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(57) ABSTRACT 

An arti?cial multiped is constructed (either in simulation or 
embodied) in such a Way that its natural body dynamics 
alloW the loWer part of each leg to swing naturally under the 
in?uence of gravity. The upper part of each leg is actively 
actuated in the sagittal plane. The necessary input to drive 
the above-mentioned actuators is derived from a neural 
network controller. The latter is arranged as tWo bi-direc 
tionally coupled chains of neural oscillators, the number of 
Which equals tWice that of the legs to be actuated. Parameter 
optimisation of the controllers is achieved by evolutionary 
computation in the form of a genetic algorithm. 
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ARTIFICIAL MULTIPED AND MOTION 
CONTROLLER THEREFOR 

FIELD OF THE INVENTION 

[0001] This invention relates to an arti?cial multiped such 
as a robot or a computer-generated image, and to a controller 
therefor. The invention relates in particular to the control of 
the Walking of computer generated bipedal images, and 
particularly but not exclusively, to the body dynamics of 
such images. 

BACKGROUND TO THE INVENTION 

[0002] The control of arti?cial multipeds, Whether embod 
ied or physically simulated, is an inherently dif?cult task. 
There is considerable interest in this matter, from disciplines 
as diverse as robotics, computer animation, virtual reality 
and biology. 

[0003] For computer animation, the use of motion capture 
has long been employed, Wherein the desired human behav 
iour is ?lmed and then typically digitiZed to provide data for 
animation of an equivalent image. Whilst this provides 
realistic motion dynamics, particularly for the dif?cult simu 
lation of bipeds, the technique suffers from the difficulty in 
generaliZing Walking motions, particularly in unpredictable 
conditions. The technique also imposes high demands on 
data storage capacity, and is inappropriate for robots. 

[0004] Afurther approach Which has therefore been devel 
oped, both for robots and for computer-generated images, 
relies upon a semi-physical representation of the multiped 
coupled With a controller to create movement patterns. 
Techniques such as inverse kinematics and inverse dynamics 
can be employed to place virtual limbs at the desired 
positions and accordingly to compute the required forces. 
The problem With this approach is that the controller tends 
to use ?nite state machines (because of the cyclical nature of 
ambulatory movement) Which results in only partially real 
istic movement and requires hand turning of the parameters 
of the ?nite state machine. 

[0005] In recent years, neural netWorks have been 
employed to improve the control of morpho-functional 
machines. So called recurrent neural netWorks (RNNs) have 
been found to be particularly appropriate for locomotion of 
multipeds, When used in combination With arti?cial evolu 
tion to optimiZe the parameter settings of the netWork. US. 
Pat. No. 5,124,918 discusses such an approach in the control 
of a heXapedal insect-like robot, and Ijspeert et al in “From 
Lampreys to Salamanders: Evolving Neural Controllers for 
SWimming and Walking” from Animals to Animats, Pro 
ceedings of the 5th International Conference of the Society 
for Adaptive Behaviour (SAB98), pages 390 to 399, MIT 
Press (1998) discuss the application of neural netWorks to 
arti?cial salamanders. Golubitsky et al in “Symmetry in 
locomotor central pattern generators and animal gaits”, 
Nature 401, pages 693-695 (1999) discuss, at a theoretical 
level only, the neural controllers necessary for many-legged 
creatures. 

[0006] There are particular problems associated With the 
control of bipeds, both embodied as robots and as computer 
simulations. Speci?cally, the unstable dynamics of tWo 
legged Walking require that, in general, continuous active 
control is necessary. Additional controllers have also been 
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necessary to control lateral and sagittal stability. For this 
reason, engineering techniques such as ?nite state machines 
and conventional control theory have been considered nec 
essary. As previously explained, this brings With it the 
problems of mathematical tractability, the need for manual 
optimisation, and limits on eXtendability. Bipeds controlled 
in this manner also tend to be relatively sloW moving. 

SUMMARY OF THE INVENTION 

[0007] The present invention seeks to improve on the prior 
art. In particular, one object of the present invention is to 
provide an arti?cial morpho-functional multiped Which 
appears qualitatively more realistic When moving. A further 
object is to provide a bipedal motion controller Which leads 
to a faster evolution of stable Walking, Which at least 
alleviates the problems of the prior art biped controllers and 
Which again causes qualitatively more realistic Walking of 
the biped. 

[0008] According to a ?rst aspect of the present invention, 
there is provided a computer system comprising: processing 
means arranged to generate an image, on a visual display 
unit, of a multiped having a trunk and at least tWo legs 
depending therefrom, each leg including at least a ?rst, 
upper part and a second, relatively loWer part; (ii) to 
simulate the NeWtonian forces that Would be acting upon 
each separate part of the multiped at a given time and to 
apply these simulated forces to each said separate part so 
that, When displayed, each part moves under the in?uence of 
these simulated forces; (iii) to cause the image of each upper 
leg part to pivot about the trunk; (iv) to cause the image of 
the upper part of each leg to be moved via a simulated 
actuator in an arc relative to the said trunk; and (v) to cause 
the image of each relatively loWer leg part to describe an 
apparently substantially free-sWinging movement relative to 
its respective-upper part; (vi) to provide a neural netWork 
having a plurality of neurones, the output of Which neural 
netWork controls the actuator movement of each upper leg 
part such that the image of the multiped appears to Walk. 

[0009] The use of “passive dynamics”, that is, the use of 
freely sWinging relatively loWer leg parts With only the 
upper part of the leg being actuated, provides a Walking gate 
of an anthropomorphic nature. It Will of course be appreci 
ated that the same effect is achieved even if the loWer leg 
part is actuated, (although at the eXpense of further hardWare 
and control) provided that the nett result is that the loWer leg 
part moves in a manner Which appears to be free sWinging 
or nearly so, and the scope of the claim is to be construed 
accordingly. Actuation of the loWer leg part may in fact be 
desirable if the multiped is to circumvent or climb over 
objects. Indeed, a Weak constant simulated torque applied 
betWeen the upper and loWer leg parts, Which tends to 
straighten the leg, has been found to be particularly useful. 
The strength of the torque is sufficiently small that the loWer 
leg part nevertheless appears substantially free-sWinging. 
LikeWise, although a leg With only tWo parts, upper and 
loWer, is preferred, the claim is not restricted thereto and 
multi-jointed legs are contemplated as Well. 

[0010] Preferably, the processing means is further 
arranged to simulate the actuator by calculating the simu 
lated torque, FT, required to move the image of the upper 
part of each leg, under the effect of the said simulated 
NeWtonian forces, in response to an output from the neural 
netWork. 
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[0011] The actuator used to cause movement of the upper 
part of each leg may take several forms. In one preferred 
embodiment, the actuator is a proportional-integral-deriva 
tive (P-I-D) actuator in Which, preferably, the torque FT at a 
time T is related to the angle 6) in accordance With the 
equation 

[0012] Where kp, kD and kI are the proportional, derivative 
and integral coefficients, and t is time. 

[0013] In particularly preferred embodiments, the coeffi 
cient kI is set to or near Zero, so that the actuator becomes 
a proportional-differential (PD) actuator. 

[0014] An actuator implementation of this type requires as 
input the desired angle betWeen the upper part of the leg and 
the trunk (equivalent to the desired length of a biological 
muscle). The necessary force (torque) to reach the “sWeet 
spot” is calculated by the actuator itself. In other Words, 
motor commands from the neural netWork to the actuator do 
not, in the preferred embodiment, represent forces, but 
instead represent desired kinematic parameters like relative 
joint angles. 
[0015] The use of PID or PD controllers brings about 
several advantages. Firstly, control is provided at a loW 
level, as any discrepancy betWeen the actual and the desired 
angle is automatically reduced. As a consequence, the ten 
dency of the computer-generated images of the limbs (for 
example) to buckle under the simulated body mass is 
counteracted directly by the actuator, a task Which Would 
otherWise have to be accomplished by the neural netWork. In 
addition, by tuning the alloWed desired angle (8d) range, 
upper and loWer limits to limb movement can easily be 
achieved. This is not possible if the neural netWork has 
explicitly to specify forces rather than desired angles. 
[0016] Yet a further advantage is that a joint actuator 
arrangement Which acts as one entity rather than implement 
ing single muscles (agonists, synergists, antagonists) greatly 
reduces the degrees of freedom of the system (and of the 
neural netWork controller). 
[0017] In other preferred embodiments, hoWever, the pro 
cessing means is further arranged to simulate the actuator as 
a force limited velocity constraint actuator in Which the 
torque, FT, applied to the upper part of each of the tWo legs 
is a function of the desired velocity of movement of the 
upper part of the one leg relative to the body trunk, and 
Wherein the desired velocity of movement is related to a 
difference betWeen the actual and the desired angle betWeen 
the tWo upper leg parts, the desired relative angle being 
derived from the neural netWork. 

[0018] The object point to Which an angle of an upper leg 
part is relative is of course arbitrary for perfectly symmetri 
cal Walking. A relative angle betWeen one leg and the trunk 
is functionally equivalent to a relative angle betWeen one of 
the upper leg parts a ?xed point for example. For perfectly 
symmetrical Walking, indeed, it Would be possible to mea 
sure the angle of one leg relative to the other. 

[0019] In each case, it is to be understood that application 
of the torque to the upper leg parts may be directly (i.e. to 
a simulated thigh muscle), to a simulated hip joint or both. 
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[0020] Preferably, the multiped has only a single actuator 
per leg, such that the loWer leg parts sWing freely. Multiple 
actuators for each leg are hoWever envisaged as Well. 

[0021] Most preferably, the multiped is simulated as a 
biped With tWo hip joints, each hip joint connecting the 
upper part of a respective one of the tWo legs to the trunk. 
The hip joint is constrained to have only a single degree of 
freedom in the preferred embodiment. It has been found that 
lateral and tWist movements are not necessary for straight 
line Walking. 

[0022] Preferably, the processor is further arranged to 
generate an image of a plurality of feet, each of Which 
appears to be connected to an end of the image of the loWer 
part of a corresponding leg via an ankle joint, and Wherein 
the processor simulates the action of a damped torsional 
spring to govern the movement of each said ankle joint. 

[0023] During Walking, the feet represent the only physi 
cal interface betWeen a Walking multiped and its environ 
ment, and therefore play an important role in its locomotion. 
In particular, by acting analogously to a damped spring, the 
ankles serve to alloW a smooth roll of the foot over the ?oor 
Whilst simultaneously storing energy. At toe lift-off, this 
energy is released to used to initiate the next stride. No 
active neural netWork control is required for this task. 

[0024] The processor may also limit the angle betWeen the 
image of the upper part and the image of the loWer part of 
each leg. The reason for this is that a passively sWinging 
loWer leg preferably requires a mechanism to provide a rapid 
stop to the movement at full extension. Although an appro 
priately controlled and timed actuator could in principle 
achieve this functionality, a preferred solution is to place a 
soft angular limit on the knee joint (that is, the angle betWeen 
the upper and loWer parts of each leg). 

[0025] In a particularly preferred embodiment, the neu 
rones of the neural netWork are arranged as a recurrent 

neural netWork (RNN) so as to form tWo bi-directionally 
coupled chains of identical oscillators, at least tWo of the 
neurones acting as motor neurones Whose output controls 
the said actuator associated With the upper part of each said 
leg. 

[0026] The neural netWork architecture of the preferred 
embodiment acts as a central pattern generator. The number 
of identical oscillators in each chain is preferably tWice that 
of the appendages to be actuated. In other Words, four 
oscillators per chain or eight in total are preferred to control 
quadrupeds, Whereas tWo oscillators per chain, i.e. four in 
total, are desirable for bipeds. 

[0027] Most preferably, the recurrent neural netWork com 
prises one recurrent subnet per oscillator, and each recurrent 
subnet preferably comprises six nodes as this Was found to 
produce a high degree of spontaneous cyclic activity. Each 
of these recurrent subnets is connected to a laterally adjacent 
recurrent subnet (i.e., a recurrent subnet in the other of the 
tWo chains) via symmetrical Weights so as to alloW bidirec 
tional coupling. Each neurone in each recurrent subnet is 
preferably arranged to synapse With its equivalent in the 
opposite recurrent subnet in the opposite chain. Connections 
to sagittal neighbours are asymmetric, in the preferred 
embodiment, that is, each neurone is preferably connected to 
its equivalent in the next recurrent subnet in the same chain, 
but no connections exist the other Way. 
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[0028] For a biped, preferably, tWo of the nodes in the 
RNN are designated as motor neurones, With the output of 
these nodes being used to control left and right sagittal hip 
actuation. More generally, it is preferable to have one motor 
neurone per leg to be actuated in a multiped. 

[0029] The use of identical oscillators as Well as only tWo 
sets of coupling Weights (lateral and sagittal) limits the 
search spaced (for the netWork parameters) to a total of 60 
parameters (36 Weights plus 12 neurone parameters plus 6 
lateral Weights plus 6 sagittal Weights). 

[0030] Furthermore, an ancillary stability controller may 
be applied at the beginning of an optimiZation procedure, to 
improve the overall speed of evolution of stable netWork 
parameters. The effect of this ancillary controller is gradu 
ally reduced in subsequent optimisation iterations. 

[0031] Preferably, the properties of the neurones and their 
connections Within the said neural netWork are determined 
on the basis of a genetic algorithm. Most preferably, the 
criterion used to optimise the netWork parameters is that the 
distance over Which an end of the loWer part of a rearmost 
leg in the image of the multipedal object, relative to that 
origin, should be maximized relative to the said origin. 

[0032] Rapid optimisation of the netWork parameters is 
further achieved, in preferred embodiments, by aborting 
consideration of trial arrays of netWorks parameters as soon 
as certain undesirable situations occur. For eXample, if the 
centre of mass of the simulated body drops beloW a certain, 
predetermined value, then any resultant locomotion Will 
certainly not appear realistic and the netWork parameters 
resulting in this form of image control are considered 
non-ideal. Enforcing the early abortion of unpromising runs 
speeds up evolution dramatically. 

[0033] According to a second aspect of the present inven 
tion, there is provided a controller for a computer-generated 
image of a biped, the image comprising tWo legs depending 
from a trunk, each leg being actuated by a computer simu 
lated actuator, the controller comprising a neural netWork 
having a plurality of neurones, the output of the neural 
netWork being arranged to control the computer simulated 
actuator such that the image of the trunk is caused to move 
as the image of the legs is moved. 

[0034] The invention also eXtends to a computer system 
comprising processing means arranged to generate an 
image, on a visual display unit, of a biped having a trunk and 
legs depending therefrom, each leg including at least a ?rst, 
upper part and a second, relatively loWer part; (ii) to 
simulate the NeWtonian forces that Would be acting upon 
each separate part of the biped at a given time and to apply 
these simulated forces to each said separate part so that, 
When displayed, each part moves under the in?uence of 
these simulated forces; (iii) to cause the image of each upper 
leg part to pivot about the trunk; (iv) to provide a neural 
netWork having a plurality of neurones together arranged to 
act as tWo bi-directionally coupled pairs of identical oscil 
lators; (v) to cause the image of the upper parts of each of 
the tWo legs to be moved by a force limited velocity 
constraint actuator, in an arc relative to the said trunk, the 
actuator being simulated by the processing means to calcu 
late the simulated torque, T, required to move the image of 
the upper part of its associated leg, under the effect of the 
said simulated NeWtonian forces, as a function of the desired 
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velocity of movement of the upper part of the one leg 
relative to the upper part of the other leg, and Wherein the 
desired velocity of movement is related to a difference 
betWeen the actual and the desired angle betWeen the tWo 
upper leg parts, the desired relative angle being derived from 
the neural netWork; and (vi) to cause the image of each loWer 
leg part to describe an apparently substantially free-sWing 
ing movement relative to its respective upper part as the said 
upper part moves in its said arc; the output of the neural 
netWork being arranged to control the simulated actuator 
such that the image of the trunk is caused to move as the 
image of the legs is moved. 

[0035] In yet a further aspect of the present invention, 
there is provided computer program comprising program 
elements Which, When executed on a digital computer, cause 
a processor thereof: to generate an image, on a visual 
display unit, of a multiped having a trunk and at least tWo 
legs depending therefrom, each leg including at least a ?rst, 
upper part and a second, relatively loWer part; (ii) to 
simulate the NeWtonian forces that Would be acting upon 
each separate part of the multiped at a given time and to 
apply these simulated forces to each said separate part so 
that, When displayed, each part moves under the in?uence of 
these simulated forces; (iii) to cause the image of each upper 
leg part to pivot about the trunk; (iv) to provide a neural 
netWork having a plurality of neurones together arranged to 
act as tWo bi-directionally coupled pairs of identical oscil 
lators; (v) to cause the image of the upper parts of each of 
the tWo legs to be moved by a force limited velocity 
constraint actuator, in an arc relative to the said trunk, the 
actuator being simulated by the processing means to calcu 
late the simulated torque, T, required to move the image of 
the upper part of its associated leg, under the effect of the 
said simulated NeWtonian forces, as a function of the desired 
velocity of movement of the upper part of the one leg 
relative to the upper part of the other leg, and Wherein the 
desired velocity of movement is related to a difference 
betWeen the actual and the desired angle betWeen the tWo 
upper leg parts, the desired relative angle being derived from 
the neural netWork; and (vi) to cause the image of each loWer 
leg part to describe an apparently substantially free-sWing 
ing movement relative to its respective upper part as the said 
upper part moves in its said arc; the output of the neural 
netWork being arranged to control the simulated actuator 
such that the image of the trunk is caused to move as the 
image of the legs is moved. 

[0036] In this case, the computer program may be stored 
upon a computer-readable storage medium such as a mag 
netic or optical disc. Alternatively, it may be embodied upon 
an electromagnetic signal. 

[0037] Still a further aspect of the present invention pro 
vides a method of controlling the locomotion of a computer 
generated biped, comprising the steps of: (a) establishing a 
neural netWork having a plurality of neurones; (b) generat 
ing a computer image of a body trunk and at least tWo legs, 
each leg depending from the trunk; (c) simulating the 
NeWtonian forces that Would be acting upon each separate 
part of the computer-generated object at a given time; (d) 
applying those simulated forces to each said separate part so 
that, When displayed on a visual display unit, each part 
appears to move under the in?uence of those simulated 
forces; (e) simulating an actuator for actuation of each said 
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leg; and controlling the operation of the actuator via an 
output from the neural netWork. 

[0038] A method of optimising the netWork parameters in 
a neural netWork controller for controlling the locomotion of 
a computer-generated image of a multiped is also provided. 
The method comprises: generating a plurality of different 
trial arrays of netWork property values; (ii) applying the 
different trial arrays to the neural netWork to create different 
trial neural networks; (iii) identifying those arrays selected 
from the plurality of different arrays Which, When applied to 
the neural networks, form trial neural netWorks Which opti 
miZe the control of the said image of the multiped in 
accordance With at least the criterion that the distance, d, 
over Which an end of the loWer part of a rearmost leg of the 
computer-generated image should have travelled from the 
origin should be maximized; the method further comprising: 
aborting, as non-optimiZed, the consideration of those arrays 
forming trial neural netWorks When at least one of the 
folloWing conditions is met: (a) a point attractor is reached 
such that the image When controlled by that trial netWork 
stops moving aWay from the origin, (b) the trunk of the 
multiped, as determined by applying NeWtonian mechanics 
to the object, drops beloW a threshold height; and/or (c) the 
multiped does not move aWay from the origin and/or falls 
over prior to moving aWay therefrom. 

[0039] It is to be understood that the invention is equally 
applicable to both computer-generated images and to 
embodied multipeds, such as robots. Therefore, according to 
still a further aspect of the present invention, there is 
provided an arti?cial multiped, comprising: a body trunk; at 
least tWo legs depending from the trunk, each leg having at 
least a ?rst, upper part and a second, relatively loWer part 
pivotable about the said ?rst upper part; a plurality of hip 
joints each connecting the upper part of an associated leg to 
the body trunk; an actuator arranged to move the upper part 
of each leg in an arc about the hip joint; a neural controller 
arranged to control the movement of the said actuator such 
that, as each upper leg part is moved through the said arc, the 
corresponding loWer part thereof is arranged to describe an 
apparently substantially free-sWinging movement over at 
least a part of the said upper leg part movement. 

[0040] Where the multiped is embodied rather than com 
puter-generated, the angle betWeen the upper and loWer parts 
of the legs can be limited using an arti?cial kneecap rather 
than calculation of angular limit. 

[0041] The invention also extends to a controller for an 
arti?cial biped, the biped comprising tWo legs depending 
from a trunk and being capable of actuation via an actuator, 
the controller comprising a neural netWork having a plurality 
of neurones, at least tWo of the neurones acting as motor 
neurones Which are arranged to control the movement of the 
actuator so as to cause locomotion of the trunk via the legs. 

[0042] In another aspect of the present invention, there is 
provided an arti?cial biped comprising: a body trunk; tWo 
legs depending from the trunk, each leg having a ?rst, upper 
part and a second, loWer part freely pivotable about the said 
?rst upper part; tWo hip joints, each one connecting the 
upper part of an associated one of the tWo legs to the body 
trunk; a controller, comprising tWo bi-directionally coupled 
pairs of identical oscillators embodied as a neural netWork 
having a plurality of neurones, at least tWo neurones acting 
as motor neurones; and a force-limited velocity constraint 
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actuator arranged to move the upper part of each leg in an 
arc about its associated hip joint, and in Which the torque, T, 
applied to the upper part of each of the tWo legs is a function 
of the desired velocity of movement of the upper part of the 
one leg relative to the upper part of the other leg, and 
Wherein the desired velocity of movement is related to a 
difference betWeen the actual and the desired angle betWeen 
the tWo upper leg parts, the desired relative angle being 
derived from the neural controller; the controller being 
arranged to control the actuation of the actuator such that, as 
each upper leg part is moved through the said arc, the 
corresponding loWer part thereof describes an apparently 
substantially free-sWinging movement over at least a part of 
the said upper leg part movement. 

[0043] Although aspects of the invention focus upon neu 
ral control of bipeds, it is to be understood that the invention 
has broader application. Any cyclical movement of a body 
part can be controlled in this manner. For example, the 
?apping of bird’s Wings (either embodied or simulated) can 
be controlled in an analogous manner. Therefore, in accor 
dance With still a further aspect of this invention, there is 
provided a controller for control of cyclical movement of an 
appendage of an arti?cial or computer-simulated body, the 
controller comprising a neural netWork having a plurality of 
neurones together arranged to act as tWo bi-directionally 
coupled arrays of identical oscillators. 

[0044] In summary, aspects of the invention provide an 
arti?cial or simulated biped in Which the length of evolu 
tionary optimiZation required to evolve parameters for a 
neural netWork that produces straight line Walking of that 
biped is very short. Moreover, the large majority of neural 
netWorks obtained via the optimiZation procedures result in 
successful controllers. Furthermore, the perceived realism of 
the body dynamics of a biped or other device/object having 
more than tWo legs is increased relative to actual multipedal 
Walking, particularly for bipeds such as humans. This can be 
con?rmed by comparison With motion capture data. The use 
of free sWinging loWer legs constrains the Walking dynamics 
in a particularly favourable manner. Walking styles that do 
not make use of a full loWer leg sWing (and hence a kneecap) 
Were less stable than those Which do. 

[0045] The neuro-evolutionary approach of aspects of this 
invention alloWs the overall body control to be fully auto 
mated Which provides several advantages, including body 
implementation ?exibility and the avoidance of the need for 
manual retuning of controller parameters. The neural net 
Work architecture of further aspects of the invention also 
alloWs the integration of sensory (in particular propriocep 
tive) feed back and tonic input to the controller, Which may 
in turn alloW improved robustness of Walking gaits on 
uneven terrain by appropriate modulation of the neural 
netWork. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0046] The invention may be put into practice in a number 
of Ways, and one embodiment Will noW be described by Way 
of example only and With reference to the accompanying 
draWings in Which: 

[0047] FIGS. 1a and 1b shoW fully rendered and Wire 
frame versions of a computer-generated biped embodying an 
aspect of the present invention; 
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[0048] FIGS. 2a-2a' show side views of a sequence of 
movement of the biped of FIG. 1a; 

[0049] FIG. 3 shows a schematic arrangement of a central 
pattern generator (CPG) suitable for controlling the loco 
motion of the biped of FIGS. 1 and 2, and embodying 
another aspect of the present invention; 

[0050] FIG. 4 shoWs a speci?c neurone arrangement to 
implement the CPG of FIG. 3 as a neural netWork; 

[0051] FIG. 5 shoWs a decision tree for evolving the 
parameters of the neural netWork of FIG. 4, for example; 

[0052] FIG. 6a and 6b shoW tWo exemplary graphs of 
?tness, de?ned as distance travelled by the rear foot of the 
biped of FIGS. 1 and 2, as a function of the number of 
generations of evolution of the neural netWork parameters, 
When evolved using the decision tree of FIG. 5 and When 
applied to the neural netWork of FIG. 4; 

[0053] FIGS. 7a and 7b shoW tWo further exemplary 
graphs of ?tness versus number of evolutionary generations, 
With an ancillary stabilisation controller employed that is 
deactivated after the ?tness reaches a predetermined dis 
tance; 

[0054] FIG. 8 shoWs another exemplary graph of ?tness 
versus the number of evolutionary generations, With no 
ancillary stability controller employed; 

[0055] FIG. 9 shoWs the output, in radians, of the neural 
network of FIG. 4 With optimised parameters, and the 
resulting body dynamics of the biped of FIGS. 1 and 2, also 
in radians, each as a function of time; 

[0056] FIG. 10 shoWs a plot of the left hip angle of the 
biped of FIG. 1 as a function of the left hip motor neurone 
output in the neural netWork of FIG. 4; 

[0057] FIGS. 11a and 11b shoW attractor plots of left and 
right hip neurone outputs, and left and right actual angles, 
respectively, for the biped of FIGS. 1 and 2; 

[0058] FIG. 12 shoWs a plot of the left hip angle of the 
biped of FIGS. 1 and 2, When actuated in accordance With 
one aspect of the present invention, as a function of the left 
knee angle of the biped of FIGS. 1 and 2; and 

[0059] FIG. 13 shoWs, in perspective, a further sequence 
of movement of the biped of FIGS. 1 and 2 When actuated 
in accordance With an aspect of the present invention and 
controlled in accordance With another aspect of the present 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0060] The folloWing Will describe, by Way of example, 
the currently preferred arrangement Which illustrates the 
various aspects of the present invention. The bipedal object 
in the folloWing example is computer-generated. HoWever, 
it is to be understood that the principles underlying the 
present invention are equally applicable to quadrupeds and 
other multi-limbed creatures and even to control of other 
limits such as birds’ Wings, provided that they exhibit 
cyclical movement in use. Furthermore, it is to be under 
stood that the present invention is equally applicable to 
embodied devices such as multipedal and, more speci?cally, 
bipedal robots. 
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[0061] Referring ?rst to FIGS. 1a and 1b, fully rendered 
and Wire-framed versions of a computer-generated biped 10 
are respectively shoWn. The biped is simulated using a rigid 
body dynamics simulation program. Such programs are Well 
knoWn in the art and are available either as commercial or 
as freeWare/open source softWare. Rigid body dynamics 
simulation softWare simulates the motion of idealised bodies 
connected by idealised joints. The bodies are able to collide 
With one another, rest and slide over one another and so 
forth. The softWare calculates the NeWtonian mechanics for 
a body having speci?ed parameters, so that When these 
bodies are moved, they appear to move as if under the 
in?uence of gravity, for example. 

[0062] The biped shoWn in FIG. 1a in particular is simu 
lated using Dynamics Toolkit Version 0.0.5, by MathEngine 
plc, Oxford, UK. This program is particularly preferred 
because it is optimised for speed rather than accuracy Which 
is useful When using evolutionary optimisation. A further 
advantage is that this program includes a force limited 
velocity constraint algorithm. This is useful for actuation of 
the limbs as Will be explained beloW. 

[0063] The MathEngine program is delivered as a suite of 
libraries coded in C and assembler. Objects are called from 
the libraries to build the simulated biped shoWn in FIGS. 1a 
and 1b. 

[0064] As seen more clearly in FIG. 1b, the biped Which 
is simulated by the MathEngine program comprises a body 
trunk 20 and tWo legs 25 Which each depend from the body 
trunk 20. Each leg comprises a ?rst, upper part 35 and a 
second, loWer part 45. The upper part 35 of each leg is 
journalled about the body trunk 20 via a corresponding hip 
joint 30. The loWer part 45 of each leg pivots about the upper 
part 35 of the same leg via a knee joint 40. At the end of each 
leg is a foot 60 Which pivots about the loWer part 45 of an 
associated leg via an ankle joint 50. In currently preferred 
embodiments, the biped has eight degrees of freedom: 
hip-roll, hip-pitch, knee-pitch, and ankle-pitch. As Will be 
explained beloW, only the tWo hip joints 30 are actively 
actuated. 

[0065] The speci?c dimensions of the biped shoWn in 
FIGS. 1a and 1b are set out in Table 1 beloW. 

TABLE 1 

BODY IMPLEMENTATION DIMENSIONS 

Heel sphere 0.08 m radius 
Toe sphere 0.08 m radius 
Calf cuboid 0.125 m x 0.540 m x 0.125 m 

Thigh cuboid 0.175 m x 0.500 m x 0.175 m 

Hip sphere 0.125 m radius 
Pelvis/body cuboid 0.500 m x 0.500 m x 0.600 m 

trunk 

[0066] Each body part, as set out in Table 1 above, is 
modelled using a simulated density of 1 kg/l. It Will be 
appreciated that a simple block is employed to simulate the 
body trunk of the biped in the current implementation. This 
is because the dynamics of the upper part of the body present 
different (and, generally, more straightforWard) problems to 
those Which are addressed by the present invention. There 
fore, to aid understanding, the details of the upper part of the 
body of the biped described herein are not given. 
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[0067] In order to allow simulated Walking of the biped 
shown in FIGS. 1a and 1b, three distinct design solutions 
are proposed. Each individually and in combination facili 
tates the rapid evolution of an anthropomorphic Walking 
style. 

[0068] Body Dynamics 
[0069] The biped of FIGS. 1a and 1b is caused to move 
by a combination of actuation and passive swinging. In 
particular, the hip joints 30 actuate the upper leg parts 35, 
and the loWer leg parts 45 are alloWed to folloW passively, 
i.e., Without separate actuation. Given this, the control task 
for straight line Walking of the biped 10 can be simpli?ed to 
tWo degrees of freedom (the hip joints 30) for the biped 10. 

[0070] The dynamics of a leg 25 in Which the upper part 
35 is actuated and the loWer part 45 sWings passively are 
shoWn in the sequence of FIGS. 2a to 2d. The passive, loWer 
leg part 45 is accelerated only by the effect of the simulated 
gravity thereupon, in combination With the pulling move 
ment of the upper leg part 35. In addition to simpli?cation 
of the control (because the knee joint is not actively actu 
ated, in contrast to previous morpho-functional machines), 
this implementation markedly increases the realism of the 
Walking pattern produced. 

[0071] Because the loWer leg part 45 of each leg 25 is 
alloWed to sWing passively, a mechanism is required to 
provide a rapid stop to the movement at full extension. 
Whilst an appropriately controlled and timed actuator could 
in principle achieve this functionality, it is simpler to employ 
a simulated kneecap. In the preferred implementation, a soft 
angular limit to the knee joint 40 is simulated. Of course, in 
an embodied morpho-functional machine, such as a robot, a 
physical kneecap can be employed instead. 

[0072] Whilst a completely free-sWinging kneecap is suc 
cessful in alloWing realistic Walking gaits to be simulated, in 
fact in presently preferred embodiments a Weak constant 
torque is applied betWeen the upper and loWer leg parts 35, 
45. The torque is applied in the direction that Would tend to 
straighten the leg. It is to be understood that this Weak 
constant torque is by no means essential, hoWever, and in 
any event is sufficiently Weak that it is not, or at least barely, 
discernable to the human eye. 

[0073] The simulated biped 10 also employs feet 60. 
These represent the only physical interface betWeen a Walk 
ing biped and its environment, and therefore play an impor 
tant role in its locomotion. By acting analogously to a 
damped spring, the ankle joints 50 serve to alloW a smooth 
roll-off of the foot 60 over the simulated ?oor, Whilst 
simultaneously storing energy. Upon liftoff of the front of 
the foot, this energy is released and used to initiate the next 
stride. No active control of the foot 60 or ankle joint 50 is 
required for this task. The presently preferred implementa 
tion simulates a damped torsional spring in each of the ankle 
joints 50. Again, this can readily be performed through the 
libraries available in the MathEngine program. 

[0074] Actuators 

[0075] In humans and animals, simple loWer level mecha 
nisms such as spinal re?exes are believed to be important in 
coordination of movement. In the present case, an actuator 
is employed as a loW level controller Which takes as inputs 
the relative angles and angular velocities of the tWo body 
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parts (here, the upper leg parts 35) being actuated from a 
simulation, a desired relative angle from the neural control 
ler, and Which calculates a torque to be applied equally and 
oppositely to the tWo body parts being actuated. 

[0076] An actuator must generate the effect of turning 
body parts toWards the desired relative angle smoothly and 
at a reasonably controlled pace. 

[0077] There are several types of actuator that can be used, 
and Which provide the level of control necessary for stable 
biped locomotion. For example, a proportional integral 
derivative (PID) controller can be used. Applied to the 
actuator control of the hip joints in the biped 10 of FIGS. 1 
and 2, it is possible to express the torque T as a function of 
the desired angle betWeen the upper part 35 of the leg and 
the body trunk 20 and the actual angle betWeen those tWo 
parts. In particular, the torque FT at time T can be expressed 
as 

[0078] Where kp, kD and kI are the proportional, derivative 
and integral coef?cients respectively, @d is the desired angle 
and G) is the actual angle. In practice, the integral coef?cient 
kI and the period t are small or vanishing. Thus the actuator 
tends to a proportional derivative actuator. 

[0079] The code to simulate the actuator is Written in C or 
C++ and forms a subroutine called from Within MathEngine. 

[0080] An actuator implementation of this type requires as 
input the desired angle Which is, in this case, equivalent to 
the desired length of a biological muscle. The necessary 
force to reach the “sWeet spot” is calculated by the actuator 
itself. That is, motor commands from higher control centres 
(such as a central pattern generator, as described beloW) to 
actuators do not represent forces, but desired kinematic 
parameters like relative joint angles. 
[0081] The use of PID controllers brings about several 
advantages. They provide control at a loW level, as they 
automatically reduce any discrepancy betWeen the actual 
and the desired angle. As a consequence, the tendency of 
limbs, for example, to buckle under the simulated body mass 
is counteracted directly by the actuator, a task Which Would 
otherWise have to be accomplished by a separate controller. 
In addition, by tuning the alloWed desired angle (89 range, 
upper and loWer caps to limb movement can easily be 
achieved. This is not possible if the higher control centre is 
required explicitly to specify forces rather than desired 
angles. 
[0082] Finally, a joint-actuator arrangement that acts as 
one entity rather than implementing single muscles (ago 
nists, synergists, antagonists) greatly reduces the degrees of 
freedom of the system and of the overall system controller 
(for Which, again see beloW). 
[0083] Whilst PID or PD controllers have their advan 
tages, they do also suffer from a number of draWbacks. 
Firstly, changes in the control environment (eg the simu 
lated load on the simulated body) require dynamic parameter 
modulation of the PID. Because this modulation must itself 
be controlled, more degrees of freedom are inevitably added 
to the system. 
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[0084] Secondly, PID controllers may bring about numeri 
cal instabilities. For these reasons, the presently preferred 
implementation employs a different but conceptually analo 
gous actuator type knoWn as a force limited velocity con 
straint actuator. Such actuators alloW the user to specify a 
desired relative velocity betWeen tWo bodies. They tend to 
be more reliable than PD or PID actuators, but are typically 
computationally more expensive. 

[0085] In the present case, the relative angle betWeen the 
tWo upper leg parts 35 is used as a ?rst input. Adesired angle 
is input from the neural controller (see beloW). A demand 
velocity is then calculated Whose magnitude is related to the 
difference betWeen the actual relative angle and the desired 
relative angle. The demand velocity is used by the constraint 
solver of the simulation to calculate the torques required to 
satisfy this request. The torque is applied equally and 
oppositely to the tWo upper leg parts 35, unless the calcu 
lated torque exceeds a maximum (FmaX), in Which case the 
maximum is applied. In that case, then, an external modu 
lation of controller parameters becomes unnecessary. 

[0086] In the case of each actuator type, several constants 
need to be predetermined, i.e. kp, kD, k1, At or FmaX. These 
are determined by experimentation With the simulation and 
can be used from then on for all simulations of similar scale. 

[0087] Controller Architecture 

[0088] The third part of the system Which alloWs realistic 
locomotion of the biped 10 is a neural netWork Which acts 
as a global controller for the biped. The structure is shoWn 
in FIG. 3. The structure comprises four identical oscillators 
70, 80, 90, 100, arranged as tWo bi-directionally coupled 
chains. More generally, the number of oscillators in each 
chain should correspond to the number of appendages to be 
actuated. Thus, for quadrupeds, each chain Would consist of 
four identical oscillators such that the overall structure 
contains eight identical oscillators. 

[0089] The generalised structure of FIG. 3 is implemented 
for the computer-simulated biped 10 as a neural netWork, 
again Written as a subroutine in C or C++; the netWork 
connections are shoWn in FIG. 4. Each oscillator 70, 80, 90, 
100 is represented by a fully connected recurrent neural 
netWork having six nodes 71-76, 81-86, 91-96 and 101-106. 
The oscillators 70 and 90 are laterally adjacent but in 
different oscillator chains. Likewise, the oscillators 80 and 
100 are laterally adjacent but in different oscillator chains. 
Each neurone in one of the laterally adjacent oscillators is 
connected to its equivalent neurone in the laterally opposite 
oscillator via a symmetrical Weight so as to alloW bi 
directional coupling. For example, the neurone 71 in the 
oscillator 70 is connected to the neurone 91 in the oscillator 
90. 

[0090] By contrast, the connections to the sagittal neigh 
bours are asymmetric, as seen most readily in FIG. 3. In the 
neural netWork arrangement of FIG. 4, each neurone in 
oscillator 80 (such as neurone 86) is connected to its 
equivalent (neurone 76 in this example) in the next or other 
oscillator in the same chain (in this case, oscillator 70), but 
no connections exist the other Way. 

[0091] The neurone model of FIG. 4 includes a time 
constant '51-, and a bias tj. 
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[0092] At each iteration, the activity of the jth neurone in 
the RNN of FIG. 4 is computed according to: 

T]-"‘A]-=—Aj+2(n;j0i 

[0093] where "51- is the time constant of the jth neurone, its activity, Oi the output of the ith to the jth neurone, and (bil 

the Weight from the ith to the jth neurone. The corresponding 
output is: 

0j=(1+e<‘]fAj))*1 
[0094] Where tj is the bias of the jth neurone. 

[0095] These parameters have alloWed ranges, as do the 
synapse Weight parameters. 
[0096] The ringed neurones 81 and 101 in FIG. 4 are 
designated motor neurones. Their outputs are betWeen 0.0 
and 1.0 and are scaled to drive the actuators to move the 
upper leg parts 35 through the alloWed angles. The motor 
neurone 101 is used for sagittal actuation of the left hip joint 
30 of the biped 10, and the motor neurone 81 is used for 
sagittal actuation of the right hip joint 30 in the biped 10. 

[0097] The use of identical oscillators as Well as only tWo 
sets of coupling Weights (lateral and sagittal) limits the 
search space to a total of 60 parameters (36 Weights, 12 
neurone parameters, 6 lateral Weights and 6 sagittal 
Weights). This alloWs the time taken to optimise the param 
eters to be reduced dramatically. 

[0098] Genetic Algorithm 
[0099] The parameters of the neural netWork Which are to 
be evolved are the synapse Weights and the node properties 
(time constants and biases). These are encoded as real 
numbers in a linear chromosome With different ranges for 
each parameter, typically [—16.0, 16.0] for the Weights, [0.5, 
5.0] for the time constants and [—4.0, 4.0] for the biases. The 
algorithm as a Whole is yet another bespoke C or C++ 
subroutine Which can be called as necessary by the graphics 
simulator. The mutation rate is chosen so as to cause an 

average of one substitution per individual. No crossover 
operator is applied. 
[0100] Rank-based selection is used on a population of 
100 individuals, With a ?ttest fraction of 0.5. This is equiva 
lent to culling the bottom, Weakest half of the population, 
and replacing it With a copy of the top half. This latter 
procedure is knoWn, as such, from, for example, W. D. 
Hillis, “Co-evolving parasites improves simulated evolution 
as an optimisation procedure”, in Arti?cial Life II, edited by 
C. Langton et al, Addison-Wesley at pages 313-324. 

[0101] The individuals are selected on the basis of a ?tness 
function Which is depicted graphically in FIG. 5. The overall 
?tness criterion selected is the distance, d, of the hindmost 
foot 60 of the simulated biped 10 from an origin at Which 
locomotion commences. The hindmost foot is chosen as a 
reference point so as to penalise individuals that take only 
one large stride. 

[0102] The ?tness function decision tree of FIG. 5 serves 
several functions. Importantly, it enforces the early abortion 
of unpromising runs (t<te), in order to speed up evolution. A 
run is aborted if the position of the centre of mass (CoM) 
falls beloW a predetermined height, [3, ie h<[3. This criterion 
penalises falling doWn, as Well as grotesque movements. 
Individuals that fall over Without previously moving (d<ot, 
Where 0t is a distance threshold) are assigned a ?tness of 0. 
If a point attractor (Aa=0) is reached, and the biped’s 
movement forWard stops, then the result may be discarded 
















