrla t t ~ i  Rodics 

2.1 Preliminaries 

This section first introduces spatial notation, a r~srlful tool for fornlul;tting t 1 1 ~  equations of 

rnotion for rigid and articulated bodies. Thr\n, a general forn~alisrn for dc\crihing constrain- 

ing nlechanisrns between rigid bodies which is well suited for rriodeling the joints conllecting 

the components of articulated boclies is presented. Finally, t h e  conventions or1 notation and 

coordinate systems used throughout the renlaindcr of this thesis are outlined. This section 

does not attcrrrpt to  derive the equations needed in the following, but simply presents them 

withoit proof. For its understanding, basic familiarity with the meclranics of rigid boclies 

is useful. For an introductory treatment of the subject see for example CRAIG [13]. For a 

more extensive treatment of the prohlenl of modeling constraining mechanisms and a great 

number of examples of joint types see RORERSON and SCHWERTASSEK [All. Additional in- 

formation on spatial notation and on efficient implementations of spatial matrix operations 

can be found in FEATHERSTONE [16]. 

2.1.1 Spatial Notation 

Spatial notation was first introduced by F E A T H E R ~ T O N E  [1.5] to  unite the rotational and 

translational aspects of nlotion into a single vector quantity. thereby leading to  concise and 

elegant descriptions of physical systems. In this thesis. a version revised by BRANDL, .lo- 

H A Y L I ,  and OTTER [8] who clarified notational details is used. In spatial notation, position 

is a grneric term. embracing both location and orierrtation of an ol~ject .  Accordingly, veloc- 

ities. accelerations. and forces are clescrihed by six-tlirnensional vectors, each incorporating 

tl1rc.e angular and three linear conlpone~its. Throughout the following. 

denotes a spatial velocity with angular component and linear component v .  Similarly, 

stands for the spatial acceleration with angular component & and linear cornpoilent i., and 



is a spatial force with r representing a torque and f a force vector. 'l'lie spatial inertia 

matrix of a rigid body is a 6 x (5 niatrix of the fornl' 

where I is the 3 x 3 nlonlent of inertia tensor of the object with respect to the origin of the 

coordinate system, cl is the position of the center of mass of the body, and nl is the body's 

Illass. 

.4 spatial vector quantity can be transformed from one coordinate frame to  another hy 

niultiplication with a spatial tralisforrnation matrix. hlore specifically. let and $3 denote 

t\vo coordinate frames, and let 

where A is the 3 x 3 rotation matrix aligning a-coordinates with p-coordinates and b is 

the origin of the B-coordinate system in a-coordinatrs. Then, if x("') is the representation 

of a spatial vector qualttity x expressed in a-coordinates, the representation of that same 

quantity in 3-coordinates is 

Similarly, a spatial inertia matrix Z can bc transformed from n-coordinates to  ,d-coordinates 

by mealis of 

As a special case, choosing a coordinate system centered at tlie center of mass of an 

object sho~vs that Z can be expressed as 

-c2 

 or a vector c = (:I, jet t = (: ' I ~ ) .  As a conseq~ence, the cros. product c x d of 

- c1 

three-dimensional vectors c and d can be wrltten as the matrlx-vector product i d .  In the same manner, the 

vector-matrix cross product c x ,lf of three-dimensional vector c and 3 x 3 matrix N is defined to be iM, 
the 3 x J matrix with columns being the cross products of c with the columns of ;lf. 

Furthermore, throughout the followng, l n x n  denoks  the n x n unity matrix. S~mllarly. O,,,,, s tdr~ds for 

the 7n x n zero matrlx. 
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where I"' is thc  mo~nen t  of inertia tensor of the o t~ jcc t  with respcct t o  the coordinatc 

system centered at  its celitcr of mass, and 

As IC'." is symmetric and positive definite, nt is pohitive, and D is regular. it follows that  

Z is symmetric and positive definite and therefore invertible. This property will be lisetl 

in Section 2.3. Furthermore, it is worth noting tha t  spatial transformation niatrices are 

transitive in the sense tha t  

for any three coordinate frames cu, 3. and y 

2.1.2 Joints 

The  joint model prescritetl in this section provides a uniform rr~athematical description of 

the kincrrlatically constraining interconnection twtween two colitiguons links of an articu- 

lated body. In this model, joints have a t  least Lero and a t  most three rotational and three 

translational degrees of freedom. That  is, even a rigid connection and the relative motion 

of two free bodies in space can be described. The  nloclel is a sil~lplification of the general 

joint model introtlucctl by KOBERSON and SCHIVERTASSEI~ [-111. 

If a joint has S ( 0  5 N 5 6)  degrees of freedom, the joillt s ta te  can be described at  any 

instant by a set of S position variables forriling the  joint position vector q ,  and ,\; velocity 

variables forming the joint velocity vector (1. For all joints used in the follo\ving, a set of 

joint s ta te  variables can be found such that  the rtlative velocity of the moving body with 

respect t o  the base body can be written in spatial notation a s  

,Is (i is a minirnal set of variables, the 6 x S matrix 4 has full colunm rank and a 6 x (6  - ,Ir) 

matrix 8 can he found such tha t  the columns of 6 x 6 matrix ~5 d form a hasis of IRG. ( -1 
The  constituents of this basis are called the nzocle vectors of the joint. with the col~lllllls 

of d being the  vectors of the free rnodes of the joint spanning the  motion space while the 

columns of 3 are the  vectors of the corzstrcrincd modes. Additionally. for all joints used in 

the following the relationship 



moving body 

base'body I 
I 

/ 

X'  . . , ... . - - - -  

Figure 2.1 : .l gt~nr~ral  joint conntlcting 

a mo\-ing hotly to a base hotlj.. The 

rtat po,\iriotl of thr. 111ol.ir1g botlj. is in- 

tlicarctl kv hroken linr~s. Spatial trans- 

formation .I-' transforrrls spatial vectors 

from the coortlina te frame> of the base 

b o d ,  to the coortlinatt. frame of the 

moving hotly in its rest position. and 

spatial transfbrnlat ion Sf' tratlslbrms 

from there to the coordinate frame of 

t l i ~  tnol.irlg frame it1 its actual po5ition. 

holds. 

Figure 2.1 shows a general joint connecting a moving body to  a base body. On both 

bodies, a fixed hinge point is at  the origin of a local coordir~ate frame which moves with the 

body. -4 transformation S f  comprised of a translation 6' followed by a rotation A' transforms 

spatial quantities from the coordinate frame of the base link to  the coordinate frame of the 

moving link in its rest position, and a transformation Sf' cornprised of a translation b" 

followed by a rotation A" which are generally both drpendent on the joint state completes 

tlle transformation to the coordinate frame of the rnoving body. The dependency of Aft and 

b" on the joint position y forrnally reflects the constraints on t11c position of tlle moving 

body imposed by the joint. 

The dynamic action between the hase body and the moving body can be described by 

a resultant spatial force f acting on the moving body and. with negative sign. on the hase 

body. JVith f resolved in the coordinate system of the movirlg body, the free and conbtrained 

modes of the joint can be separated by writing 

where X is the vector of known, applied forces in the unconstrained directiorls of the joint, 

including actuator forces as well as damping forces and possibly spring forces enforcing joint 

limits, and X is the vector of   in known constraint forces acting in the constrained directions. 

For a complete description of a joint, the state variables for the relative motion across 

the joint, the constraint equations on the position variables manifested in transformation 

S t ' ,  the mode vectors, and the kinematical equations of motion have to be given. The 

following examples of frequently used joints ~vi th  the exception of the rigid connection and 
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Rigid Connection As a rigid connection has no dcgrecs of freedom. i t  is trivially deicribetl 

the the following information. 

s ta te  tariah1c.s: none 

positional cotistraint equations: b f f ( q )  = O f x l .  A f f ( q )  = 13x 5 
- 

tnotfe vectors: o = Osxo,  q = lGx6 

kirlernatical equations of motion: none 

Rotational Joint The state of the single rotational degree of freedom of a rotational joint, 

the axis of which is along the common base vectors (1 ,0 ,  o ) ~  of both the base frame 

transformed by Sf and the moving link frame, is adequately represented hy 9, the 

angle of rotation, and its derivative with respect to time. 

statevariahles: q = p ,  4 = $  

positiorlal constraint equations: b f l ( q )  = 03x1, A l 1 ( q )  = 

4 kincrnatical equations of' niotiori: - = 4 
d t  

Prismatic Joint The state of the single translational degree of freedom of a prismatic 

joint, ~v i th  the axis of the joint being along the common base vectors (0 ,0 ,  I ) ~  of 

both the base frame transfornled by XI and the moving link frame, is adequately 

represented by 2 ,  the amount of extension along that  axis, and its derivative with 

respect to  time. 

. . 
s ta te  variablts: q  = z ,  q  = 2 

positiorlal constraint equations: bf'( y ) = 0 . -AIf(q) = 13x3 0 



111ode vectors: 0 = 

d q  
kirlematical equations of motion: - = 4 

d t  

Spherical Joint As a spherical joint has three rotational degrees of freedom, its velocity is 

adequately described by the relative angular velocity J of the moving body. However. 

there is no set of three position variables describing the joint position such that  its 

derivative with respect to  time is the relative angular velocity of the nloving body. 

Lloreover, as ROBERSON and S<:H\VERTASSEK [41] note. any representation of arbi- 

trary rotations in space by three parar~leters degwerates for certain values of those 

parameters. 

Therefore quaternions, sets of four parameters s,, s,, -9,. and s, satisfying the normal- 

ity constraint s; + s: + s: + s: = 1.0 which prescribe a rotation of 2 arccos(s,) radians 

about the axis (s,, s,, are chosen for the representatior~ of arbitrary rotations. 

Even though strictly speaking cluaternions are not state variables, they can effectively 

be used as such by defining their time derivative as done below. 

state variables: q = (s,. s,..s,. s,), 4 = J 

positional corlstrairlt equations: bl'(q) = 03x 
- - 2 2 ; '5,-s, A,.\, $ S,S, s,s, - spsy 

1 
s,s, - 5,s; - - 2 s:-s, s y s , + s w s x  

5; s,s, + sqs, Sy5; - s,s, - 2 - .Sx - 

mode vectors: 4 = 
03x3 

-s, -Sy -s; 

dq - L kinematical equations of motion: - - 
(It s, sw -3,. 

-s, .5, s, 

Unconstrained Joint As an rmconstrained joint has three translational and three rota- 

tional degrees of freedom, its velocity is appropriately represented by the relative 



spatial velocity of the movil~g I)otb. The joint position can clcsc.ribtd 1)y a t rans1;1- 

tion represented by vector ( . r ,  y, . r ) r  followctl by a rotatiol~ rcpreicntctl by quaternion 

(a,, s,, .s,, .s, ). LY11en cornpnting t be rat c) of change of joint p o i i t i o ~ ~  q from joint ve- 

locity it has to  be taken into account that the linear component of the positiori is 

resolved in the frame of the base body ~vhile the linear componel~t of the joint velocity 

is rcsolved in the frame of the moving I~otfy. 

1 s ta te  variah1t.s: q = ( S , , S , . ~ ~ , S , ,  .r, y. z )  , 4 = (d, 1 1 )  
I 

- 
mode vectors: Q = 16Xb. 9 = O G X O  

2.1.3 Recursive Description of Articulated Bodies 

Tl~roughout the following, articulated bodies are required to  be acyclic. By choosing one of 

the links as the base link. the topology of an acyclic articulated body is that  of a tree with 

the base link at  the root. Effectively. this means that each link - with the exception of 

the base link - possesses one joint at  whicl~ it is attached to  its parent link and possibly 

one or more joints at  which child links are attached. If n is the number of links of which an 

articulated body is comprised, let the links be numbered from 1 to  n siicll that the number 

of a link is always greater than the number of its parent link, and let prtt a mapping such 

that  p n t ( i )  is the number of the parent link of link i .  The joint connecting link i to  its 

parent link is called joint i .  Furthermore, formally assume the existence of an additional 

body 0 of infinite mass and inertia which acts as the parent link of link 1. the base link, to  

which it is connected by an unconstrained joint. Figure 2.2 shows an articulated creature 



Figure 2.2: .1 four-lcggctl creature as 

t i d v e d  in C'hapter 3 and a tree de- 

scribing its structure. Each of' the 

legs of' the creature corresponds to 

a branch of the tree, ant1 the trnnli 

correspo~~ds to node 1. 

as evolved in C'hapter 3 and a tree describing its structure in ~vhich t l ~ t  links are numbered 

according to this convention. 

Rather than resolving all variables in a global refererrce frame, every link has a local 

coordinate system attached to  it. An irnmediate benefit from this convention is the fact 

that the inertia of a link and the mode vectors of it5 joint are constants in local coordinates. 

In all of the following, velocity, acceleration. and the torques and forces acting on a link will 

be given in the link's local coordinate system witl~out it being explicitly indicated. Moreover, 

as transformations will be required only between coordinate systems of consecutive links, 

S ,,,, (,),, can be written shorter as 1,. 

2.2 Equations of Motion 

In this section, the equations governing the motion of the links comprising an articulatccl 

body are presented in recursive form. That is, the velocity and acceleration of a link are 

given in terms of velocity and acceleration of the parent link and the relative joint motion 

and acceleration, and the equations of Newton and Euler are fornlulated in ternis of the 

forces exerted on a link by its neighbors. Detailed derivations of the equations presented 

in this section are heyolicl the scope of this thesis and can be found in CRAIG [13] or 

FEATHERSTONE [16]. 

Velocities 

The spatial velocity of a link incorporates both the linear velocity of a link's hinge point 

and the rotational velocity of the link. For frarne i it can be written as 

showing that  it is composed of the velocity of the parent link and the new velocity compo- 

nents added by the motion of joint i. 



Accelerations 

The spatial acceleration of a link i:, comprisctl of its linear and angular acceleration. For 

frame i it can be written as 

where the term 

results from the fact that  the. coordinate frame in which the acceleration is resolved is 

moving. Therefore. the acceleration of link i is the sum of that of its parent link taking into 

account the motion of the coordinate frame and the new acceleration cornponents added by 

the acceleration of joint i .  

Laws of Newton and Euler 

The force balance eqtiation in spatial notation 11nitc.s the laws of Newton and Euler into 

a single vector equation. Each link has spatial forces exerted on it by its neighbors. and 

in addition experiences an inertial spatial force and possibly external forces, such as those 

arising due to  contact between two links. As f, acts by definition with positive sign and the 

spatial forces f , ,  where j is a child link of i act with negative sign on link i ,  the laws of 

Newton and Elrler can be written as 

is a spatial bias force accounting for centripetal and Coriolis forces and any external forces 

f:" that may be applied to  the articulated body. 

Equations ( 2 . 3 ) ,  ( 2 . 5 ) ,  and (2.6) in conrlection with the constraint equations imposed by 

the joints capture all of the) laws of physics governing the motion of articulated bodies. More 

specifically, after substitution of Equation ( 2 . 3 )  into Equation ( 2 . 6 )  and having computed 

all angular velocities using Equation ( 2 . 4 ) .  Equations (2..5) and ( 2 . 6 )  form a system of l 2 n  
- 

linear equations in the 1272 unknowns ij,. A,, and a, for i = 1,. . . . n .  In the next section, an 

efficient algorithm for the solution of this system is presented. 



2.3 Recursive Formulation of Forward Dynamics 

In this section, F E A T H E R ~ T O U E ' S  [15] articulated body algorithm is derived i l l  the for- 

mulation of BRANDL,  J O N  4 ~ ~ 1 .  and 0'1 ' ~ E R  [XI ~ v h o  clarified somr. notational (let ails and 

generalized it fro111 llandling only joints with a sirigle degree of freetloril to use the general 

joint model of ROHE:KSO?, and SC'H\;VERTASSEI\: [ I l l .  I,ILLY [28] referred to  it as 1 lie most ef- 

ficieut knob11 algorithm for solving the equations of n~otion of an unconstrained articulatctl 

body without internal loops and interaction with the cnvironsnent. So as to facilitate its 

developmmt, the equations underlying the algorithm arc first derived for chain-structured 

sy sterns before they are generalized to  arbitrary tree-st ructured systems. 

2.3.1 Chain-Structured Systems 

For an articulated bodv with the structure of a chain, the numbering conventions outlined 

in Subsection 2.1.3 mean that the links of tlle body are nunibered is1 consecutive order, 

starting at  the base, from 1 t o  r r ,  with link i being connected to  link i - 1 by joint i .  

Therefore, p n t ( i )  = i - 1 and Equation (2.6) can he replaced by 

where f,,+l = 0 since the outermost link is unconstrained. 

Tlie key to  an efficient recursive solution of the resulting system is to sunirilarize tlle 

inertial properties of the subcliains comprised of links i . . . , n into a new inertial quantity 

Z," called the crrticwlattcl body iutrtirr. As ;I consequence of the equations of motion given 

in Section 2.2 a linear relationship exists hetween a force applied to  a component of an 

articulated t)otly and the resulting acceleration of this component or of any other corriponent 

of the body. Therefore, articulated body inertias can be represented using matrices, and it 

can be writ ten 

In this equation, 13: is an acctimulated bias force term reflecting the force which has to  be 

exerted on link i if it is not t o  accelerate. It should be noted that  the articulated body 

inertia Z: does not conforrn to  the special form of rigid body inertias given in Equation 

('2. I ) ,  phq-sically implying that  there is no such thing as a c ~ n t e r  of Illass for an articulated 

body. 

For i = 12 it is obvious frosn Equation (2.7). taking into account that f ,+ l  = 0, that  



and 

'To compute ZTP1 and /3,*-1 for i 5 n ,  assumtl that  1," is symmetric and positive definite. This 

is true for i = n as shown in Section 2.1.1 allti will be demonstrated below for i < n. Both 

sides of Equation (2.8) can be projected onto the free modes of the joint by premultiplicatio1111tiplicatio11 

with o;l', effectively eli~ninating the depentlencc on X,. IJsing Equations (2.5). (2.3), and (2.2) 

leads t o  

As 1: is symmetric and positive definite and 0, has full column rank, the inverse of matrix 

,/W, = Q T z ; ~ ,  exists and ii can be expressed as 

q, = , Z / Z ; ~ ( X ~  + d?($l* - Z;(Xlat-l + (A ) .  (2.9) 

Making use of Equation (2.5) and substituting Equation (2.9) into Equation (2.8) yields, 

after some simple transformations. 

f, = ,l{Xal-l - y, (2.10) 

where 

and 

7, = - - Z ; ~ ~ J U ; ~ ( X ,  + 4T3:). 

Therefore, using Equations (2.7) and (2.10) for link i - 1, it follows that 

Conlparison with Equation (2.8) shows that  
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Furthermore, Equatios~ ( 2 . 2 )  can be used together with the fact that 1: is syninletric to  

show that  .t: can be Lvrit ten as 

-7' -1- 
where x, = 9, 1, 0,. As 3, Iias full column rank. it follows that  ,< is positive semidcfinite, 

and as is known to be sysriinetrir and positive definite and X, is regular. Z:-l is 

syrninetric and positive definite. 

2.3.2 Tree-Structured Systems 

The generalization of the equations to  arbitrary trce-structured s y s t e m  is straightforward. 

It lias t o  be taken into acrount that a link can now have several child links, making it 

nrcessary to  use Equation (2 .6 )  instead of Equation (2 .7 ) .  As a consequence, Equations 

(2 .12)  and (2 .13)  have t o  be replaced by 

and 

respectively. 

Equations ( 2 . 1 4 ) ,  (2 .15) .  ( 2 . 9 ) ,  and ( 2 . 5 )  form the basis for a recursive sirnulation algo- 

r i t lm for articulated bodies. The rcquired articulated body inertias 1: and the accumulated 

force terms $,* can he computed from Equations (2.14) and ( 2 .  I s ) ,  respectively. by starting 

at  the leaves and progressing towards the root. The nurnb~ring convention on the links 

introduced in Subsection 2.1.3 makes it possible to  simply proceed in order of tlecreasi~ig i .  

Subsequently, the motion of link i can be cornputed from that of its parent link by means of 

Equations (2 .9 )  and (2.5).  Since the motion of reference frame 0 is known. the accelerations 

for the entire articulated body can be obtained. 

The resulting algorithm is given in Algorithm 2.1. The first loop computes coordinate 

transformations, velocities, and bias terms for all links and initializes the inertia matrices. 

The second loop cornputcs articulated body inertias and accumulates forces. The third loop 

propagates accelerations from the base outwards. To include gravity, instead of applying 

an acceleration of -9.81rn/s2 to  all links of the articulated body, it is possible to  apply an 

equal but opposite acceleration to  the inertial reference franie. It is obvious that  both time 
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f o r  i = 1 t o  n { I* compute t r ans format ions ,  v e l o c i t i e s ,  and b i a s  terms * /  

*Yz = x;x;; 

f o r  i = rz t o  1 { / *  propagate  f o r c e s  and i n e r t i a s  */ 

Algorithm 2.1: Multibotly algorithm in the formulatiorl o f  U R A N D L ,  J O H A N K I ,  arld OTTER 

[q. Relative joint accelerations ij, are corrlpu ted for i = 1, . . . , n from joi~l t positions q, and 

joint velocities j, , and a description of' the articulated structure I3.7.7 means of' the joirl t types 

and the transformations A', b' bet u7een consecutive linlis. 



( ' hap tc~  2. I'h\rsical Sitnula ti012 of' ,Act rlated .I rticnlattvf Hodies - 
and storage requircrnents of the algorithm are linear in the nnniber of links atid thcrcforc 

in the iiunlber of tlcgrees of frecdo~ri. 

Xlgorithsn 2.1 cfficicritly solves the prohlenl of conlputing the joint accelerations for 

an ;tcyclic articulated hotly without interactiou with the environnler~t. The subject of the 

following section is methods of incorporating kil~cmatic constraints imposcd by contacti, 

between different bodies into tlie simulation. 

2.4 ' Contacts and Collisions 

A realistic simulation of articulated bodies demands that  no two bodies interpenetrate. 

Both contacts between different links of one articulated body such as different legs of an 

artificial creature and contacts with the environlnent such as the ground plane or other 

bodies have to  be considered. Contacts impose kinerrlatic constraints on tlie relative velocity 

a n d  acceleration of the bodies involved. In order to  enforce these constraints, a simulatio~i 

program has to detect contacts between bodies and then take appropriate action. If the 

detected amount of interpenetration is within some tolerable range, it is sufficient to  apply 

counter-acting forces conip~ited on the basis of some contact model: if it is not, the previous 

time step has to  be repeated using a snlaller step size. 

Two kinds of contact can be distinguished. Static contacts extend over a finite period 

of time arid require that the normal component of the force opposing interpenetration does 

no work on the bodies in contact. Modes of static contact include resting contact as well as 

rolling and sliding contact. On the other hand, dynamic contacts, henceforth referred to  as 

collisions, are of infinitesimal duration and result in instantaneous clrarlges in the velocity 

of the colliding bodies. So as to  enforce the constraints imposed by collisions, impulses, a 

mathenlatical idealization of very large forces applied over very sliort intervals of time, have 

to  be employed. 

This section first discusses contact detection and sorrle georrietrical issues at  contact 

points in Subsection 2.1.1 before deriving the equations describing the effect of applying a 

contact force to  an articulated body in Subsection 2.4.2. The derivation of tliese equations 

is an original contribution of this thesis and allows for the generalization of the standard 

method for handling frictional collisions between rigid bodies to acyclic articulated bodies 

described in Subsection 2.4.3. Finally, Subsection 2.4.4 presents a classification of current 

algorithms handling multiple sinlultaneous static contacts. outlines the problems inherent 

in them, and then suggests a new contact handlir~g algorithm for articulated bodies to be 

used in Chapter 3. 



2.4.1 Contact Geometry 

r 7 I l ~ c  purpose of this snbscctioll is to  introduce the prohlern of contact tletectior~ and to 

list some collirnon assumptions ahout geometrical conditions at  contact points which. in 

colnbination with the assumption that  the links an articulated body is comprised of are 

perfectly rigid and therefore propagate forces and irnp~rlses instantaneously, allow for the 

possibility of restricting the attention to  events at  the contact point alone. 

Contact Detection 

The problem of detecting contacts is the most time corlsulning task in many simulations. To 

be able to  check uhether two given objects are colliding at  a particular point in tirric, the 

positions of both objects have to  be known with respect to  a corrimon coortliriate system. 

Frame 0. the world coordinate system, can serve as such a common frarne. The transforrt~a- 

tion matrix between framt. 0 and an arbitrary link frame i can be computed as 

with the multiplication extending over all transformation lnatriccs of links on the path from 

the root of the articulated structure to  link 1 .  The components bo,, ant1 AO,, of So,, can be 

used t o  cornpute the location and orieritatiori of link 1 in world coordinates. 

X variety of algoritliriis aim a t  reducing the number of collision tests from 0 ( n 2 ) ,  whr>re 

11 is the number of objects in the scene, by using bouncling I)oxr>s or spatial decorilposition 

schcrnes, or attempt to  make the collision tests thenlselves more efficient. In applications 

such a s  dynamic simulation, geometric or temporal coherence can often he exploited by 

niaking use of the fact that objects move on continuous trajectories in space. For example, 

a plane separating two objects at  one time step is often likely to separate them during the 

next time step as well. The details of the collision test are dependent on the shape of the 

objects being tested. 

Efficient collision detection is of minor importance in the current work. The rlulnber 

of bodies making up the virtual creatures evolved for walking is rather small, and the 

number of collision tests to be performed can be restricted by making use of the fact 

that  legs from opposite sides of a creature are not likely to  collide. For all simlilations 

carried out for this thesis, it turned out to  be sufficient to  employ a very simple approach, 

testing for collisions only bet\veen segments of adjacent limbs of a creature. The collision 

tests thrmst.lves consist in an analytical computation of the ~ninirnal distance bc~tween the 

frustums rnaking up the limbs. For larger simulations with several articulated creatures 
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Figure 2.3: .1 contact hctu eel1 botlics i and J rendered 

in two cliriler~siorl s. 7'110 hrokerl 1inc.s iri tlicate t lrc ori- 

entatiou of the contact coordinate s y s t e n ~ .  the z-axis 

of which is aligned with the 5urface norrllal.5 a t  the 

contact point. 

involved, a more sophisticated approach would have to  he employed. BARAFF [4] gives an 

extensive overview of such algorithnis. 

Collision Coordinates 

So as t o  derive the equations of motion required in the following, it mill he assumed that all 

contacts are point contacts. If ext ended contact occur$, it will be modeled as a finite nuinher 

of point contacts. For esamplc. if the bodies in contact are composed of polyhedra, imposing 

non-penetration constraints at the vertices of the polygonal contact area is sufficient to 

prevent intcrpenrtration over the entire area. It mill also he asswrted that  there always is 

a corulon tangent plane for the bodies in contact. If one of the features in contact is a 

plane, then it is taken to  be the tangent plane. If both features in cot~tact arc edges. the 

tangent plane is defined to be the plane spanned by the edges. The unit norrtial vector of 

the tangent plane is referrcd to as the contact rtormal. 

Relative velocities. contact forces, and the equations of motion for a contact will he 

given with respect to  a contact coordinate system centrred at the point of contact, w11ic.h 

is defined in such a way that its z-axis coi~icides with the contact normal. Forn~ally, for 

a contact between bodic~s i and j ,  the contact coordiliate system is defined by a spatial 

transformation 

which transfornts i-coordinates into contact coordinates, \\here c, is the contact point in 

i-coordinates and A,,,,, is a rotation matrix transforming the collision normal expressed 
T 

in i-coordinates into the unit vector (0 0 1) . A corresponding spatial transformation 

S3,con for link j transforms j-coordinates into contact coordinates. Figure 2.3 illustrates the 

location and orientation of the contact coordinate system and some of the quantities used 

during contact analysis. 
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By cor~vcntion, the contact normal is directed such that i t  point:, inwards for link 1 arid 

conseqac~ltly outi\artis for link j ,  and thc relativc velocity bcttvecn bodies i and j at  the 

point of contact in contact coordinates is defined as 

If the =-component of the linear cornponcnt u,,l = ( a,, P,. P , ) ~  thereof, the relative normal 

velocity 11, .  is non-negative. the hodies are rcvxding and no action has to he taken to  prevent 

interpenetration. If P ,  < 0. a force f has to  be applied at  the point of contact to  body i in 

the direction of the contact normal and to body j in the opposite direction. 

2.4.2 Contact Equations 

This subsection derives the equations describing the effect that  applying an external spatial 

forw at a particular point of an articulated body has on the acceleration of the body. These 

equations makc it possible to  generalize the common algorithms for handling collisions and 

static contacts betwern rigid bodies to  articulated bodies. Like the articulated body method 

outlined in Section 2.3, the computational process leading to tlle inertial quantities required 

here is recursive and requires time growing linearly in tlle number of links of the articulated 

body. The derivation is an original contribution of this thesis. Recently, ~ I I R T I C H  [X3] fou~ld 

a similar algorithrtr for computing the same quantities. 

For the folloiving derivation it is asslimed that the components of the acccleration due to 

forces other tliari the applied ester~ial  force arc computcd in a separate proccss and therefore 

do not have t o  be considered here. This assilrnption ~vill prove valid for hot h the algoritllrns 

for handling collisions and for handling static contacts described below. Due to  the linearity 

of the equations for propagating forces and accelerations introduceil in Section 2.3. the 

total acceleration is the sum of the two parts. A result of the assuniption is considerably 

simplified equations. In particular, making use of A, = 0 and <, = 0, Equations (2.11) and 

(2.1.5) car1 be combined to yield 

where 

and from Equations (2.9) and (2.5) it follows 



Figure 2.1: Part of a trcc re])rt.st.nting an articalattd hotly. The 

inaww spa tjal j11t.rtja tila trix x,, u.hich dcrcvmitz tl.5 the cfft>rt of a 

spatial force f, applied to link j 011 the acc~lcration a, of link i can 

be found bay propagating tht. force. fro111 link j to the root link and 

su hsequcntly thc resulting acc.t4eration from the root to lir~k i .  Link 

I; is the outermost lir~k on the paths frorn the root to both link i 

arld link J .  

F:quations (2.17) and (2.18) call be used to compute the t3ffect that applying a force f, to  

link j of an articulated body has 011 the acceleration a, of link i .  More specifically, Equation 

(2.1'7), together with ;?T = f,, can he used to  propagate tlic force f ron~  link j recursively to  

thc base link, and Equation (2.18) in combination with a" = 0 can be used to propagate 

the resulting acceleration from the base link to  link i .  .is will be shown. the relationship 

hetween the two quantities i b  linear arid can be written as 

The task at hand is to  compute the inverse inertia matrix z,, which depends solely on the 

joint positions and the mahs and inertia properties of the articulated body. 

Figure 2.4 illustrates the situation. Let i l  = 1, iL . .  . ., im = t and jl = I ,  j L , .  . ., jTL = j 

be the lirilis on the paths frorn the base link of t l ~ e  articulated body to links i and j, 

respectively. Furthermore, let k he the number of the outcr~nost link which is in both the 

paths. T1-rvn there is an I such that i l  = jl = k and il+l # jl+1. The force tern1 3; is non-zero 

only for links p E { j l . .  . ., j n )  and can be computed for link j, from Equation (2.17) as 
r 

= l1;lu+1 . . . rI:%f,. Therefore, frorn Equation (2.18) it follows that 

As i, = i ,  it follows trivially that x,, = zlm,. In the following subsections. the quantity x,, 

will be used to  compute collision impulses and contact forces. 

2.4.3 Frictional Collisions 

('ollisions between hard and compact bodies are llighly complex processes involvirrg vibra- 

tion waves propagating through the bodies, local deforrrlations in the vicinity of the contact 
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area, and other highly nonlinear pheno~uena. So as to  make their sirnulatiori tractahlr., a 

physical rtlodel which is not only pliysiciilly reasorla1)ly accurate but also computationally 

efficient has to be found. 

('ollisions result in changes in rrlornenturn and some loss of kinetic energy for the hodies 

involved during a brief contact period. Mathematically, this call be achieved by applying 

reaction imp~ilses to  the colliding bodies at  tlic point of impact which are equal in magnitude 

but opposite in direction. The central problcrn in collision resolrition is to determine the 

magnitude and direction of the irnp&es required to achieve realistic behavior. Cknerally. 

the reaction impulse that develops during a collision depends on the initial relative velocity 

and material and inertia properties for both bodies a t  the impact point. The following 

tlexribes a procedure for co~nputing reaction inipulses for articulated bodies, generalizing 

a similar argument for rigid bodies which can be found in a number of references, including 

MIRTICH and CANNY [3l], KELLCR [21], and STRONGE [Ir] .  

Collision Model 

Generalizing a statement on rigid hodies made by BARAFF [A],  treating the links of an 

articulated body as perfectly rigid bodies leads to the instantan~ous propagation of forces 

and the possibility of the replacerrlent of complex "micromechanical" processes by simple 

"macror~~echanical" results. .is a consequence, the analysis of a collision can he confined 

to  events a t  the contact point. However, in reality no body is perfectly rigid, and the rigid 

body assumption has t o  be adjusted to  arrive at a contact model allowing an analytical 

treatment of the collision process. The usual procedure is t o  postulate infirlitesirlral collision 

time, prescribe a simple deformation history, aud define tangential forces by Coulornb's 

friction law as outlined below. 

Irlfirlitesinlal collisiorl time: The duration of a collision is assunled to  be negligible on 

the simulation time scale. Iiowever. for the sake of computing an appropriate niagnitude of 

the impulse to  be applied, the morrient of impact has to  be regarded as a tirne interval of 

finite length on a compressed time scale. On this tirne scale, interpenetration is prevented 

by a finite force f applied to  the colliding bodies for the duration of the collision, which 

gives rise to  continuolis changes in velocity. hlacroscopically, the collision i~npulse p can be 

computed as 

p = / f ' i t  = / dp .  

The postulate of infinitesimal collisiorl time allows for two important approximations. First, 

the positions of the colliding objects can be regarded as constant during the entire collision, 
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a n d  second, tlre of other forces acting on thr  bodies can be tlisregardctl as they are 

negligible cornpared to the large i~npulsive forces. -1s a conrequence, Equation (2.19) can 

he used to  compute tlre change in relative velocity which results from applying a collisiorl 

irnpulse. More specifically, if links I and j o f  an articulated body are colliding and an impulse 

1) expressed in contact coordinates is applied to  link i and tlre opposite impulse -1) to link 

J a t  the point of contact, then the relative velocity 

experiences a change which can be computed by forlning tlre derivative of Equation (2.19) 

with respect to tinre as 

where 

is an inverse inertial quantity which com1)ines tlre dynarnic properties of the entire articu- 

lated body asid projects them t o  tlre point of contact. 

Post ula tctl dr>ibrma tion history: A coefficient of rest it ution serves as ail approsirna tion 

to  the complex deformations and energy losses which occur when t ~ v o  real bodies collide. On 

tlre collision tirue scale, tlre collision process is regarded as consisting of two different phases 

which can be distinguished by tlre sign of the relative normal contact velocity o,. During 

the compression plrase, which is marked by negative relative normal velocity, a deforruation 

of the bodies occurs, and part of the kinetic energy of the t\vo bodies is transformed into 

elastic strain energy \vlrich is stored in tlre bodies. When c, = 0, the point of rnasirnurri 

compression has been attained. During the subsequent restitution phase, the bodies return 

to  their original shapes and the stored energy is released. restoring part of tlre kinetic energy 

tlre bodies had before the collision, and thereby driving them apart. The work done by the 

normal conrponent p, of the collision impulse on the nor~nal  component of the relative 

velocity a t  the point of impact is 

the elastic strain energy. The work done by the tangential cornpone~rt of y is frictional energy 

and irrevocably lost. 



The duration of t11c rcstit rltion phase is detc~rrr~incd 1 ) ~  a constmt 6 ,  the cocfficirrtf of 

rcstitcrtiorz, which is assumed to  tlepetrtl only on material properties of the colliding ho(1it.s. 

If c = 1.0, the collision is completely elastic a n d  no energy is lost. If 6 = 0.0. the collision is 

totally plastic and the objects do riot separate after the colli\iorr. There are three competing 

hypotheses as for which quantities the coefficient of restitution relates. all of which are in 

widespread use. The kinematic hypothesis, also termed Kewton's hypothesis. prescribes final 

norrrlal velocity, defining the coefficient of restitution as the negative of the ratio of normal 

component of relative velocity between contact points at  separation to that  at  incidence. 

Poisson's hypothesis prescribes the normal inlpulse applied during restitution. defining the 

coefficient of restitution as the negative of the normal reaction impulse during restitution 

divided by norrnal reaction impulse during compression. X rnorc. recent hypothesis suggestctl 

by STRONGE [47] demands that  the coefficient of restitution is the square root of the ratio of 

elastic strain energy released at  the contact points during restitution to the energy absorbed 

by deformation during compression. Formally, 

where the integral in the numerator extends over the restittition phase and denotes the elas- 

tic strain energy released during restitution while that in the denominator extends over the 

conlpression phase and denotes the elastic strain energy absorbed during compression. .Ill 

three hypotheses are equivalent for collinear or non-frictional collisions. Ilowever. STRONGE 

[46] was able to  show that only Equation (2.23) is always energetically consistent for non- 

collinear collisions with finite friction. 

('oulomh friction: The C'oulornl> friction model describes a lvell accepted empirical re- 

lationship between the normal and tangential components of the reaction impulse a t  the 

contact point. Effectively. it will be used for defining the frictional component of the contact 

force. It states that at  any point in time the tangential component of the collision force is 

clirccted to  oppose the tangential velocity between the colliding bodies, and that the magni- 

tude of the tangential force is limited by the product of a constant p representing material 

behavior and the magnitude of the normal force; i.e. that  

J(ip!. i- <]pi 5 p1p2 . (2.24) 

While the tangential conlponent of the relative velocity v,,! between the two bodies is 

3 0 



non-zero, this leads t o  the equations 

If the tangential component of the relative rr~otion between the two bodies is zero, the 

frictional force still acts t o  oppose sliding. However. if a tangential force less than 11 times 

the nornlal force is sufficient t o  prevent sliding, only that  force will be applied. Equations 

(2.25) define what is commonly known as the friction cone. In the case of ctyrlarnic friction, 

the friction force can be found on the surface of this cone while static friction forces are in 

the interior. 

Sliding Mode 

If the tangential corl~poneilt of the relative velocity between the two bodies is non-zero, 

Equations (2.25) can he used t o  express the rate of change of tangential impulse with 

respect t o  normal irnpulse as  

Differentiating Equation (2.21) with respect t o  the normal component of reaction inlpulse 

]I-. it follows tha t  

Equation (2.27) is a ~lorllinear differential equation which cannot he solved in closctl form in 

the general case. So as t o  track c,,, during the course of the collision. Equation (2.27) has to  

be numerically integrated with p ,  as the independent variable. The  total reaction irnpulse p 

can be computed by using Equation (2.23) and surrlrning up the differential normal irnpulses 

d p z  using Equation (2.20). The  elastic strain energy stored in the colliding bodies can be 

tracked using Equation (2.22). 

Sticking Mode 

If there is no relative tangential motion between the two colliding bodies the frictional force 

acts t o  maintain sticking. That  is, if the force required t o  achieve dv, /dp ,  = dv, /dp ,  = 0.0 
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is within the friction cone, it actb to prevent any tangential motion t)etwwn the two bodies. 
r 3 l o  compute the force required to  maintain sticking. diffcrentiating Equation (2.21) ivith 

respect to  11, anti setting clc,/clp, = do, /dp ,  = 0.0 can be i~setl to  cornpute 

where 

with the A,, being the components of matrix ./I. Inequality (2.24) shows that 

is sufficient to guarantee that  the sticking condition can he maintained. In this case Equation 

(2.27) has to be replaced by 

It is hvorth noting that this force stays constant for the remainder of the collision. making 

it possible to discard the numerical integration and compute the renraining impulse to  be 

applied in a single step. 

If Condition (2.28) is not fulfilled, the frictio~lal force is not sufficient to  maintain stick- 

ing. and sliding resumes. Immediately after the resumptio~r of sliding, the behavior of the 

tangential impulse is again governed by Equations (2.26). llowever, E ~ H A T T  and KOEC'HLING 

[ G ]  have shown that  in the case of resumed sliding the dirt3ction of sliding is constant and 

given by 

Thus, using Equation (2.21) to  express v, and 1; in terms of clp, and dpy and substitutirlg 

3 = dp,/dp,, it follows 
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Figure 2.5: Influence of friction constant p on the flow in tangent \docity space. The hori- 

zon tal and vertical axes reprtlsent ti, and v, . respectit.el.y. The values of friction consta~lt 11 

are, from left to right, 0.3. 0.4, and 0.7. The dots indicate the inital 1-alues of the trajectorirs. 

T ~ H A T T  and KOECHLING [6] have demonstrated that  Equation (2.30), a quartic equation in 

p a r a m e t ~ r  y, always has esactly one solution for which sliding velocity and applied impulse 

are opposed. This solution can be fouricl by Newton's method and subsequently used to  

compute the reaction impulse for the rest of tlie collision. making it possible to cliscartl the 

nurrierical simulation as in the case of continued sticking. 

The Algorithm 

re- Sunlmari~ing the procedure from the previous paragraphs. the algorithm for computin, 

action impulses is now clear. First compute tlie relative velocity r 7 , , ,  between the two bodies 

and verify that  its normal component v, is negative. Then numerically integrate ciiff'eren- 

tial Equation (2.27). tracking the work E done by the normal component of the reaction 

inipulse using Equation (2.22). When u, reaches zero, the point of masiniurn cori~pression 

has been attained. Multiply E by F to  determine the amount of elastic strain enqg to  

be released during restitution and continue the integration until E = 0.0. If the relative 

tangential velocity vanishes at  some point during the integration, use Inequality (2.28) to  

determine whether the frictional force is sufficient t o  maintain sticking. If it is, employ 

Equation (2.29) to  comprrte the tangential component of the impulse for the remainder of 

the collision, otherwise solve Equation (2.30) to  compute cly. Algorithm 2.2 illustrates tlie 

procedure. 

Figure 2.5 shows a projection of the trajectories of the relative velocity u,,, onto the 

plane defined by cz = 0.0 for a particular rnatrix .l and a number of initial relative velocities 
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/ *  stuck */ 

/ *  keep sticking */  

/* resume sliding */  
. . .  

1 
(lo, = Xzodp, + h d p ,  + X 2 2 :  

if (phase = compression) h = ( J E ( L ~ , ~  - 2EdvZ) - r , ) / d u , ;  

else h = ( - v , ) / d u , ;  

break; 

if (phase = compression and .cz > 0.0) ( 
phase = restitution; 

E = t * E ;  

} 
1 

Algorit hnl 2.2: Collision algorithm computing p from zl,,r and A .  For an effective implemen- 

tation, step sizes h haire to be suitably chosen, and the direction of the reaction impulse 

after the resumption of sliding (indicated by dots) has to he cornpu tetl. 
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and different frictional coeficienth ,u. Ihr  most initial conditions. the direction of relativc 

tangential velocity keeps changing contirruously throughout the duration of impact. It is also 

obvious that the flow depends qualitatively on the frictional coefficient p.  While Equation 

(2.30) has two roots for p = 0.3 and / L  = 0.4, it has four for p = 0.7, leading to two 

additional invariant directions. However, in any case there is exactly one outward directed 

invariant direction. 

As tlre independent variable in the integration. the rrorrnal component of the reaction 

inlpulse p, nronotonically increases during the integration. IIowever. several authors, includ- 

ing \/\TANG and h I . 4 ~ 0 ~  [52] and BARAFF [ A ] .  have pointed to the possibility that applying 

a positive normal impulse leads to an acceleration of the hotlics towards each other instead 

of preventing interpenetration. In that case, r 7 ,  decreases during the collision and the ter- 

mination criterion will never be reached. The integration computing the reaction impulse 

continues indefinitely. This counterintuitive behavior is a deficiency of the contact model 

resulting fronl the attempt to use Coulornh's law in co~rjunction with the principles of rigid 

body rrlechanics, and it has been speculated by STROLGE [47] that it is irrlportant for sur- 

face dalriage due to abrasive wear during impact. bVlrile the problern does not seem to  be 

of great interest in rigid body rneclranics - ~ I I R T I C H  and CAUNY [:I21 assert that  it has 

not occurred during any of their sirnulations - it is quite frequent i f  articulated bodies are 

involved. For the purpose of this thesis, the problem has been solved somcwhat arbitrarily. 

hut with visually pleasing results, by applying an impulse which zeroes the tangential com- 

ponent of the relative velocity without influerrcing the nornlal cornpontlnt before computing 

the reaction impulse, according to  Algorithm 2.2, whenever it occurs. 

An  additional problem can arise lvl~en parts of the articulated body are in static contact 

~vi th  each other or with the ground during a collision. In that  case, the impulse which 

enforces the non-interpenetration constraint at  thc point of impact can lead to  a violation 

of co~~stra in ts  at  other contact points, creating the necessity to  apply additional reaction 

i~npulses wherever the normal component of tlre rclative vclocity becomes negative. 

2.4.4 Static Contacts 

Due to  their non-singular nature, static contacts are more difficult to  handle than colli- 

sions. They cannot be treated as isolated phenomena on a different tinre scale with all 

other events being disregarded, but have to  be handled as finite in duration and occurring 

simultaneously. Moreover, a sirnulator dealing with articulated bodies subject to kinematic 

constraints resulting from contacts has to be able t o  cope with changing modes of contact 

and with changing topologies as a consequence of the fact that  contacts can be established 



and broken frcquently during the course of a simulation. 

.Zs for colli4ons, the normal component and the tangential co~riponent of a contact 

force are usually related by C'oulo~i~b's friction law. Sormal forces prevent interpenetration 

hy acting perpendicularly to the contact surfaces wlrile friction forces act tangentially and 

oppow slipping motion. The friction force is called dynamic friction if the two bodies are 

slipping at  the contact point: otherwise it is callctl static friction. In contrast to  colljsions, 

the normal force for static contacts does no ~vork on the bodies in contact. Thc algorithms 

dealing with the problem of computing static contact forces can roughly be grouped into 

tlrrec classes: analytical methods, penalty methods, and impulse-based methods. 

Analytical Met hods 

A variety of methods attempt to  model contact forcrs analytically. The motion constraints 

imposed by contacts are accounted for by formulating the equations of motion of an un- 

constrained mechanism subject to unknown contact forces. In particular, using Equation 

(2.19), if n forces f,, , . . . , fJn are applied simultaneously to  links jl.. . . , j ,  of an articulated 

body, the resulting acceleration a, of link i can be computed by h e a r  superpositio~i as 

Solving for the accelerations at  the contact points and substituting the result into the con- 

straint equations results in a system of equations ~vliich, together ~vi th  Coulomb's law, can 

be used to compute the contact forces. Conceptually, the contacts may be regarded as tem- 

porary joints, creating closed loops in the articulated body. BR ~ N D L .  J O H A N N I ,  and OTTER 

[9] present an algorithm tailored for articulated bodies which uses constraint propagation 

to  effectively exteucl the articulated body algorithm to  handle closed loops, leading to an 

especially efficient way of generating the system of equations. 

IVhile theoretically the most satisfying solution. the analytical approach suffers from 

a number of problems. BARAFI' [3] has shown that  the problem of computing frictional 

contact forces for a system of rigid bodies with col~tacts su bject to  dynamic friction governed 

by Coulomb's law amounts to  solving a non-convex quadratic program. In addition to the 

computational difficulty of finding a solution, it is possible that  either no valid set of contact 

forces or several distinct sets leading to different outcomes exist, raising the issue of finding 

consistent solutions during consecutive time steps. Moreover. BARAFF [4] has shown that  

the problem of deciding whether a unique set of contact forces exists is KP-complete, and 

that the problem gets even harder if some of the contacts are subject to static friction. 
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Furthermore.. analytic methods assunlc that the direction of sliding is conrtant tlurir~g an 

integration time step. 111 the simulations carried out for this thesis. this rccluircment often 

turned out to  be impractical for articulated bodies ah i t  required extremely small step s i ~ e s  

to  avoid substantial error. 

Penalty Met hods 

Penalty rriethocls are an attempt to circnmvcnt the problem of gelrerating and solving the 

quadratic system of equations by converting the constrained problern i r~to  an unconstrained 

one where deviation from the constraint is penalized. The constraint i~ not strictly enforced, 

but only encouraged. hIoo~r-:  and \.VII,HELMS [34] pione~rcd the method by suggesting il l -  

sertion of temporary springs at  all contact points which act to repel interpenetrating bodies. 

wit11 the normal cornpor~ent of the contact force linearly dependent on the interpenetration 

depth. The irnplerncrrtation of this scheme is rather simple compared with the analytical 

rnethod. making it by far the most cornmonly used algorithm for handling static contacts. 

The 1nai11 drawback of this approach is that it leads to  a set of very stiff equations, 

requiring estreniely large spring c o n s t a ~ ~ t s  and thereby snlall step sizes from the numerical 

integration routine used to corrlpute relative joint accelerations if deep interpenetration is 

to  he avoided. Moreover, physically and visually unrealistic behavior can result from the 

fact that time procwds in steps rather than contii~uously. leading to  contacts not being 

tletected until a finite amount of interpenetration has occurred and therefore being suhject 

to unreasona1)ly large forces which may cause '-jumps". Furthernlore, it is unclear how to  

solve the prohlom of handling parallel static contacts subject to  static friction. -Altogether, 

this makes penalty rnethods a rather unattractive choice for handling static contacts. 

Impulse-based Met hods 

The impulse-based inethod, first suggested by HAHN [18], models all types of contact 

through series of impulses between the objects in contact. Contact forces are not computed 

explicitly, but occur only as time averages of reaction impulses. MIRTICH and CANNY [31] 

took up the idea and revised it t o  identify static contacts by the relative nornlal velocity be- 

ing below some threshold and suggested to  handle them separately from ordinary collisions. 

Fully elastic collisions can be employed to make sure that the nornlal impulse does no work 

on the bodies in contact and eliminate unrealistic effects such as a block slowly creeping 

down a ramp in spite of friction. MIRTICH [33] extended the method to  articulated bodies, 

circumventing the problem of having to  handle rriultiple contacts simultaneously by reduc- 



ing tho integration step size to have at  most a single contact at any point i l l  time. Ll'liile 

there is cnlpirical evidence that  the impulse-haset1 met hod products physically accurate 

results in siniple cases. it is inappropriate for handling multiple simultaneous or temporally 

estencled contacts efficiently. Generally, the impulse-based approach is a promising altcr- 

native to  analytical solutions and penalty mcthods j11 the case of transirwt contacts. but 

it leads to  intolerably small step sims and a large anlourit of unnecessary con~putation in 

sitl~ations \v1iere static contacts dominate the systtm tlynanzics. 

Summary 

To sunmarize, none of the three approache5 offer.; a completely satisfactory solution to 

the problem of handling multiple siniultaneous static contacts. a fact which has led GOYAL, 

PINSOX, and SINDEN [li] to  substantially deviate from the common approach by suggesting 

a soft contact solutiorr which attempts to  nlodel the micron~echanical processes associated 

with the contact in greater detail. However, this approach produces very stiff equations and 

is too inefficient for most applications. .4 solution which is both efficient and satisfactorily 

realistic has yet to  be found. 

Due to  the inefficiency of the analytical approach and its inability to handle changes 

in the direction of sliding, the shortcoming.; of the other approaches, and the need for 

high si~nulation spoetls due to  the necessity to reliably evaluatc the performance of a large 

numbor of c r e a t ~ m s .  a variation of the above methods \vas chosen for this thesis. After 

every integration step, the inverse inertia matrices .I,, for c)very pair of contacts i and j 

are computed. 'I'lren, in an iterative process, force5 are applied to  the contact with the 

largest remaining negative relative normd acceleration iintil it is erlsured that no further 

interpenetration occurs a t  any contact point. The direction of the tangential component of 

a contact irnpulsc is governed by C'oulomb's law and is frce to  change during the iterative 

process. Sinlulations show comparatively high efficiency, making real time simulation of 

creatures with up to allout twenty degrees of freedom possible while producing reasonably 

accurate results. However, it has to  be noted that  occasionally the iterative process of adding 

contact impulses continues indefinitely as decreasing the absolute acceleration a t  one contact 

can increase the absolute contact acceleration at  another. and that the handling of contacts 

subject t o  static friction is less than optimal. Nonetheless, given the often large number of 

simultaneous contacts - up to about twenty can occur at  a time - and the sonletinles 

rapidly changing directions in the tangent velocity flow space for sonre of the contacts, the 

results that  can be obtained by the approach developed here have proved quite satisfactory. 



( 'hapter 2. Physical Sir11 rlla ti011 of Act r ~ a  tctl .Irticula tctl Wotlics - 

2.5 Summary 

'I'o surnmari~t .  the algoritl~m for \olving tltc equations of motion tiiscussrtl in Section 2.3 anti 

the rnethods for handling collisions and static contacts outlined in  Section 2.4 form a ha4s 

for a dynamic simulation program for actuated articulated bodies. ,I nunicrical itltegratioli 

procedure advances the sinlulation in time. As collisions introduce tliscontinuities into the 

motion of the simulated bodies. predictor-corrector methods are not a wise choicc for an 

integration routine. Instead, for this thesis a fourth order IZunge-Kutta algorithrn with 

adaptiv'e step sizes as described in PRE;SS et al. [37] has been used. ('ollisions have to  be 

handled b ~ t w e e n  two steps as integrating over collisions would lead to  intolerably small step 

sizes. 

In the next chapter, the algorithms outlined above will be used for simulating the motion 

of three-dimensional legged creatures in a very simple environment. On an SGI Indigo2 

workstation with R-2-200 processor, simulation speeds about 60% faster then real time could 

be obtained for single creatures with up to eighteen degrees of freedom. 



Chapter 3 

Evolution of Virtual Creatures 

IVhen dynamic simulation based on general physical rnodels of articulated figures i b  used 

to produce anirnation sequences, physical sinlulation algorithms ensure that the creatures' 

motion is realistic and that  all physical constraints are met. However, so as to  animate 

a character, its iilternal degrees of freedom have to  be controlled. For that purpose, an 

articulated body is equipped with a rnechanisnl generating forces to  b t  applied in the free 

directions of its joints. In the notation of Chapter 2, tlic force generators, often called 

actuators or effectors. supply the values of the forces A, of .llgorithm 2.1. 

A control system is a device for controlling the actuators of a creature. For every sirnu- 

lation time step. for every internal joint i with 11 degrees of freedom. it cornputes an 11-tuple 

h, ,  possibly by rliaking use of a variety of sensors providing information on the current 

state of the creature and its environment, such as proprioceptive smiors, tactile sensors. 

kinesthetic sensors. or photosensors, which is used by the actuator o f t h e  joint to  generate 

forces 

in the free directions of the joint. As usual, q, denotes the joint position of joint i ,  and k ,  is 

a joint specific const ant. 

A variety of approaches ranging from using sirnple sinusoidal functions without sensor 

input to biologically inspired combinations of coordination schemes including reflexes and 

motor programs. neural networks, and dataflow architectures have been used as control 

systems for virtual creatures as described in ('hapter 1. 

If control systems are to  be generated in an evolutionary process. it is favorable to 

have a controller space which is densely populated with useful controllers. Moreover, if the 



(~volutionary process is not to  degenerate into a randon1 s ~ a r c h .  control systcrris which are 

close according to  some metric in the controller space have to show s i ~ ~ i l a r .  but not identical, 

1)ehavior. LVhile the use of sinusoidal fi~nctions fulfills t liese requirenicnt s ,  it is too restrictive 

and does not allow for a wide range of behaviors that  may be of interest. 1Iore powerful 

control rnechanisms such as neural networks and dataflow architectures are well capable 

of generatiug these hhaviors,  but i r l  using one of these approaches most control systems 

fail to generate useful behavior at  all. and there is no simple metric ensuring continuity in 

coiltroller space. In this thesis, spectral synthesis is suggested as a useful tool for generating 

control systems which are sufficiently powerful to  generate a wide range of motion and at  

the same time well suited for evolutionary optimization. 

This chapter first outlir~es evolutionary algorithms aittl the principles they are based 

upon ir i  Section 3.1 and then introduces the legged, insect-like virtual creatures used in this 

thesis and the evolutionary operators used to evolve them in Section 3.2. As an original 

contribution, spectral synthesis as a method for generating evolvable control systems is 

introduced in Subsection 3.2.2. The chapter concludes with results and a selection of image 

sequences from cornputer simulations of creatures which have been evolved for locomotion 

bellavior in Section 3.3. 

3.1 Evolutionary Algorithms 

Evolutionary algorithms form a class of direct search and optimimtion algorithm.; mak- 

ing use of some of tile principles which have been identified to  underlie organic evolution. 

They attempt to rnoclel the collective l~a rn ing  process of a population of individuals un- 

der selective prossure. Though only a crude abstraction of biological reality. evolutionary 

algorithms have proven to  be robust and powerful alternatives to conventional optimization 

techniques where many of the latter tend to fail, as for example in the case of rnultirnodal, 

discontinuous, or non-differentiable objective functions or in dynarnical optimization. T h t w  

properties, together with their potential to  emphasize the explorative aspect of the search 

without losing sight of the goal of the optimization, have made evolutionary algorithms a 

popular choice for the generation of virtual creatures with life-like properties. 

This section introduces evolutionary algorithms fro111 a very general point of view. Many 

details and theoretical results can be found in RACK [I] who provides a comprehensive 

overview of the subject upon which the following treatment is based. The particular evo- 

lutionary operators used for evolving virtual creatures for locomotion behavior which have 

been developed as part of the work underlying this thesis are described in Section 3.2. 
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Figure 3.1: Flow chart of an evolutionary algorithrrl. 

3.1.1 Evolutionary Search and Optimization 

R r r r l o r , ~ ~  [42] suggcstcd a classification of opt h i sa t ion  techniques distinguishing between 

volume-oriented and path-oriented methotls. I\'hile volume-oriented algorithmr, typical cx- 

arnples of which are exhaustive search and Monte Carlo r~lethods. emphasizt~ the idea of 

exploring different regions of the search spare, path-oriented methods, such as gradient 

ascent algorithlns, rely on information gathered during the optiniization process, rnaking 

small steps towards successively better solutions. Generally, volume-oriented methods are 

superior as far as convergence reliability toward5 a global optirnum is concer~ietl as they 

are not likely to  get stuck in local optima. w l d r  they are outperfor~~ied by path-oriented 

methods with respect to conxergence velocity. 

Evolutionary algorithmr combine features from t)oth of these classe:, and can change 

their cliaracteristics during the cour5e of the search process as a response to  endogenous 

conditions as well ah to exogenous paranleters. They benefit from a high diversity of the 

genetic material present it1 the population, enlphasi~ing the explorative, volume-oriented 

aspect, wlde  making use of previous soh~tions when generating offspring, resultirig in a 

path-oriented component. Ideally. several paths are explored in parallel while maintaining 

the chance to nlis information from patlis pursued by different subpopulations so as to  

preserve the possihility of escaping local optima. 

f1ii;torically. three threads in the field of evolutionary optiniization which until recently 

have developed very much independently from each other can be discerned: genetic algo- 

ritlinls, evolution strategies, and evolutionary programming. They differ in the representa- 

tion of the object variables and in the evolutionary operators applied to  them. each one 

of then1 emphasizing different features as being most important to  successfully rnodelitig 

an evolutionary process. More recently, genetic prograriirriing has been devised by I i o z ~  

[25, 261 as a technique for the evolutionary optimization of computer programs. Several 

authors, including PETERSON [36] and VENTRELLA [.5O], add iriteractive features to  the 



evolutionary approach so as to  he able to incorporate subjective judgement into the search 

process. 

However. all niethotls s l~arc  the common idea of interpreting a nun11)er of points in 

the search space as the genotypes of intlividuals forming a population \vhicl~ is subject to  

recombination. mutation. and selection so as to  evolve it towards successively better regions 

of the search space. More specifically. a t  evcry time step, individuals are selected randomly 

from the population to  form offspring by means of rt~ornbination. Recorirbirlation results 

in a mixing of parental irlforrnation which is subsequently subject to  mutation. From the 

total offspring generated in this manner, a number of individuals is selected on the basis 

of their phenotypic properties determined by the objective function t o  form the population 

of the nest generation. By favoring individuals of higher fitness. i.e. those for which the 

objective function applied to  their genotypic description yields lower values if the task is 

minimization and vice versa, over those with lower fitness, convergence towards the global 

optimum can be ensured under certain conditions. Figure 3.1 outlines the general procedure. 
r i l h e  following subsections introduce generic versions of the genetic operators. 

3.1.2 Selection 

The selection operator selects a given number of individuals from the total offspring which 

has been produced to form the population of the nest generation. It differs from mutation 

alrtl reconlhirlation in that i t  is independer~t of the genetic representation of the individuals, 

merely making use of phenotypical properties of individuals. In the Darwinian theory of 

evolution. the fitness of an individual is determined only indirectly by its propensity to  

survive ant1 reproduce in the particular environment it is living in. B .~cI<  [I] notes that in 

that sells? natural selection is not an active driving force but only manifested in differential 

growth ratm of individuals. In evolutionary algorithn~s, howevc~, fitness is a direct. ~vell- 

&fined, and evaluable property of individuals, making it an artificial abstraction of the 

biological struggle for existence \vhich implies survival and reproduction behavior. opposite 

to biological reality.' 

B.;cI.; suggested a characterization of selection mechanisms by means of the concept of 

takeover time. The takeover time is the number of generations after which repeated ap- 

lRecently, attempts have been made to reverse this causality by letting individuals compete with each 

other without defining a static fitness function. REYNOLDS [40]. TU and T E R Z O P ~ U L O ~  [48], and Sinls [.15] 

report experiments in which behavior is evolved by direct competition bet,ween individuals. In all of thrse 

examples, the reproducibility of a virtual organism depends on other evolving organisms and is continuously 

in flux. leading to a dynamically changing fitness landscape. 



plicatiorr of the selection operator to a population which is not sut~ject to  recombination 

alrcl mutat ion yields a population consisting csclusivcly of copics of the best individual con- 

t a i d  in the initial population. Tlre takoover time can servt. as a rileaslire for the selective 

pressure a particular selection operator exerts on a population, tvith large takeover times 

reflecting low selective pressure and vice versa. High selective pressure nlearrs a high direct- 

edncss of the search process and leads to  a path-oriented search while lokv selective pressure 

corresponds to  a "soft", volume-oriented search. 

T w o  selection schemes frtyuently ernployed are proportional selection and deterministic 

selection of the best n offspring individuals where 11 is the fixed population size. The former 

scheme is the usual selection rnccllanisrn for genetic algorithms. Using it,  the probability 

of an individual being selected for survival is proportional to  its relative fitness .\\rithin the 

population. The scheme has been shown by BAcri [ I ]  to  have large takeover times compared 

with other selection mecha~lisrns, and therefore to  exert rtdatively low selective pressure on 

the population. The latter scheme, on the other hand, is the selectiorr mechanism exerting 

the highest selective pressure. It is the default selection algorithm for evolution strategies. 

3.1.3 Mutation 

The mutatio~i operator models the srlrall errors that  occur when genetic information in 

biological systems is replicated by reconlbination. In evolutionary algorithms. it has the 

ilrlporta~rt function of i~rtrottucing innovation into the population. As a general rule. small 

errors are more likely t o  occur than large ones, making normally distributed ranclonr vari- 

ables ~vi th  zero means a natural candidate for thc ~nu ta t io~r  of real-valued parameters and 

recorrmlelrding Grey codes for the representation of binary data. It is important to  ensure 

that in the absence of selective pressure successive mutations are neutral on average to avoid 

numerical drift wlrich would lead to biased outcomes of tlie evolutiorrary search. 

A general problenr related to  mutation is that  of step size control, where step size is used 

as a generic term. embracing quantities such as the mutation probability for binary data 

and the standard deviation of a normal tlistributiolr used to rnntate real-valued data. If the 

step size choserl is too small, an unnecessarily large number of iterations is required to make 

substantial progress, whereas too large a step size continuously destroys information, leading 

to a degeneration of the evolutionary process into a random search. Generally, according 

to U . ~ C I <  [I],  optimal mutation rate and convergenct. velocity tend to  increase as selective 

pressure increases. It is wrong to  say that  one selectiorr mechanisnr is superior to  another, 

but mutation rates have to  be carefully tuned to  ensure satisfactory performatlce. 

Different algorithms have been proposed for controlling step sizes and adjusting muta- 



tion rates to  the local structure of the ohjective function. RECIIEYBI:RG [39] analytically 

corrlputed optirnal step size5 for a very simple evolution strategy applied to several simple 

ohjective functions. He observed that the probability \vitll which an offspring individual 

outperfornis its parent in the case of optimally chosen step sizes is approximately the same 

for different objective functions. On the hasis of this observation, he derived a simple step 

size control algorithm which calls for an increased step size if  the success rate during the 

past generatioris \vas too high and vice versa. As an alternative, SC'H~VFWEL 14.31 suggested 

self-adaptation of strategy parameters, making the step sizes part of the genetic informa- 

tion of an inclividual itself ant1 thereby optimizing them in tlie course of tlle evolution. 

Self-adaptation has been shown to snccessfiilly adjust step sizes to  the local structure of 

the objective function for several examples. ilowever. care is advised as it increases the 

di~nensionality of the search space. 

3.1.4 Recombination 

The recombination operator models the process of generating tlle genetic material of an 

offspring individual from that of its parent individuals. It can either act on two individuals 

randomly chosen from the parent population. making the genetic information o f t  he offspring 

a combination of the information carried by the two, or choose a new pair of parents for 

every component to be gcncrated. The latter algorithm deviates from biological reality and 

clilphasizes the point of view that the population as a xvhole forms a gene pool from which 

new individuals arc constructed. 

Recombinatior~ on tlle components can he either discrete, randornly choosing genetic 

information from either of the parenth, or - for real-valued parameters - intermediate, 

forming an arithmetic mean of the parent information. It is worthwhile noting that diff~rent 

recombination operators can be used for object variables and strategy parameters in the 

case of self-adaptation. Experi~nents reportrcl by B f c ~  [l] have shown that for evolution 

strategies discrete recombination for object variables and intermediate recombinatio~l for 

strategy parameters yield good results. 

3.1.5 Parallelism 

Evolutionary algorithms are a natural candidate for parallel implementation. The popula- 

tion can be distributed over a number of processors, with the evaluation of the fitness of an 

individual, which is often the most tinlp consuming task, and mutation not requiring any 

communication between different processors. However, the benefits from simply increasing 
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the population size are limited. The expected gain in convergence velocity and reliability 

decreases as population s i ~ e  increases. in part clue to  the fact that malty individuals will 

carry almost identical genetic information. 'I'lierefore, efforts have to  be rnatle to  maintain 

genetic diversity of the population. B f  C*I< [l] distinguishes two ways of accon~plishing tl~is: 

the ~nigration motlcl and the diffusion model. 

In the migration model, the population is divided into a nurnher of subpopulations which 

evolve in isolation from other most of the time, with recon~hi~mtion and selection being 

local t o  the subpopulations. Occasionally, however, individuals migrate between different 

subpopulations. 'The desired effect i i  t o  have different subpopulations evolving towards 

different locally optimal regions of the search bpace. c\fft.ctively avoiding degeneration into a 

path-oriented search. Obviously, this approach is highly suitable for parallel implementation 

on a cluster of workstations. 

The diffusion model uses a more fine-grained for111 of parallelis111 which requires a consid- 

erably higher corrlrl~li~ricatioll bandwidth. It defines a metric on the population by arranging 

it for example a two- or three-dimensional lattice structure and has the recornbination and 

selection operators app l id  only to  neighboring individuals. In this ~vay, genetic information 

can propagate, or diffuse, only slowly tllrough the population, effectively favoring subpop- 

ulations with widely differing genetic material to  claim their niches in different parts of the 

lattice. 

3.2 Virtual Creatures 

Virtual creatures are described by two separate aspects: their morphology and their control 

system. The morphology determines the physical appearance and properties of a creature, 

the control system its behavior. When there are no stringent needs which completely de- 

fine the physical appearance of a creature, its morphology can be suhject to evolutionary 

optimization along with its control system. Generally, evolving three-dimensional creatures 

not only makes the task of physical sinlulation considerably more difficult than using two- 

dimensional ones, but also creates higher demands on the control systems due to  an increased 

number of degrees of freedorn. 

To generate either of the two components by automated evolution. an appropriate geno- 

typic description for creatures has to be found, and recombination and mutation operators 

have to  he given. So as to increase the chances of the evolutionary search to  succeed, the 

creatures have t o  be evolvable in the sense that small changes to  the genotype of a creature 

result in snlall changes of the phenotype. Systems in which small changes of parameters 



result in either no change at  all or in a very large change of tlic tlynaruics of thc system 

make evolutionary scarch an artluous task. E'urt hcrrnore. it i \  nscful t o  devise an c~~cotlirlg 

ivhich leads to  a search space of not too high a di~riension. Vnneeessarily many paran~cter:, 

make the evolutionary search likely to  fail while a "co~lstrairletl et~~bryolog-y" as sugg~sted 

by DALVICINS [13], in \vliich a few high-level gene\ control relatively powerful features of the 

phenotype, greatly increases the chance of success. 

3.2.1 Morphology 

Creature morphologies that have been explored in the past rauge frorn VAN DE P A T N E  

and FIUME'S [39] simple t\vo-dimensional creatures to ~ I C ' I < E N N A  and ZELTZER'S [29] 38- 

degree-of-freedom cockroach, and frorn V E N T R E L L A ' ~  [SO] kinematic stick figures to  SINS'S 

[U] three-dimensional dynamic creatures. Obviously, both the value of three-dimensional, 

fully dynamic creat uses for animation purposes and the difficulties invol\,ed in the sirnulation 

of their behavior are higher than for two-dimensional or kinematically deforming characters. 

The creatures evolved in this thesis are three-dimensional, fully dynamic articulated 

bodies. Explicit attempts have been made to  limit the number of degrees of freedom while 

preserving the ability to generate creatures of a coniplexity which makes them useful for 

animation purposes. hlore specifically, the creatures' rnorpl~ology has been restricted to 

a symmetric, insect-like shape, with each creature corrsisting of a trunk. rnodeled as an 

ellipsoid ivith a volunie constraint so as to  prevent the evolution of creatures successful only 

due to  a weight advantage. arid two or three pairs of lirnhs. each consistirlg of two frustu~n- 

shaped segments. ,411 links have an identical and invariant specific mass. The diameters 

of two segrrients connected by a joint are required to  match a t  the junction. The limbs 

are connected to  the trunk at  fixed positions, but at  variable orientations. All joints are 

rotational with joint lirrlits enforced by spring forces. Actuator forces are proportional to  

the d i a m e t ~ r  of the links at  the respective joints. 

Consequentially, the parameters required for specifying the morphological properties of 

a creature are a binary variable for the number of limb pairs, and for every link, real-valued 

variables specifying the dinicnsions of the link and the position where it is attached to  its 

parent link, and a qnaternion d~terrnining its relative orientation with respect to  its parent 

link. This morphology was chosen due to  the possibility of encoding it in just a few bytes. 

making it appropriate for evolutionary optir~lization, its potential to  produce rolling motions 

- a factor which has not yet been explored hy other researchers and which was hoped to  

lead to interesting forms of locomotion - and because it is reminiscent of some animal 

shapes while having only a small number of degrees of freedom. 



Figure 3.2: The top row shows two crea- 

tures cl arid ~ 2 .  the bottom row on the 

l d i  a t ~ p i c a l  rccorn hina tiort of the two, 

arltl on the right a mutation thereof. 

So as to  evolve creature morphologies, a recornbination operator rornbining the genetic 

information describing the nlorphological properties of two parent individuals and a mu- 

tation operator making snlall changes to the rebult have to he dcfined. The recombination 

operator used for the computer experiments to  h~ described below sets the number of 

limb pairs of the offspring individual to  that of either of the parent individuals, uses the 

arithmetic mean of the dimensions of the parent individuals' trunks t o  generate the ror- 

responding quantities of the offspring individual, and copies the genotypic descriptions of 

complete lirnh pairs chosen randomly from either of the parent intlividuals to  the offspring 

individual. Subsequrntly. all real-valued para~neters and both the angles and the axes of 

rotation of the quatcrslions are mutated by adding small, nor1n;llly-distributed randon1 dis- 

placements with zero mean. Figure 3.2 shows two evolved creatures along with the results 

of the application of the recoriibinatioli operator and a typical mutation. 

3.2.2 Control Systems 

A wide range of control systenls has been explored in related research. VENTRELLA [50] 

used oscillators with n o  sensor input for animating three-dimensional stick figures. While 

this scheme is highly evolvable, the output is lirnited to  simple sinusoidal functions. F I U M E  

and VAN DE I'ANNE [49] employed snlall linear networks of weighted connections with delays 

between sensors and actuators and noted that  most of the control systems that  can be 

generated fail to  produce sustained locomotion. Moreover, they observed that  sinall changes 



to the weights of the network often re5oltetl in cithcr no c l~a l~gc  nt all or a very largcl 

change in the dyl~aniics of the system. Sin~ilar remarhi apply to the dataflow cortiputer-like 

architecture developed by S~hrs [ l - f ] .  LIc I\;ENN.Z and %~:rxzrstt [29] divided the problem of 

generating suitable input to  the actuators into a coordination problem, solved hy a gait 

controller consisting of a number of coupled oscillators for the different l in~bs which w r e  

further syncl~roni~ed by reflexes, and a control proble~n, which was solved by carefully 

handcrafted motor programs gleaned from obiervations of biological systems and physical 

intuition. While highly effective, it is unclear 1101~ to  employ evolutionary optimi~ation to  

automate the design process. NGO and MARKS'S [%5] control systems based on stimulus- 

response pairs promises to  be 110th powerful and evolvable, but has not been shown to  be 

useful for generating nlotion t)ehavior in three diruensions yet. 

The approach taken in this thesis differs from all of the above. Spectral synthesis is 

introduced as a tool for generating control systems in an attempt to  enco~upass a pot en ti all^ 

large range of functions while at  the same time providing cvolvability by ensuring both that 

the search space is densely populated with useful controllers and that a small change of the 

genotype of a creature results in a snlall change of the generated behavior. 

In what follows. the genotypic description of an actuator function consists of N complex 

nu111l)~rs HIL, 17 = 0, . . . , S - 1, forniing a discrete Fourier spectrum ~vhich describes the 

function in the frequency domain. .is actuator function5 are required to  be real-valued, 

it l ~ a s  to  1x1 ensured that H,, = IIQ-n for n = 1.. . ., S / 2 .  Discrete values hk = h ( t n ) .  

k = 0.. . . , S - 1, for the actuator function at  timcv, t k  = k- l  in the time domain call be 

obtained by means of the discrete Fourier transform 

For tirne values t  between the discrete time step? t k ,  simple linear interpolation can be used 

to recover h( t ) .  For times after *YA the pattern repeats periodically. Effectively. this scheme 

can be seen as a generalimtion of \ r ~ ~ ~ ~ ~ ~ ~ ~ ' s  [SO] control algorithni which corresponds 

to  the special case that  there is only a single non-zero frequency component. 

As for the tnorphology, a symmetry requirement has been been imposed on the control 

system of a creature. The actuator functions for opposing limbs of a creature are either 

identical or offset by a time interval equal t o  NOI'L, leading to  hopping and alternating 

gaits, respectively. 

Control systems are initialized by randomly generating the set of 1V/2 complex fre- 

quency components Ho,  . . . , HV12-I and a time scale -1. Good results have heen obtained 
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I:igure 3.3: .In actuator firr~c.tion 

h ( t )  (solid line) and ser.eral mu- 

tations ( h r o h n  lines) oi7er time t .  

The mutated functions have beet1 

generated by shifting and scalitig 

time and tnakirig srliall changes to 

the spectrritn of the original func- 

tion. 

by generating spectra dominated by low frequency components, for example by using a 

normal distribution with zero mean and a variance which decreases exponentially with the 

frequency for generating the H,. 

The recornbination operator combining two parental Fourier spectra is discrete in that  

it simply selects the spcctrurn of the parent whose morphology was choserr to be inherited 

by the offspring individual. This choice has been made in the belief that the morpl~olo~ical  

properties of a limb and the control functions determining its behavior form a unit which 

has been fine tuned in previous generations. hlutation ic, accomplished by three separate 

processes. First. the frequency cornponerrts H ,  of a spectrum are modified by adding nor- 

nrally distributed increments with zero rnean. Then, a nornlally distributed time shift with 

zero rnean is performed, and finally, the overall time scale on which actuator forces are com- 

puted is mutated by adding an increment to the time resolution A which is treated as part 

of the genetic information of an individual. Figure 3.3 shows different actuator fi~rtctions 

generated by an evolved Fourier spectrum and mutations therrof, demonstrating that  the 

mutation operator thus dc3fined has indeed the desired property of producing small errors. 

3.3 Results 

This section presents a number of three-dimc~lsional virtual creatures which have been 

evolved for locomotion behavior on a flat ground plane. The objective function used to  

determine the quality of a creature si~rrply maps the creature to  the absolute distance it 

is capable of traveling within a given time span. For evaluating a creature, it is dropped 

onto the ground plane and its motion is simulated for a period of 20 seconds of simulated 



time. &Is it usually takes creatures a few seconds to  fall i~r to  their natural gait, tlir total 

liorimntal distance t t t~tmw~i the location of the crwtcr of the creat tire's trunk after 10 and 

after 20 seconds was used as the fitness measure. In future esperimerits. it is conceivable to 

add other fitness measures, for example to  nlinimize the total energy spent or to  award for 

a large average height of a creature's trunk duri~ig locomotion. 

Some populations were initialized with creatures the morphologies of which were thought 

to  be promising in that they seemed to suggest certain locomotion strategies, others in a 

cornplet~ely random fashion. Interestingly, the creatures stemming from populations with 

totally random initial conditions most often turned out to  be more interesting and also 

more successful than those with "promising" initial conditions. The populatio~i sizes of the 

evolutionary algorithm ranged from 16 to  ahout 64, following advice from B ~ C K  [l] with 

six times that  number generated as offspring in every generation. In separate runs, both 

deterministic choice o f t  he best offspring individuals and proportional selectioll were used as 

selection mechanissns; neither of the two schemes could be identified as superior to  the other. 

Neither the migration model nor the diffusion model were implemented. Most populations 

were evolved for about 50 to  100 generations before the most successful creatures evolved 

in the course of the evolution were inspected. 

As a consequence of the lack of a mechanism for preserving genetic diversity of the 

population, most computer runs quickly converged towards homogeneity, with populations 

dominated by a large nunlber of very similar and fairly successful creatures. However, sep- 

arate computer runs most often ended up with completely different loconlotion strategies 

and widely varying creature characteristics. I'or that  reason, and because the goal of the 

evolutionary sci~rch was not just to  find the rnost successfuI loconiotion behavior, but to 

generate creatures capable of "interesting behavior", a term which is not always properly 

captured by the rather simple evaluation metric, an interactive evolution overlay was cre- 

ated t o  provide the animator with the possibility of letting subjective judgement influence 

the evolutionary process and to  mix the genetic information of creatures evolved in separate 

runs. In particular, populations with different characteristics can be merged and individual 

creatures which are deemed not to  be interesting or which occur in similar form in a great 

multitude in a population can be renloved. Substantial flirt her improvement resulted from 

these procedures. It can be expected that  comparatively good results can be achieved with 

less need for interactive manipulation by implementing the methods outlined in Section 

3.1.5. 

A selection of some creaturps which have heen evolved is shown in Figures 3.4, 3.5 .  and 

3.6, demonstrating that  a variety of gaits has been generated. Some of the evolved creatures 
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Figure 3.4: A six-legged creature which uses its rear legs and the trunk for locomotion, with 

the renlaining limbs supporting the motion and ensuring balance. 



C'hapter 3. Evolutior~ of I'irt nal ('reat ures 

Figure 3.5:  A four-legged creature which propels itself forward by frog-like jumps. 



C'llapter 3. Evolution of' C'irt nal C'rea t ures 

Figure 3.6: A four-legged creature which exhibits an alternating gait pattern. Its loconlotion 

behavior relies mainly on the front legs arld is rather inefficient compared with that o f  the 

hopping crea t ures. 



displaycci some qualities reminiscent of familiar aninials ant1 csliibit apparently goal-tlircctetl 

behavior. I-Iowever, as morphologies i~11d sompatihle 1noti011 styles evolvc together, many 

creatures eshihit rather unfaniiliar losoniotior~ styles, riiaking use of morphological ant1 

envirormiental properties that  cannot bc observed in nature. Ehr esarnple. some creatures 

exploit the fact that there is little friction bctbveen an ellipsoid arid the perfectly even ground 

plane by using their trunk in a phase of rolling motion. 

ii71iile most of the randomly generated creatures quickly ended up on their back with the 

legs helplessly moving in the air, the most snccessful ones of the few capable of sustained 

locomotion traveled about five times the length of their body within ten seconds. The 

most successful evolved creatures traveled about five times that  distance. Given the current 

restrictions on creature morphologies. four-legged creatures which use their rear legs for 

hopping and the front legs for supporting the motion are most successfill. As a general 

rule, six-legged creatures are harder to  evolve due to  their higher number of degrees of 

freedom, and alternating gates are less stable than hopping ones, emphasizing demand for 

a stimulus-response system to  reinforce stepping patterns. 



Chapter 4 

Conclusion 

This thesis has explored some aspects of the use of fully general dynamic simulation for 

the generation of physically realistic animations of articulated figures and of the use of 

evolutionary search algorithms to produce meaningful behaviors. The problems related to  

the task of physically simulating three-dimensional articulated figures subject to  frictional 

collisions and static contacts have been introduced. and algorithms for tlrcir solution have 

been outljned. In particular, the derivation of the equations describing the effect of a con- 

tact force on the acceleration of an articulated figure is an original contribution of this 

thesis, and the algorithnl for handling multiple static contacts developed here is, apart from 

MIIWICH'S [33] impulse-based method, the first of its kind which does not havc to resort 

to penalty spring forces to  enforce interpenetration constraints. hloreover, it allows for in- 

teractive simulation speeds. Then. some issues accompanying the automatic evolution of 

useful behavior were introduced. Particular stress was put on the need for evolvable encod- 

i n g ~  for virtual creatures, and as another contribution of this thesis, spectral synthesis was 

suggested as a useful tool for generating creature control systems. Subsequently, the ability 

of this method to  lead to  useful creature behavior was demonstrated by reporting results 

from computer esperiments in which virtual legged creatures with a rornparatively large 

number of controlled degrees of freedom were evolved for land-based loconlotiorl behavior. 

A result of this thesis is the insight that  tlie amount of physical accuracy recjuirtd to  

produce realistic behavior grows with the complexity of the morphology of a creature, and 

that  the simple models which have been used to  simulate locomotiori behavior of stick 

figures, in statically stable cases, or in two dimensions cannot always be easily generalized 

to  cope with dynamic. three-dimensional motion with multiple concurrent contacts. IVhile 

systematic errors may not be immediately obvious in siugle simulations, an evolutionary 



algoritlini inevitably finds deficiencies in the physical model or its irnpleme~itation and will 

ultimately exploit them. 

Virtual creatures generated as the result of a11 automatic evolutionary search process 

are not likely to replace other approaches to  character aliirrlatiorl i n  the near future. LVhilc. a 

range of interesting and highly realistic looking motion can be generated without requiring 

cumbersonie user specifications, desigu efforts, or any knowledge of physics or biomechanics, 

the amount of control that the animator has on the resriltirlg animation is insufficient for 

most applications. However, the approach is capable of producing virtual creatures of a 

complexity that  would be hard to  devise for a h~irtian animator. 

Future Work 

A number of steps can be taken to  improve on and extend this work. First, a physical model 

able to  handle multiple static contacts ivith static friction in a more exact rrlanner can be 

expected to  fiirther enhance the physical realism of the generated motion. Moreover, it is 

conceivable that also the quality of the locornotiori behavior that can be achieved would 

be improved as less creatures would have to  be discarded simply because the si~ilulation of 

their behavior went astray. 

Second, while the control systems evolved in this the& are versatile enough to  allow for 

a wide range of forms of loconlotion, due to  the choice of generating control signals for the 

actuators without using sensor input there are natural limits to the potential capabilities 

of a creature. Thc lack of a stimulus-response systcw makes it impossible for creatures to 

develop a sense of balance or to alter their gait pattern as a response to changing environ- 

mental corditions or a command h. tlic animator. Creatures would have to 11e equipped 

with sensors delivering hfornlation on the current state of the creature, on contact5 with 

other objects, or on other external stiniuli. Possibly the most promising approach of mod- 

eling a stimulus-response systeni while preserving evolvability is to  incorporate the spectral 

synthesis approach introduced in this thesis into the framework of gait controllers and mo- 

tor programs as used by ~ ~ ~ I ~ E N N A  and ZELTZER [29]. In  particular. Fourier spectra arc 

a prime candidate for the representation of motor programs which are to  he autonlatically 

evolved. 

Third, incorporating terms awarding energetic efficiency and snlootlmess of the gener- 

ated motion into the fitness function may help producing creatures more akin to  real animals 

and reduce the need for interactive cvolution. Other objectives. such as nraximum average 

height of the center of a creature's trunk, are conceivable too. 

Fourth, the rendering of the virtual creatures could be improved by surrounding them 



with a flcxihle skin and by adding sitrface details such as fur, eyes, or hair. 

Lastly. creature morphologies other than tlic simple four or sis legged shapcs used in 

this thesis are worth exploring. An obvious extension is to  allow for different types of joints. 

such as prismatic or spherical joints in addition to rotational joints. Evcln more interesting 

is the possibility of constraining morphologies to  ranges of geometric and inertial properties 

as measured in real aninials or llurnan beings. However, more potent control systerns and 

improved strategies for coordinating motions of different parts of a creature are necessary to  

control the increased number of degrees of freedom needed for a biornechanically sufficiently 

exact simulation of the human body. 



Appendix 

Implementat ion Issues 

A software system for the evolution of articulated three-dimensional creatures capable of 

locomotion has been implemented in C on SGI workstations running IRIX 5.3. Most ex- 

periments were run on Indigo2 computers with R4400 processors. A client-server approach 

has been used to decouple the task of physical simulation from the evolutionary compo- 

nent of the program and thus to  allow for parallel execution. Whilc at  any point in time 

there is a single client process implementing the evolutionary algorithnl and a user interface 

for interactive evolution and displaying features, a multitucle of server processes perform- 

ing physical simulation can run on different ~nachines, with each one simulating its own 

creature. Communication between the client and the server processes is via sockets. 

The client side can run in either batch or interactive mode. In batch mode, it runs 

as a background process, perforniing an automatic evolutionary search on a population of 

creatures. For that  purpose, the process keeps track of t11~ available hosts running server 

processes. JVhenever a host is known to be idle, the client process chooses two creatures 

for recombination, mutates the result, and sends a description of the creature to the server 

process for evaluation. 135. periodically polling the connections, the client process can receive 

evaluations from server processes that  have finished their job and time out connections that 

have run astray. In interactive niode, the client process provides the user interface for 

interactive evolution shown in Figure A.1. Its features include the ability to  interactively 

load, save, and merge populations, thereby mixing genetic information from independently 

evolved gene pools, or to  delete single creatures. 

For displaying the simulated motion, the creatures are rendered using smooth shading, 

and the shadow they cast on the ground plane is added to give a better idea of their location. 

The display can be continuous or advanced in single frames both forwards arid backwards 



Appendix. I ~ n p l e n ~ c ~ ~  ta tion Issues 

Figure 11.1: A screenshot of the client window in interactive mode 

in time. The motion can he displayed with a static camera aiming at  a particular point 

on the ground plane, with the camera dynalr~ically followil~g the moving creature, or in 

a stroboscopic rendering of a creature in various positions along its path. Furthermore, 

controls for repositioning the camera and a facility for automatically generating a movie file 

from a series of frames are providd.  

The server side handles all of the physical simulation. A server process is designed as 

an endless loop forking off child processes whenever a connection is requested by a client. 

A child process receives a description of a creature and an initial state from the client and 

starts simulating the motion of the creature. If the connection was requested by a client 

running in batch mode, the server proceeds with the simulation until it either reaches the 

end of the specified simulation time interval or the connection is timed out by a signal sent 
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by the client. If the end of the simulation time interval has been reached, the server replies 

with the absolute distance traveled by the creature during the sim~ilation. If the connection 

was requested by a client running in interactive mode, the simulation can be started or 

stopped a t  any point in time by signals from the client. Whenever s~ificient information for 

computing the state of the creature during the nest time frame has been generated. it is 

sent to  the client. 
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