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1 Introduction

The natural world is overflowing with examples of Nature's power and ingenuity: the
echolocation strategies of bats; the carnivorous Venus fly-trap plant; human intelli-
gence; the list is endless. However, Nature is as ingenious as it is dow. All Nature's
creations are the result of evolution, a process that is measured in hundreds of millions
of years. Evolution requires two important ingredients in order to function: genetic
variability and natural selection. Genetic variability means that in a population of or-
ganisms, some organisms are better than others at surviving in their environment, and
that some of these abilities are genetically determined. The ability of an organism to
survive in its surroundings is referred to as its fitness. Natural selection means that
organisms with low fitness will tend to die before they can reproduce, compared with
organismswith higher fitness. In this way, higher fit organismswill produce more off-
spring, and as time passes, the population will contain increasingly morefit organisms.
Over millions of years, this leads to a wondrous variety of organisms equipped with
ingenious tools and weapons to grapple with their environment.

MorphEngineis an educational software package that allows the user to explorethe
workings of evolution on aPC, and see the resultsin amatter of minutes. The user first
specifies the body of a creature, and what that creature should do. MorphEngine then
designs a brain for your creature, known as a neural network, and then uses an algo-
rithm based on evolution, known as a genetic algorithm, or GA, to refine the creature’s
brain so that it performs the desired task. The user can then view the behaviour of
the evolved agent, asit moves about in a physically-realistic, three-dimensional virtual
environment.

MorphEngineis designed such that the user is gradually introduced to various con-
cepts from the field of artificial intelligence and artificial life, and allows the user to
gain increasing control over these techniquesin afun and challenging environment.

The documentation is ordered into a set of increasingly sophisticated experiments.
By conducting each experiment in turn, the user is introduced to more of the func-
tionality of MorphEngine. Text describing how to conduct each experiment is written
in bold. Descriptions of what the program is doing are interspersed among this text.
Each experiment is followed by a series of questions and answers that provide addi-
tional information. It is not important to perform every experiment: no experiment
follows directly from the results of the previous one. Some of the experiments contain
follow-up questions for the advanced student.



2 Experiment I: Introducing The Hatstand

e Description: In this experiment, a pre-defined creature, called The Hatstand, is
tested in MorphEngine.

e Concepts Introduced: Basic usage of MorphEngine, the scripting language.

e Open up a DOS prompt, and move into the MorphEngine directory. In this
directory, open the text file called hatstand.dat. Scrolling through this
file, you will notice a series of defined objects, enclosed in opening and closing
brackets:

8 7

( LeftLeg

-position -0.5 0.1 0
-rotation 0 90 O

-shape -cylinder 0.1 1.0
-mass 1

-colour 0.1 0.4 0.4
-floorContact
-addTouchSensor

)

Thisfile specifiesthe body plan of the hatstand: how many objectsit is composed
of, and how those objects are connected together. It also specifies what we want
to the creature to do. For this exercise however, we won't go into the details of
thisfile. Close the file now, and return to the MorphEngine DOS prompt.

e Now that we have a data file which specifies the body plan and the intended
behaviour of our creature, MorphEngine can start designing a suitable brain, or
neural network, for our creature. The neural network will coordinate the ac-
tions of our creature such that it performs the desired task, which is to move
forward as fast as possible. At the DOS prompt, type MorphEngine -1
hatstand.dat. Thistells MorphEngine to begin evolving the brain for the
creature specified in hat stand . dat. You can stop MorphEngine at any time
by pressing ESC. If you are using a computer without a graphics card, visualiza-
tion can be sped up by switching to wireframe by pressing F2. You can switch
back to surface mode by pressing F2 again. Reducing the size of the visualiza-
tion window will speed up the simulation further. The hatstand creatureis shown
in Figure 1.

e “What’s happening?”” A window now appears showing the creature acting in its
environment. All creaturesin MorphEngine are rendered, evolved and analyzed
in aphysics-based simulator devel oped by MathEngine (www . mathengine . com



Figure 1: Thehatstand creature.

). The MathEngine simulator provides a physically redlistic, three-dimensional
environment. MorphEngine constructs the user’s creaturein this environment, at
which point the creature becomes subject to the laws of physics, such as gravity,
friction, inertia, etc.

“The creature seems to be moving randomly, and only a little bit. Why?” At
first, MorphEngine generates creatures with random neural networks. That is,
the creature’s brain randomly takes signals from its sensors, and passes them to
its motors. This usually leads to random motion, and because the motions are
not coordinated, the creatures does not move very much.

“What’s happening in the DOS window?”” The DOS window displaysinforma-
tion about the evolutionary process. Thereis a command in hatstand.dat
that tells MorphEngineto generate 10 random neural networks, and try each one
out, sequentially, on the creature. When MorphEngine terminates (this can take
between 5 and 20 minutes, depending on the speed of the PC), you should see
something like the following in the DOS window:

Generation 0 of 1: Genome 0: [e: 1 f: -0.2056 1: 54]



Generation 0 of 1: Genome 1: [e: 1 f: -0.2869 1: 54]
Generation 0 of 1: Genome 2: [e: 1 f: -0.2417 1: 54]
Generation 0 of 1: Genome 3: [e: 1 f: 0.1841 1: 54]

Generation 0 of 1: Genome 4: [e: 1 f: 0.2459 1: 54]

Generation 0 of 1: Genome 5: [e: 1 f: 0.3081 1: 54]

Generation 0 of 1: Genome 6: [e: 1 f: -0.0968 1: 54]
Generation 0 of 1: Genome 7: [e: 1 f: -0.0267 1: 54]
Generation 0 of 1: Genome 8: [e: 1 f: -0.2610 1: 54]
Generation 0 of 1: Genome 9: [e: 1 f: 0.3884 1: 54]

Genome 9: [e: 2 f: 0.3884 1: 54]

Inthis experiment, MorphEngine has generated 10 random neural network blueprints,
called genomes. The genomes are strings of numbers which describe a neural
network: in the case of the hatstand creature, there are 54 numbers. The amount

of numbers, or parameters, necessary to specify the brain of the creature is com-
puted automatically by MorphEngine. The results of applying each of the ran-
dom neural networks to the hatstand creature are displayed, each on a separate
line.

No real evolution has taken place during this experiment: the 10 random neural
network blueprints were generated, and MorphEngine tried out each, sequen-
tially, on the hatstand creature. The £: parameter indicates how well the crea-
ture did with that particular neural network: £: stands for “fitness’. Because
the task for this experiment was to move forward as fast as possible, the fitness
indicates how far the creature moved forward, in alimited period of time. In the
above example, we can see that the tenth neural network allowed the creature to
move 0.3884 meters! forward during the allotted time period.

Thelast line of the output givesinformation about the best neural network so far.
In this example, the tenth blueprint, genome 9, did the best.

LAll lengths in MorphEngine are in meters; all weights are in kilograms.



3 Experiment |1: Evolving The Hatstand

e Description: In this experiment, the Hatstand creature is evolved to move for-
ward as fast as possible.

e Concepts Introduced: Evolving creatures and analyzing the results.

e Instead of just watching MorphEngine try out random neural networks, let’s re-
ally let it try to evolve something interesting. In order to do this, we need to tell
MorphEngine how evolution should happen. This is done in the creature’'s data
file, inthiscase hatstand.dat.

e Open hatstand.dat, and scroll to the bottom of the file. There you will
find information about how MorphEngine should evolve the creature;

(

-populationSize 10

-generations 1
-evaluationPeriod 300
-objectToMove Base

)

-populationSize This parameter tells M orphEnginehow many random genomes
it should generate. This is known as the population. As evolution pro-
ceeds, genomes that lead to creatures with poor behaviour—Iow fitness—
are removed from the population, and are replaced by copies of genomes
that have produced creatures with good behaviour, or high fitness. Mor-
phEngine tends to produce better results when working with large popula
tions, but the priceisthat it takes much longer for the program to run. This
is one of the many trade-offs that must be considered when working with
artificia evolution.

-generations Thisparameter tells MorphEnginehow many generationsit should
evaluate before terminating. MorphEngine uses a genetic algorithm, or
GA, to simulate evolution: GAs are a biologically-inspired machine learn-
ing technique that automatically generates solutions to a problem. In this
case, the “problem” is how to coordinate the actions of an agent to get it
to do something interesting. The “solutions’ are the neural networks that
coordinatethe actions by transforming signals from the agent’s sensorsinto
commandsthat are sent to the motors. More information about GAs can be
found in “An Introduction to Genetic Algorithms’ by Melanie Michell, or
in “Genetic Algorithms + Data Structures = Evolution Programs” by Zbig-
niew Michalewicz. Figure 2 gives an overview of how GAs operate: the
number of generations indicates how many times the GA should execute
its main loop.
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Figure 2: An overview of the standard genetic algorithm

-evaluationPeriod In order to determinethe fitness of a particular creature, that
creature must be evaluated in the virtual environment. This parameter in-
dicates how long each evaluation period should last. A longer evaluation
period allows the GA to better evaluate the fitness of the current creature,
but the total time taken for the GA to executeis increased.

-objectToMove This parameter tells the GA which part of the creature’s body
will be used to determinethefitness. In other words, thefitness of acreature
is given as the distance travelled by this body part in aforward direction.

Increasethepopulation sizeto 50, and thegenerationsto 2. Savehatstand.dat,
and re-run morphEngineusingmorphEngine -1 hatstand.dat -null.
The parameter -null tells the software not to visualize the behaviour of each
creature. This allows MorphEngine to evaluate each solution much faster: the
creature can be evaluated faster than real-time. When the renderer is turned off,

you can no longer halt program execution by pressing ESC. You can how halt
program execution at any time by pressing CTRL-C.

MorphEngine will now generate a population of 50 random genomes, and will
test each one on the hatstand creature. When all 50 creatures have been eval-



uated, and assigned a fitness value, the population is ranked according to fit-
ness, and the worst 25 genomes are del eted. M orphEngine then probabilistically
selects some of the remaining genomes, and copies them into the 25 remain-
ing dots. When a genome is copied, afew small errors are introduced into the
genome, known as mutations. The process is continued until the 25 dots have
all been filled. The new genomes are then evaluated, and their fitness is deter-
mined. The population is then re-sorted according to fitness, and the program
terminates.

“How can | see what happened?”” MorphEngine always stores the results of its
executionin the data directory. Go intothe data directory, and display the
contentsusing dir. You should see something like:

RUNO_FIT DAT 44 04-19-01 10:54a run0O fit.dat
RUNO_G™1 DAT 2,067 04-19-01 10:54a runO_genO.dat
RUNO_G™2 DAT 307 04-19-01 10:54a runO_galé6.dat
RUNO_G™3 DAT 2,046 04-19-01 10:55a run0O_genl.dat
RUNO_G™4 DAT 304 04-19-01 10:55a run0_ga5l.dat

The run0_gen* . dat files provide information about each generation. Open
up run0_gen0.dat in an editor. You should see something like:

Generation: 0

Average fitness: -0.00278155

Best fitness: 0.0453808

Genome 16: [e: 1 f: 0.0453808 1: 54]
Genome 2: [e: 0.0452019 1: 54]
Genome 7: [e: 0.0434307 1: 54]
Genome 35: [e: 1 f: 0.0371321 1: 54]

[

This file gives the current generation, the average fitness of population, and the
fitness of the best genome so far, which in the example above was genome 16.
(Each genome generated by MorphEngine is assigned an ID number, which in
thiscaseis16.) MorphEngine always saves the most fit genomein the population
into the data directory. In this example, the saved filewas run0 galé.dat.

Exit the editor, and now open run0_genl.dat. You should see something
like:

Generation: 1

Average fitness: 0.0227275



Best fitness: 0.0635221

Genome 51: [e: 1 f: 0.0635221 1: 54]
Genome 57: [e: 1 f£: 0.0454222 1: 54]
Genome 16: [e: 1 f: 0.0453808 1: 54]
Genome 2: [e: 1 f£: 0.0452019 1: 54]

In this example, two new genomes, genome 51 and 57, have allowed the creature
to move slightly further forward than the previous best genome, genome 16.
Let's have alook at this solution now.

Close the editor, and return to the MorphEngine directory. To analyze a
particular solution, we supply the file name in which it is stored to Mor-
phEngine. For the above example, this is done by typing MorphEngine
-1 hatstand.dat -a run0O._ga51l.dat. Instead of evolving a moving
creature, MorphEngine now repeatedly demonstrates the single solution stored
in the data file. That is, the neura network specified in run0 ga51.dat is
applied to the hatstand creature, and the resulting behaviour is continually re-
played. Press ESC to terminate the program. When you are finished with a
particular evolutionary run, it's a good idea to clear out the data directory, so
that old datafiles are not confused with newer ones. Enter the data directory,
and removeall thedatafilesby typingdel *.dat.

“The creature is still not moving much. Why?”” Remember, MorphEngine eval -
uated a total of only 50 + 25 = 75 genomes, over 2 generations, to arrive at
the final solution. Natural evolution has been working for hundreds of millions
of years, acting on countless trillions of organisms: like natural evolution, the
power of genetic algorithmsiis scalable. The larger the population size, and the
more generations used, the better is the final result. Try re-running the experi-
ment, but increase both the population size and the number of generations.
MorphEngine will now take longer to run, but the output in the DOS window
will give you an idea of how far along the program is. Remember, you can stop
program execution when the renderer is turned off by pressing CTRL-C.



4 Experiment I11: Modifying The Hatstand

e Description: In this experiment, the hatstand creature is modified, and the im-
pact on evolution is evaluated.

e Concepts Introduced: Using the script language.

e Let'sremove the top part of the hatstand creature and see what impact that has
on the evolutionary process. In order to do this, we must remove the object
from the script language called UpperPole, and also the joint which connects
the upper pole to the rest of the creature. The first line of any creature data
file indicates the number of objects composing the creature, and the number of
joints which hold the objects together. Open hatstand.dat, and saveit as
hatstand2.dat. Now, in the new creature data file, replace 8 7 by 7
6. This tells MorphEngine that the hatstand creature is now composed of seven
objects, and six joints hold those objects together.

Find the UpperPole object. Removethe object by deleting

( UpperPole

-position 0 1.6 0

-shape -cylinder 0.1 1.0
-rotation 90 0 O

-mass 1

-colour 0.1 0.4 0.4

)

from the file. Now let’s remove the joint which connects the upper pole to the
upper sphere. Find the JointUpperPoleMidpoint object, and delete

( JointUpperPoleMidpoint

-connect UpperPole Midpoint
-jointType Hinge
-jointPosition Midpoint
-jointNormal 100

-jointLimits -90 90

-addMotor

-addSensor

)

from the file. Save the file, and return to the DOS prompt. Run Mor-
phEnginewith therenderer turned on, to see how thecreature’ smor phology
has changed, by typing MorphEngine -1 hatstand2.dat. The modi-
fied hatstand creature should look like the creature shown in Figure 3.
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Figure 3: The modified hatstand creature.

e Stop program execution, and re-run the program with the renderer turned

e After the program terminates, view the creature from the last generation.
This can be donein either of two ways.

— Enter the data directory, and view the last generation file. If Mor-
phEngineran for 10 generations, open run0 gen9 .dat (generationsare
counted starting from 0, so the tenth generation is generation 9). The first
genome in the genome list indicates the most fit genome from the final
generation. Note the I D of the most fit genome, and return to the DOS
prompt. Now re-run MorphEngine, and analyze this genome.

Enter the data directory, and list all of the genome files by typing
dir *ga*. Notethe genome file with the highest ID number, return
to the MorphEngine directory, and supply thisfile to MorphEngine.
After each generation, MorphEngine saves the data file associated with the
most fit genomein the population. As new genomes are generated, they are
assigned new 1D numbers. Thus, the genome file with the highest ID num-
ber was the most recently saved data file, and the current most fit genome
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produced by the evolutionary run.

“When | use the new creature body plan, the number of parameters in the genome
has been reduced from 54 to 47. Why?”” This has to do with how MorphEngine
creates a brain for your creature, based on the body. Every creature in Mor-
phEngine must contain at |east one sensor, and at least one motor. Sensors allow
the creatureto sensethe state of the world around them; motorsallow the creature
to move its body, and perform actions in the world. The neural network trans-
forms sensory signals into motor commands, thus allowing the creature to per-
form particular actions based on particular sensory stimulus. When the creature
moves, its picture of the outside world—as seen through its sensors—changes.
The new sensor readings may lead to different motor commands, which produce
different actions, and the sensor signals will again change. By fine-tuning the
transformation from sensor signals to motor commands based on the given task,
the creature begins to exhibit increasingly better behaviour. In his book “Vehi-
cles’, Valentino Braitenberg showed how very simple tranformations can lead to
seemingly intelligent behaviour.

For more information about neural networks applied to agents and robotsin this
way, refer to “Understanding Intelligence” by Rolf Pfeifer and Christian Scheier.
For more information on neural networks in general, refer to:

- The online neural network script offered by the University of Zirich at
http://www.ifi.unizh.ch/ailab/teaching/NN2001/,

- Neural Nets by Kevin Gurney at
http://www.shef.ac.uk/psychology/gurney/notes,

- The Neural Net FAQ at

http://www.informatik.uni-freiburg.de/ heinz/FAQ.html,

or
- “Neural Networks’ by Simon Haykin.

In the original hatstand data file, notice that several of the objects and joints
contain sensors and motors: the four legs, and the base sphere, contain touch
sensors; the joint connecting the upper pole to the midpoint sphere contains an
angle sensor, referred to as a proprioceptive sensor; the four joints connecting
the legs to the base sphere contain motors; and the two joints connecting the
upper pole to the midpoint sphere, and the lower pole to the base sphere contain
motors.

Currently, there is one type of motor which can be implanted in a MorphEngine
creature, and three types of sensors.

Motor: Motors in MorphEngine can be attached to a creature’s joints. At the
moment, motors can only be applied to hingejoints: that is, jointsthat con-
nect two objects together, and rotate them relative to each other through a
two-dimensional plane. The human elbow is an example of such a joint.
Motors take as input an angle, and apply the necessary force to the joint
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1 Object 1

2 Object 2

3 Orientation vector of object 1
4 Orientation vector of object 2
5 Joint with motor

6 Angle between objects

7 Torque vectors

Figure 4: A motorized joint. In panel A, the two objects are connected by a motorized joint. Each
object has an orientation, which can be described by a three-dimensional vector. The angle between these
vectors is referred to as the object pair’s relative orientation. In panel B, the motor is supplied with alow
angle; rotational force, or torque, isthen applied to both objects to reduce their relative orientation. The final
relative orientation between the objects is shown in panel C.

such that the two objects rotate relative to each other until the angle be-
tween them matches the input signal. Figure 4 illustrates one such action.

Touch Sensor: This sensor returns a positive signal when the object in which it
is embedded is in contact with the ground. Otherwise, it returns a negative
signal.

Proprioceptive Sensor: Thissensor can be placed in joints, and returnsasignal
commensurate with the angle between the objects connected by the joint:
if the angle is small, a negative signal is returned; if the angle is large, a
positive signal is returned.

Light Sensor: This sensor can be embedded in objects, and returns a signal
commensurate with the distance between that object and an externa light
source: if the object is close to the light, anegative signal is returned; if the
object isfar away, a positive signal is returned.

After MorphEngine has determined how many sensors and motors are to be
included in a given creature, the software “wires up” the sensors to the mo-
tors. Just how the sensors and motors are wired up is based on the numbers
of sensors and motors placed into the creature. Figure 5 shows the neural net-
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Figure 5: Neural network topology for the hatstand creatures. Panel A shows the neural network for
theoriginal hatstand creature: the signalsfrom five touch sensors and one proprioceptive sensor are translated
into six motor commands, using 54 connections, or synapses. Panel B shows the neural network topology
for the modified hatstand creature. Here, the signals from only five touch sensors are trandated into five
motor commands, using 47 synapses.

works that are generated for the original, and the modified hatstand creature.
Note that although the UpperPole object did not contain any sensors, the
JointUpperPoleMidpoint joint that was deleted contained both a proprio-
ceptive sensor and amotor. Thus, in the modified hatstand creature, less“wires’,
or synapses are needed to connect the sensors to the motors.

“What is the hidden layer shown in Figure 5?”” The hidden layer is an additional
layer of neurons, called hidden neurons, that generalizesthe transformati ons pos-
sible from sensory signalsto motor commands. Without a hidden layer, only lin-
ear transformations are possible. With ahidden layer, non-linear transformations
are possible.

“The hidden neurons seemed to be connected to one another, while the sensor
and motor neurons aren’t. Why?”” By including recurrent synapsesin the hidden
layer, it ispossible for the creature’sbrain to use memory: thevaluesstoredin the
hidden neurons are dependent on the incoming signals from the input layer, but
also the values stored in the hidden layer from the previous time step. Whether
the creature will actually utilize memory when performing its behaviour depends
on the specific task, and what solution the genetic algorithm is pursuing.

“How does the genetic algorithm optimize a creature’s neural network to per-
form the chosen task?”” The genomes in the genetic algorithm population store
the strengths, or weights of the synapsesfor the creature’ sneural network. Synapse
weights are floating-point values, and can be either positive or negative. If two
neurons are connected by a synapse with a high positive weight, then the values
of the originating and the target neuron will be similar. If they are connected
by a synapse with a high negative value, the value of the target neuron will be
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inversely correlated with the value of the originating neuron. If the weight is
near zero, there will be little correlation between the values of the two neurons.
The values of the sensor neurons are provided by the sensors. The values of the
hidden neurons are computed by

I H
hj(t) = Zwkjik(t) +Zwljhl(t— 1) + wpj, Q)

k=1 1=1
where h;(t) is the value of the jth hidden neuron at time step ¢, H and I are
the number of hidden and input neurons respectively, w; is the weight of the
synapse connecting the kth input neuron to the jth hidden neuron, i . (¢) is the
value of the kth input neuron at the current time step, w;; is the weight of the
synapse connecting the /th hidden neuron to the jth hidden neuron, i (¢ — 1) is
the value of the /th hidden neuron from the previous time step, and w; is the

synaptic weight between the bias neuron and the jth hidden neuron.

However, the values of the hidden neurons may now be much larger than 1, or
much less than —1. The values of the neurons are smoothed by the function

2
M) = Tremm
so that they again range between —1 and 1.
The values of the output neurons are computed using

- 17 (2)

H
0j(t) =Y wishi(t) + wy, (€)
k=1

where o;(¢) is the value of the jth output neuron at time ¢, w; NOW represents
the weight of the synapse connecting the kth hidden neuron to the jth output
neuron, hy(t) is the value of the kth hidden neuron at time ¢, and wy; is the
weight of the synapse connecting the bias neuron to the jth output neuron. And
again, the value of the output neuron is smoothed to the range [—1, 1] by

2

“Trenm b @

0;(t)
The genetic algorithm optimizes the behaviour of the creature by modifying the
set of synaptic weights for the neural network, and thus modifying the transfor-
mation of the sensor signals into motor commands. As evolution proceeds, the
GA discovers better combinations of synaptic weights, and the creature's perfor-
mance increases over time.

It is possible to view the behaviour of the neural network of a creature asiit is
performing its behaviour, by supplying the -n flag when the program is started.
Return tothe DOS prompt, and run the program by typing MorphEngine
-1 hatstand.dat -n. MorphEngine now pauses after each time step of
a creature’s evaluation, and prints the values of the neura network in the DOS
window, such as
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1.00 1.00 1.00 1.00 -1.00 -0.37
-0.73 -0.02 0.9e6
0.28 0.73 0.12 -0.05 -0.26 -0.36

Thefirst line prints out the val ues of theinput neurons, which reflect the val ues of
the creature's sensors: for the hatstand creature, this includes five touch sensors
and one proprioceptive sensor. The second line prints out the values of the three
hidden neurons; the third line prints out the values of the six output neurons.

Toiteratethrough the simulation, focusthe DOSwindow and pressENTER
repeatedly. Re-run MorphEngine using the modified hatstand creature and
the -n flag, and note the differencein the neural network.

“How are the output neuron values translated into motor commands?”” Inhatstand2 .dat,
look at any of thefour jointsconnecting thelegsto thebaseobject, Joint LeftLegBase,
JointRightLegBase,JointFrontLegBase,or JointBackLegBase.
Intheseobjects, notetheline - jointLimits -45 45. ThistellsMorphEngine

that this joint has alimit on how far it can rotate: it can rotate 45 degrees either

way from its starting position. Try flexing your elbows and knees: what are
thejoint limits on the elbow and knee joints? There are four output neurons
associated with the motors in these four joints, the values of which can range

between —1 and 1. At the end of each time step, the values from these output

neurons are scaled between —45 and 45, and input into the motors. In subse-

guent time steps, the motors apply torque to the two objects connected by the

joint such that the angle between the objects approaches the input angle.
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Figure 6: The salamander.

5 Experiment 1V: The Salamander and the Quadruped

Let’s turn now to a more interesting creature, the Salamander. This creature has a
flexible spine, and four short limbs attached to the spine. Figure 6 shows the body plan
of this creature.

e Description: In this experiment, locomotion is evolved for the salamander. The
salamander is then modified to create a quadruped body plan, and locomotion is
again evolved for the new creature.

e Concepts Introduced: Detailed use of the script language.

e Open the salamander.dat salamander datafile. Scroll to the bottom of
thefile. Like the hatstand creature, the evolutionary task for the salamander isto
move forward as quickly as possible. Here though, we tell evolution that it must
maximizethe forward distance of the Socket 1 object, which serves asthe head
of the salamander, and is the purple sphere further “into” the computer screen.
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Close the salamander.dat file. Note that the salamander will be evolved
using a population size of 100 genomes, and for 100 generations.

Evolve the salamander by typing MorphEngine -1 salamander.dat
-null at the DOS prompt. View the results at the end of evolution, or by
stopping the program prematurely using CTRL-C.

The course that artificial evolution takes, like natural evolution, depends very
much on theinitial conditions: that is, the genetic information stored collectively
in the evolving creatures. By starting with a different random set of initial solu-
tions, artificial evolution very often comes up with different solutionsto the same
problem. Most of thetime, solutionsfrom onerun tend to outperformthe best so-
[ution found in another run. When experimenting with artificial evolutionin gen-
era, and genetic algorithmsin particular, it is a good idea to perform a number
of evolutionary runs, starting with different random populations. Let’s try this
now. Re-evolve locomotion for the salamander by typing MorphEngine
-1 salamander.dat -null -r 1 at the DOS prompt. View the re-
sults of evolution by supplying one of the genome data filesto M or phEngine.
Make sure to keep the genomefilesin the data directory thistime, as you will
need them for the next step of the experiment.

“What does the -r 1 do?” This command line parameter specifies the ran-
dom seed that should be used by MorphEngine. The random seed is used to
begin the generation of random sets of numbers. If the program is re-run, and
the same random seed is supplied, the computer will generate the same ran-
dom set of numbers. Because the random genomes are generated by stringing
together random numbers, different random seeds supplied to MorphEngine pro-
duce different starting populations. If the - r switch—which stands for “random
seed”—is not given, MorphEngine uses a random seed of 0. Any integer can
be used as a random seed. L et evolution finish, or stop it prematurely using
CTRL-C. View theresults of evolution by analyzing the most recent genome
file saved in the data directory. Note that the genome files are now pre-
ceded by runi_instead of runo_. The run* prefix in the data files indicates
to the user which random seed was used to produce these datafiles.

Does the evolved locomotion look any different from the one evolved using the
default random seed? Does the new evolved locomotion pattern allow the sala-
mander to get further than the previously evolved locomotion pattern? You may
find that some of the fina results of evolution often are much worse than other
evolved solutions, just because they started with a particular random popul ation.
This is often known as historical accident in biology: evolution produces the
solutions it does partially because it is constrained by the solutions that were
evolved before.

Let’snow modify the body plan of the salamander. Openthesalamander.dat
datafile, and locatethe Joint Left ArmSocket 2 description:

( JointLeftArmSocket2

18



-connect LeftArm Socket2
-jointType Hinge
-jointPosition Socket2
-jointNormal 001
-jointLimits -45 45
-addMotor

)

This description specifies the joint connecting the left arm of the salamander
to the second purple sphere behind the head, called Socket2. Thejointis a
hinge, or one degree-of-freedom rotational joint (see Figure 4.) The fulcrum
of the joint, or the point about which the two objects connected by the joint ro-
tate, iscentered in Socket2. The jointNormal command specifies how the
joint should rotate: joints always rotate within the plane that lies perpendicular
to the three-dimensional vector joint normal. Because this joint has a joint nor-
mal that lies aong the z axis (in MorphEngine, the = axis ranges from left to
right; the y axis stretches up and down; and the z axis pointsinto and out of the
screen), the left arm will rotate within the plane that contains the x and y axes.
Run one of the evolved solutions for the salamander. Press F8 to pause the
simulation. Zoom in on the left arm using the mouse: by left clicking and
moving the mouse in the simulation window, the camera position changes,
by right clicking and moving the mouse changesthe cameratarget position;
pressing + and — zoomsin and out. Continue press F8 to step through the
simulation. Press CTRL-F8 to continue the simulation. Note how the left
arm rotates about the spine of the salamander.

Change the normal of JointLeftArmSocket2 from001to0 10, and
the joint limits from —45 and 45 to —90 and 90. Save the data file, and
re-run evolution with the renderer turned on. How has the behaviour of the
salamander changed? How is the left arm rotating relative to the spine?

Changethe normal of JointLeftArmSocket2 from010to100. Save
the datafile, and re-run evolution with the renderer turned on. How has the
behaviour of the salamander changed? How is the left arm rotating relative to
the spine?

Changethejoint normal back to 0 0 1, and thejoint limits back to —45 and
45 degrees.

It should now beclear that the joint Limi t s parametersindicate the minimum
and maximum rotational limits of thejoint. Let’s now modify the morphology of
the salamander moredrastically. Changethelimitsfor JointLeftArmSocket?2
and JointLeftLegSocket4 from —45 and 45 to 45 and 90, and the limits
for JointRightArmSocket2 and JointRightLegSocket4 from —45
and 45 to —90 and —45. Save the new body plan file as quadruped. dat.
Re-run evolution, with therenderer turned on. We've now changed the sala-
mander from a creature that moves by sliding along the ground into a quadruped,
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Figure 7: Joint limit computation. The cross products for the left arm and leg and socket 2 and 4 point
along the negative z axis. The cross products for the right arm and leg and socket 2 and 4 point along the
positive z axis.

or a creature that moves by walking on four legs. Evolve a neural network for
the quadruped creature, with the renderer turned off. Try several evolu-
tionary runs with different random seeds. What kind of locomotion patterns
does this creature use? Are they similar to the salamander gaits you've aready
evolved? How do they differ?

e “Why do the joint limits on the left side of the quadruped differ from those on
the right side?”” Each object in MorphEngine has a three-dimensional position,
and three-dimensional orientation. Both parameters are specified by a three-
dimensional vector. The orientation vectors for the left arm and leg point left,
along the negative x axis; the orientation vectors for the right arm and leg point
right, along the positive x axis. The orientation vectors for Segment2 and
Segment4 point upwards. The joint angles are computed based on the cross
product of the orientation vectors of the two objects connected by the joint. For
this reason, the vectors formed by these cross products are equal but oppositein
sign between thejoints on the left side of the body, and the right side of the body.
Figure 7 gives agraphical depiction of joint limit computation in MorphEngine.
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Try changing the limits of other hinges in the salamander and quadruped,
and gauge what effects, if any, this has on the typical evolved locomotion
patterns. It is possible to remove ajoint altogether by turning it into a fixed
joint. Remove the joint normal, joint limits, and the motor, if necessary, and
changethe hinge joint specification to £ ixed. Conversely, fixed joints can be
changed into hinge joints. Change some of the hinge joints into fixed joints,
and some of thefixed jointsinto hingejoints. See how thisaffectsthe evolved
behaviour of the creature.

“What are the parameters that specify objects in MorphEngine?”” As mentioned
above, each object in MorphEngine has both a position and orientation. These
parameters of an object are set using the -position and orientation pa
rameters. For example, the head of the salamander, called Socket1, starts at
position 0 0.2 2. Try changing the position of the head, savethe datafile, and
read it into MorphEngine. View theresults.

Because the head is a sphere, its orientation does not need to be specified. How-
ever the legs and arms, which are composed of cylinders, lie, by default, along
the z axis. They must be rotated to lie perpendicular to the salamander’s spine,
that is, along the z axis. In order to accomplish this, they are rotated about the y
axis by 90 degrees: they are rotated 90 degrees through the z-z plane. Note that
the LeftArm, RightArm, LeftLeg and RightLeg objects contain the line
-rotation 0 90 0. Try changing the orientations of the salamander’s
armsand legs, and view theresults.

Besides the position and orientation of objects, their sizes need also be specified.
The command -shape -sphere 0.2 given for each of the spine sockets
specifiesthat these objectsare spheres, and have aradiusof 0.2 meters, or 20 cen-
timeters. Thecommand -shape -cylinder 0.1 1 givenforthearmsand
legsindicate that these objects are cylinders, and they havearadiusof 0.1 meters,
and alength of 1 meter. Try changing the sizes of the objects
composing the salamander, and view the results.

Additional parametersfor the objectsin MorphEnginegive the masses and colours
of these objects. Theparameter £ 1oorContact includedinthe hands, feet and
spine sockets of the salamander indicates that these objects can come in contact
with the floor, and should not pass through it. The fewer floorContact objects
that MorphEngine needs to calculate, the faster each evaluation will take, and
thus the faster evolution can proceed. Try removing the f1loorContact pa-
rameter sfrom the spine socketsin thequadruped creature. View theresults.
Because the quadruped has failed at moving forward properly if it falls over, we
can terminate these evaluations early, and not wait until the evaluation time ex-
pires. We can do this by checking when one of the spine segments, say the mid-
dle spine segment, falls below a certain height. Add theline -terminateIf
Socket3 0.1 totheevolution parametersat the bottom of the quadruped
datafile. Savethefile, and re-run evolution. The evolution parameters should
now like like
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(
-populationSize 100

-generations 100
-evaluationPeriod 200
-hiddenNodes 3
-objectToMove Socketl
-terminateIf Socket3 0.1

)

Note now that if the quadruped falls over, the current evaluation finishes, and
the next evaluation begins. We have indicated to MorphEnginethat if the middle
socket, Socket 3, fallsto 0.1 meters above the ground, the quadruped hasfallen
over, and the next evaluation can begin.

You now have sufficient knowledge to begin creating your own creatures, and
evolving behaviour for them. The best place to begin is by removing and adding
objects and joints to the existing creatures: remember always to back up the data
file of the origina creatures first. Remember when adding or deleting objects
and joints, you must update the first two numbers on thefirst line of the datafile:
the first number indicates how many objects the creature is composed of, and the
second number indicates how many joints connect those objects together. Have
fun!

Questions and comments should be directed to the author. Consult
www.ifi.unizh.ch/ailab/people/bongardfor future MorphEngine
versions.
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