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ABSTRACT

Studies of artificial life (alife) attempt to smulate simple living beings. On the
other hand, autonomous agents researchers are interested in building agents that
are able to complete a particular task without supervision. In this research, these
two areas of artificial intelligence are combined together into what we call
"Autonomous Life Agent” (ALA). ALA is an artificial agent that is sent to some
environment to live in without any supervision or any predefined behaviour rules.
The primary goal of the agent is to learn how to survive in the artificia
environment it lives in. In this research, we utilize a recurrent neural network to
determine the agent's actions. A novel ALA Training System was developed that
evolves recurrent neural networks using genetic algorithms. The resulting agents
are capable of living in multiple similar worlds starting from random initia
positions as well as in worlds that are unseen during the training.
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CHAPTER 1: INTRODUCTION

This ongoing research has many different points of interest. There are three main aspects that are
of interest to us: (1) development of the ALA architecture, (2) development of the ALA Training
System, and (3) observation of the ALAS behaviour. This project focuses on the second point:
building a better genetic engine to evolve better ALAS. “Better” in this context means that the
agent should be able to live in multiple similar environments starting from random initial
positions as well as in new environment that are unseen during training. Thus, a better genetic
engine is one that will be capable of evolving such agents.

1.1. GENERAL DESCRIPTION

ALA has a number of internal variables such as energy and maintenance levels. Each variable is
reduced as the agent acts in the environment by a user-controlled rate. When one of the variables
becomes negative the agent dies. Therefore, to keep the agent alive, it hasto periodically
increment the value of the internal variables by visiting specific cells in the world that

correspond to each variable. Thisis analogous to acquiring energy from energy cells and
receiving maintenance in home cells.

The artificial environment where the agent has to live isagrid of cells. Each cell can be an
empty cell, awall cell, or auser defined active cell that modifies an internal variable. Typically,
there are at least two types of active cells. energy cells and home cells. Empty cells are passive
cells. The agent can freely move over empty cells without any reward or penalty. On the other
hand, moving into wall cellsis disallowed. Any attempt by the agent to do so will cause the
agent's death. Staying over an active cell will result in incrementing the corresponding ALAS
internal variable by the amount provided by the cell up to a maximum limit of 1.0. After that,
there will be atime delay before the agent can re-consume the active cell.

One of the features of the new system is that the agent’s world is surrounded by wall cells. This
serves two purposes: (1) the agent has to learn to stay within the boundaries of its world and

(2) the boundary cases do not require special treatment in the implementation. Wall cells can also
be placed at various locations to act as mines that the agent has to avoid.

This project involves hidden system states. Not all the information about the world is available to
the agent as input. For instance, at any time, the agent can sense only the immediately
surrounding cells and the current cell. Thus, the agent has to explore the world and encode its
information in the agent’s brain. Furthermore, some data is not available to the agent at all such
as the time delay of the active cells. The agent must automatically discover this information by
observing the visible system states.

1.2. PREVIOUSWORK
The combination of genetic algorithms (GA) with feedforward neural networks has showed

many successes during the past decade. However, little research has been done to explore the
combination of genetic algorithms with recurrent neural networks (RNN).



In our previous work [1], we developed ALA architecture and a basic training system. The
system supported ALA architecture with two internal variables: energy level and maintenance
level. The world consisted of only three types of cells: empty cells, energy cells, and home cells.
The basic training system evolved only the link weights for a three-layered recurrent neural
network with predefined topology.

1.3. RESEARCH OBJECTIVE AND SPECIFICATIONS

The objective of thisresearch isto further explore the power of using recurrent neural networks
to control ALAs. Inthisresearch, anew ALA Training System is implemented with the
following specifications:

RNN evolution: the training system evolves the link weights as well as the topology of the
RNN. The topology evolution includes evolution of the number of nodes in the hidden layer
and the number of recurrent nodes (backward links) in the hidden layer.

RNN efficiency: RNN efficiency is measured by the total number of links in the network.
Thus, the user may favour the network with smaller number of links when the performance
of two networksisidentical.

Internal variables: the user may define any number of internal variables along with the rate of
change per time unit for each variable.

World definition: the world is surrounded by wall cells. The user may define any number of
active cells that correspond to the internal variables. In addition, the user may position
additional wall cells anywhere in the world.

Initial position: the user may select to train the agent from a single starting position or from a
number of randomly chosen starting points.

Training environment: the user may specify one or more world definition to train the agent.
A successful agent should be able to live in all the worlds in which it is trained.

Testing: the evolved ALA may be tested using parameters different from the training
parameters. For instance, the agent may be sent to an unseen world to observe its behaviour
and ability to survive.

Genetic engine: the user has full control over the parameters of evolution such as population
Size, mutation rate, and number of evaluations.



CHAPTER 2: BACKGROUND

2.1. LITERATURE REVIEW

2.1.1. General Review

The first formal survey of the methods used when combining GAs with NNs was done by
Schaffer et a in 1992 [11]. This survey discussed two mgjor areas. using GAsto support NNs
and using NNs to support GAs. This paper extends the survey by focusing specifically on using
GAsto evolve RNNs.

Many algorithms such as backpropagation through time (BPTT) and real-time recurrent learning
(RTRL) are used to train RNNs [8]. These algorithms are proven to be effective and have strong
mathematical foundations. However, their disadvantage is the complexity of the computation and
the amount of processing power they require. Furthermore, they are difficult to apply to
problems where the gradient function is not available. In other words, when the correct output
that the network is expected to produce is unknown. One of such problems is reinforcement
learning. This leads to a search for an algorithm that, while may not necessarily find the optimal
solution, is capable of finding a good solution in reasonable time. Thus, GAs are excellent
candidates of such algorithms since they are useful in searching large and complex search spaces
and are relatively fast compared with the traditional search techniques.

There are several ways in which GAs can be used to evolve RNNs, which can be classified in
three major categories: (1) evolving RNN parameters, (2) evolving RNN weights, and

(3) evolving RNN topology. Each of these categoriesis presented in this paper. In addition,
different strategies for combining these techniques are also discussed.

2.1.2. Evolving RNN Parameters

GAs can be used to fine tune many of the parameters required for training a neural network.
Initial weight values [2] and the learning rate [6] are some of the parameters that have been
prepared by GA in feedforward networks. This technique is rarely used. Although it can be
extended to RNNs as well, the literature lacks research in this area. The reason behind this
shortage is that researchers who are interested in employing GAs to train RNNs find that it is
more practical to use GAs as atraining algorithm rather than find optimal values for
conventional training algorithms.

2.1.3. Evolving RNN Weights

In this method, GAs are used as a training algorithm to determine the link weights. This method
is the most popular in the combination of GAs and RNNs. Wieland [12] did some of the early
research on this topic where he evolved the weights of a fully recurrent network. The success of
this technique is due to the simplicity of its implementation, its relative speed, and its
effectiveness [1]. The use of real numbers to encode the weights instead of binary encoding has
increased because it greatly reduces the amount of memory and computation time required, and
is proven effective [1], [11].



2.1.4. Evolving RNN Topology

One of the main questions that puzzle any person constructing an RNN isits topology. Thereis
no common agorithm to determine the number of node, which nodes should be connected, or
which nodes should have recurrent links for a particular problem. Traditionally, the researcher
would experiment with a number of possibilities and select one that is expected to work best.
While this approach may be acceptable for small problems, finding good topology for larger
problems is a very complex task. For this reason, GAs are found to be the best approach to
determine the network topology.

It turns out that using GAsto determine the topology of a network isanon-trivial task. Its
difficulty arises from the fact that GAs need appropriate data representation and genetic
operators that will allow good features to be preserved during mating [6]. Both direct
representations, where a connection matrix is used, and indirect representations, where thereisa
mapping between the network topology and the chromosome encoding, are used. Sinceiit is
almost impossible to understand the meaning of the weights and the interaction of the nodesin
complex problems, the task of selecting a good representation is further complicated. As aresult,
GAs are often used to optimize some parameters that define the topology. For instance, GAs can
be used to evolve the number of nodes in the hidden layer. On the other hand, if the number of
nodes is fixed, GAs can be used to determine which nodes should be connected. A combination
of these two techniques has been implemented in a system called ENZO [10]. An indirect
representation that uses graph context free grammars has been successfully implemented [7]. To
the best of the author’s knowledge, neither of these approaches has been implemented on RNNs
because of the difficulty to encode recurrent links.

2.1.5. Evolving Complete RNN

GAs can be used to evolve the network topology and the link weights at the same time. There are
several possible implementations for this approach. Two separate GA engines can be used where
one of them evolves the topology of the network and the other is used as a training algorithm to
evolve the weights. Recently, Polani and Miikkulainen [9] proposed a new approach where the
hidden-layer neurons with their incoming and outgoing links are evolved in one population, and
the combinations of these neurons to form feedforward networks are evolved in another
population. The benefit of this implementation is that neurons and their links are treated as
building units and are preserved during crossover. This method is yet to be extended to RNNSs.

2.2. TECHNICAL REVIEW

2.2.1. Neural Networks

Artificial neural networks consist of a number of artificial neurons that smulate the
characteristics of biological neurons in terms of the relationship between the input and the output
[3]. AsFigure 1 illustrates, every neuron has a set of input connections p;, a bias b, and an output
a. Every input link has an input value p and a weight w. The total input, n, is calculated by
multiplying every input value by the corresponding link weight and summing the products. The



output of the neuron can be viewed as function: a = f(2wp+b). Various activation functions can
be used to determine when and how the neuron fires (produces output).

pr M

p2
LZ

Figure 1: A Single Artificial Neuron

Neurons are grouped into layers with links from one layer to another, which forms a neural
network (see Figure 2). If the links are always in one direction then the network is called a
"feedforward neural network." On the other hand, if the network has backward connections then
it is called a"recurrent neural network."

I nput Hidden Output

Backward link

Figure 2: Three-Layer Recurrent Neural Network

2.2.2. Genetic Algorithms

Genetic algorithms are analogous to natural evolution [5]. They evolve populations consisting of
individuals. Every individual is defined by his genes. After creating an initial population,
individuals with higher fitness are more likely to survive and produce offspring. When an
individual is probabilistically selected based on his fitness, one of the following three operations
isused: (1) crossover, (2) mutation, or (3) replication. Crossover requires two parents. A part of
the genetic data is exchanged between the two parents to produce two children. The advantage of
thisisto combine good features from both parents to produce a better individual. Mutation
changes some of the genes to random values, which alows introducing new genetic information
not currently present in the population. Some individuals may be replicated (copied) to preserve
good combinations of genetic data.

10



CHAPTER 3: APPROACH

The ALA Training System consists of five components. (1) agent, (2) genome, (3) population,
(4) genetic engine, and (5) world. The agent component implements an ALA using an RNN. The
topology of the RNN and the weights of the links are defined by the genome component. A
collection of genomes is managed by the population component. The genetic engine component
uses genomes from the population to conduct evolution by applying genetic operators such as
crossover and mutation to the genomes. Figure 3 represents the data flow between the different
components of the system. Each of these components is discussed in details in the following
subsections.

D Data unit C] Processing unit
Genome
(offspring)
World
Populatlon
Engine
@ @ Genome
(parent)

Figure 3: Data Flow Chart between Components of ALA Training System

It was originaly proposed that the system would be implemented in Java. However, after
analyzing the complexity of the system, we found that although Java would be a very convenient
language from the programming point of view, the execution time during the testing phase might
become impractical. Asaresult, C isthe language that is used in implementing the training
system due to its efficiency in intensive calculations.
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3.1. AGENT STRUCTURE

The agent has a number of internal variables that must remain positive (greater than zero) to keep
the agent alive. When an input vector is passed to the agent, the agent processes it and decides
which action isto be performed next.

_______________________________________
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HiddenLayers ~ ' —____________________ T . ‘\E
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: Hidden Neurons =
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L (xy) Surrounding Cells Internal Variables PreviousAction | !

Figure 4: Agent Structure

The internal structure of the agent is a multi-layer RNN (see Figure 4). Every layer isfully
connected with the next layer. Some of the nodes in the hidden layers have recurrent links. The
input layer accepts the following information as input:

» xandy coordinates of the current cell
» thetype of the eight surrounding cells
» thevalues of theinternal variables

» the previous action

The input is then passed through a number of hidden layers with recurrent links. Finaly, the
output layer contains nine outputs that represent a movement to one of the eight surrounding
cells or staying at the current cell. For example, if at time t an agent has two internal variables of
vaue: (1) energy = 0.1 and (2) maintenance = 0.9, who is located in an energy cell (5, 5) of a

12



10x10 world that is surrounded by empty cells, and assuming that the previous action was 9, the
input would like as follow:

[0.5 0.5] [0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0] [0.1 0.9] [1.0]

Where the first set of values correspond to the coordinates of the agent divided by the world
dimensions. The second set of nine values corresponds to the types of the surrounding cells. A
value of 0.0 indicates that the corresponding cell is an empty cell and a value of 0.5 corresponds
to an energy cell (variable index divided by total number of variables). The third set of values
consists of the current values of the internal variables. The last value is the previous action of the
agent divided by 9, the number of possible actions. The output vector of the RNN would have
nine values where the greatest value corresponds to the action to be performed. In this example,
the action should be 5, which corresponds to remaining in the current cell and consuming the
energy it provides. Thus, the output vector might contain the following values:

[-0.12 0.25 0.04 -0.78 0.75 -0.44 0.32 0.19 0.11]
3.2. GENOME STRUCTURE

The genome completely defines an agent. It consists of two parts: (1) topology definition and (2)
link weights. The topology definition consists of:

* H: the number of hidden layers

* N1: the number of nodes in the first hidden layer

* R1: the number of recurrent links in the first hidden layer

* Nu: the number of nodes in the Hth hidden layer

* Ry: the number of recurrent linksin the first hidden layer.
The link weights are sets of two-dimensional arrays where each array Ai represents the weights
of links from layer i to layer i+1. In addition, the initial outputs of the recurrent neurons are also
represented in the genome.

3.3. POPULATION

Therole of the population is to manage genomes and make them available for the genetic engine
for reproduction. The selection of individuals is done using the tournament selection with a user
defined size tsize. First, tsize random genomes are selected from the population. Then, the
genome with the highest fitness (score) is sent to the genetic engine. If thereisatiein the score
then the size of the genome is used to favour the genome with the smaller size. The genetic
engine adds the newly created children using the reproduction operators to a new population.

3.4. WORLD STRUCTURE
This component defines the environment in which the agent has to live. I1ts main function isto
evaluate agents by measuring how long they are able to survive in the given environment. The

internal representation of the environment is a 2-dimentional grid where each cell consists of the
following:

13



e xandy coordinates

» cdl type (e.g. home, energy, empty)

* increment: the amount of change that will affect the corresponding internal variable
when the agent selectsto ‘stay’ in this cell

» delay: the number of time intervals that must pass after a discharge in order for this
cell to become active again

Examples of world configurations are provided in Tables 2, 4, and 5.
3.5. GENETIC ENGINE

The genetic engine conducts the evolution process to evolve agents. It uses populations as
collections of genomes and uses the world component to determine the fitness of individuals.
The evolution terminates when the following termination criteria are met:
* Theagent can live up to the maximum age whenever it is evaluated.
» Thesize of the genome is less than or equal to the desired genome size as specified
by the user.
The training algorithm for the system is outlined below:

1. Initialize arandom population
1.1. Randomly generate a topology
1.2. Generate random weights
2. Evaluate population
2.1. Create an agent using a genome
2.2. Use the world component to evaluate the agent
2.3. Calculate the fitness based on the age of the agent and its size
2.4. If termination criteria are met then stop
3. Replicate best E (elite) genomes to the new population
4. Usetournament selection to select individuals
5. Select areproduction operator probabilisticaly (based on the genome crossover/mutation
probability)
5.1. Mutation: select probabilistically the type of mutation (based on weight/topology
mutation probability)
5.1.1. Topology mutation:
5.1.1.1. Randomly change the number of nodes in each hidden layer
5.1.1.2. Randomly change the number of recurrent links in each hidden layer
5.1.1.3. Recreate the genome with new topology using previous weights when
possible and random weights when new links are introduced
5.1.2. Weight mutation: probabilistically select weights and assign them a random
value
5.1.3. Crossover: use standard n-point crossover
6. Goto step 2.

The modified topology mutation operator that we developed in this project changes the number
of the neurons in the hidden layers as well as the number of the recurrent links in each hidden

14



layer to a random number. Whether a particular topology defining value is mutated or not
depends on the layer mutation probability variable that is controlled by the user.

Once a new topology is defined, the link weights and the initial outputs of the recurrent nodes of
each hidden layer are determined. The values of these genes are copied from the original
genome. Whenever the new topology definition requires additional value, these values are filled
with random numbers between -1.0 and +1.0. Thus, in the topology mutation operation, effort is
made to preserve the original weight values.

One of the advantages of this approach is that it eliminates the need for topology crossover. If a
separate topology crossover operation were to be implemented, its function would be to create a
new genome that uses the same link weight values as one of its parents but has the topology of
its other parent. However, since the evolved networks have less than five nodes in the hidden
layer, the search space of network topologiesisfairly small. As aresult, producing the topology
of a particular genome using the topology mutation operator has a good probability of

happening.
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CHAPTER 4: EXPERIMENTAL RESULTS

Originally, one of the objectives of this research was to compare the relative efficiency of a one-
hidden-layer RNN and a two-hidden-layers RNN. This objective was based on the results
obtained from our previous research [1] where more than 10 nodes where used in the hidden
layer of a single-hidden-layer RNN. However, during the initial experiments with the new
training system it was found that even somewhat complex world definitions with multiple
internal variables could be controlled with less than five neuronsin the hidden layer.
Experiments with world definitions of a high complexity were not performed but are on our
future research list. This research did not aim to correlate the size and complexity of the
environment with the required minimum number of nodes in the hidden layer. Since genetic
algorithms produce a good solution and not necessarily the optimal solution, the experiments
were more directed towards evolving an agent who can primarily survive the environment with
preference to solutions with a smaller number of weights, rather than determining the absolute
minimum number of nodes that is required in the hidden layer.

The difficulty level of an environment is characterized by the following factors:

1. The minimum number of distinct active cells the agent hasto visit. The agent normally learns
how to reach one active cell at atime. The more active cells the agent has to visit the longer
it will take to train the agent.

2. Distance between the active cells. As the distance increases, it becomes more difficult for the
agent to find another cell once it found one. Moreover, longer distances require the agent to
remember more information about the world.

3. The change of rate of the internal variables. With small rate of change, the agent can afford
to waste some time while wondering around looking for active cells. Larger change of rate
means that the agent has to find a near optimal path between the cells. Any wasted move
could mean the death of the agent.

4. The presence of mines can further complicate the environment for the agent depending on
their position.

There are four testing phases as outlined below:

1 Phase 1W S (one world, static initial position): the training is conducted on a single world
definition with the agent starting its life span from a static initial position.
2. Phase 1W R (one world, random initial position): the training is conducted on a single

world definition with the agent starting its life span from a random initial position each
timeit is evaluated.

3. Phase nW R (numerous worlds, random initial position): the training is conducted on n
world definitions with the agent starting its life span from a random initial position each
time when it is evaluated.

4. Phase nW R X (numerous worlds, random initial position, unseen testing world): the
training is conducted on n world definitions with the agent starting its life span always
from arandom initial position each time when it is evaluated. After that the agent is
tested on a new world definitions that were unseen during the training

16



The parameters listed in Table 1 were kept constant for al runs. Each run was initialized with a
unigue random number seed. The parameters that were customized for each phase are described
in the following subsections along with the experimental resullts.

Table 1: GA evolution parameters that were constant for all runs

Parameter Value
Tournament size 4
Number of elite genomes 3
Genome crossover probability 0.7
Genome mutation probability 0.3
Crossover probability of aweight 0.25
Weight mutation probability 0.9
Topology mutation probability 0.1
Mutation probability of a weight 0.05
Mutation probability of a layer topology 0.7
Number of simultaneous runs 10

4.1. PHASE 1W S

The objective of this phase was to test the functionality of the new ALA Training System and
evolve agents similar to the agents evolved in our previous research [1] but with more complex
world definition. The complexity of the world used in this case emerges from a moderately large
number of internal variables. The agent is required to learn how to satisfy four different internal
variables. Moreover, although the world size is still small (10x10), it is larger than the world that
was use in our previous research (4x4). The parameters used in the training process are listed in
Table 2.

The age of the best individual and the average age of the population were averaged over ten runs.
The results are displayed in Figure 5. The jumps in the fitness curve shown in Figure 5 indicate
that one of the runs had reached the maximum age at that generation. The age of the best
individual and the population average of the run that produced the best result are shown in Figure
6.

17



Table 2: GA Evolution Parameters Used in Phase 1W S

Parameter Value
Population size 5000
Number of generations 2000
Maximum age 501

Internal variables (variable, rate of change)

(E, -0.02), (H, -0.018), (M, -0.016), (B, -0.014)

World definition

#

W mMI-

wal | cel
enpty cel |
Honme

Ener gy

M neral s
Base

HHAHBHBHAH

Active cells (x y variable delay increment)

Initial position

Desired genome size (number of links)

The best-evolved RNN was actually a feedforward network. It had three nodes in the hidden
layer and did not have any recurrent nodes. The total number of weights was 87. This RNN was
found in generation 736. The input-to-hidden weight matrix and the hidden-to-output weight
matrix of this RNN are listed below (truncated to 3 places after the decimal point):

I nput-to-hidden weight matrix:

-0.993
. 701
. 897 -
. 700
. 865
. 820
. 791
. 261
. 138
. 730
. 346
. 405 -
. 898 -
. 715 -
-0.972 -
. 805 -
. 944 -

- 0.

[
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[SX

1 1 1 1 1
[eleoleolololololololololololole]
[eleoleolololololololololololole]

779

. 726
. 853
. 925
. 998
. 478
. 150
. 004
. 469
.211
. 765
. 275
. 145 -
. 983
. 682
. 198 -
. 686 -

383
063
867
113
528
816
518
429
. 007
. 050
. 010
. 406
. 944
. 099
. 729
. 650
. 446

0000000000000 0O

Hidden-to-output weight matrix:
-0.970 0.942
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-0.394 0.588
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Figure 5: Evolution Progress of Phase 1W S Averaged Over 10 Runs
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Figure 6: Evolution Progress of the Best Run in Phase IW S

One can clearly observe two main stages in the shape of the evolution progress graph. The first
stage is characterized by very low fitness score that does not improve over time. The length of
this period depends primarily on the random number seed, as well as on the other evolution
parameters. The second stage shows significant improvement in the fitness. The agent rapidly
learns how to live longer until it finally reaches the maximum age within a small number of
generations. It is suspected that this phenomenon is a result of the environment design. The
relatively small world size does not facilitate slow incremental learning. On the contrary, it
divides the age scale into a few discrete steps where each step corresponds to consuming an
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active cell. In order to verify this hypothesis, further experiments need to be performed that use
relatively large worlds with numerous active cells.

One major weakness of the agents evolved in this phase is that they are unable to live in the same
world they were trained in if the starting position changes. This indicates that the agents are
trying to encode a path in their RNN that may or may not be dependent on the inputs. The next
testing phase overcomes this limitation.

4.2. PHASE 1W R

The objective of this phase was to evolve robust agents with global view of the world. The
agents are required to encode the world in their RNN to be able to go to the desired active cell
from any position in the world.

The fitness function consists of averaging the age of the agent over a number of test cases. For
each test case, the initial position of the agent is chosen randomly. Because the fitness function
does not favour partia solutions where the agent is successful to raise the value of only one
internal variable, it isimportant to make the change rate of the internal variables sufficiently
different. Doing so enables agents who found only one active cell to live longer than those who
did not find any. Consequently, these fitter agents are able survive to the next generation and
continue searching for the other active cells.

A world size of 7x7 was chosen for the runs. Every genome was evaluated starting from 15
randomly selected initial positions. The number of internal variables was reduced to three to
shorten the training time. Table 3 lists various parameters that were used in the training.

Table 3: GA Evolution Parameters Used in Phase 1W R

Parameter Value

Population size 2000

Number of generations 2000

Maximum age 512

Internal variables (variable, rate of change) (E, -0.02), (H, -0.018), (M, -0.016)

World definition il

# = wall cell AT

. = enpty cell 4. .. E#

H = Home #.o.... #

E = Energy # M .. #

M= Mneral s ik

Active cells (x y variable delay increment) 22H10 1.0
53E15 1.0
25 M7 1.0

Number of evaluations 15

Initial position Random

Desired genome size (number of links) 200
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Figure 7: Evolution Progress of Phase 1W R Averaged Over 10 Runs
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Figure 8: Evolution Progress of Best Run in Phase IW R

Out of ten runs, nine found an agent that can live up to the maximum age of 512. The number of
generations that it took to find the solution varied between 99 generations (best run) and 454
generations (longest run). Since generally not all of the runs will be able to find a solution in the
desired number of generations, and since only one solution is desired for a particular world
configuration, it is more feasible to terminate all the runs once a solution is found by one of
them. This strategy enables running more simultaneous runs for a shorter period of time, and
consequently, achieving finding a solution in a reasonable time without wasting alot of

computation power.
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The evolution progress averaged over the ten runsis shown in Figure 7. The number of
generations was truncated to 99 generations, which is where the termination criteria were met.
Figure 8 displays the evolution progress of the best run. The solution it evolved had a size of 84,
which corresponds to three nodes in hidden layer with no recurrent links. Again, the resulting
network was a feedforward neural network.

4.3. PHASE nW R

The objective of this phase was to force the agent to employ judgement on current local input as
well as generalized global knowledge of the active cells in the world.

Table 4: GA Evolution Parameters Used in Phase nW R

Parameter Value

Population size 2000

Number of generations 2000

Maximum age 505

Internal variables (variable, rate of change) (E, -0.02), (H, -0.018)

Number of world definitions 2

World 1 definition ﬁ########ﬁ

# = wall cell TR #

. = enpty cell B #

H = Home #oooo... #

E = Ener Hooooo.. #

9y oo #

oo #
oo E#
B

World 1 Active cells (x y variable delay increment) 22H10 1.0
8 8 E151.0

World 2 definition ﬁ########ﬁ

# = wall cell W u

. = enpty cell BOH ... #

H = Home oo #

E = Ener Hoooo.. #

9y oo #

oo #
oo E#
B

World 2 Active cells (x y variable delay increment) 2 3 H10 1.0
8 8 E15 1.0

Number of evaluations 30

Initial position Random

Desired genome size (number of links) 100

Two distinct but similar world definitions were used to train the ALA. The two worlds had a size
of 10x10 with two active cells. The only difference between the two worlds was that one of the
two active cells was moved down by one cell. Thisis actually a much bigger difference than

what it appears to be for a number of reasons. Firstly, the agent is not required to ram over al of
the 100 cells. In fact, the world is surrounded by wall cells, which reduces the number of safe
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cellsto 7x7 = 49. Considering that the agent needs to know only afew cells aong the path
between the two active cells, the total number of cells visited is estimated to be around 20 cells.
As aresault, this gives 10% change in the world definition as might be seen by the agent.
Secondly, the world has only two active cells, which means that 50% of active cell definitionsis
different between the two worlds. Combining these two factors gives a rough estimate of the
difference to be about 8%. This factor is indirectly reduced by specifying low rates of change for
the internal variables, which allows the agent to explore the world more freely before being
required to visit an active cell. Table 4 lists the parameters that were used to train ALA in this

phase.

Phase 2W R: Average of 10 Runs
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Figure 9: Evolution Progress of Phase 2W R Averaged Over 10 Runs
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Figure 10: Evolution Progress of Best Run in Phase 2W R

23



Out of ten runs, eight found an agent that can live up to the maximum age. However, two of the
eight successful runs evolved genomes with size of 105, which is greater than the desired size of
at most 100. The best solution was found in generation 244 with size of 57, which corresponds to
two neurons in the hidden layer and no recurrent links.

The evolution progress averaged over the ten runsis shown in Figure 9. The number of
generations was truncated to 244 generations, which is where the smallest ALA was found. The
evolution progress of the run that evolved the smallest ALA is show in Figure 10.

4.4, PHASE nW R X

The objective of this phase was to test whether the advantageous properties of using neural
networks were preserved in the ALA architecture. In particular, this phase was directed towards
observing the agent's generalization and fault tolerance abilities. These are rather ambitious
intentions. The results of this testing phase, both positive and negative, are the basis for directing
future research.

The six RNNs that met the termination criteriain the previous phase (nW R) where tested on a
new world definition that was not presented during the training. The testing world differs from
the two training worlds only by the position of one of the active cells, which is now located one
cell away from its position in the training worlds. As discussed in the previous section, this
difference is significant. Table 5 lists the parameters that were used for testing.

Only one ALA from the six candidates ALAs was able to live in the testing world. 1ts RNN had
three nodes in the hidden layer with one of them having a recurrent link. The performance of this
agent in the testing world is shown in Table 6.

Table 5: ALA Testing Parameters Used in Phase nW R X

Parameter Value

Maximum age 501

Internal variables (variable, rate of change) (E, -0.02), (H, -0.018)

World 1 definition ﬁ########ﬁ

# = wall cell AT o

= enpty cell B #

#Hoooo #
oo #
oo #
oo #
#oooo... E#
B

Active cells (x y var. delay incr.) 32H10 1.0
8 8 E151.0

Number of evaluations 20

Initial position Random
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The initial output of the recurrent link was -0.085. The input-to-hidden weight matrix and the
hidden-to-output weight matrix are of this RNN are listed below (truncated to 3 places after the
decimal point):

Input-to-hidden weight matrix:
. 867 -0.648 371

0 0.

0.629 0.649 -0. 166
0.939 0.674 -0.312
0.690 -0.535 -0.801
-0.697 -0.157 -0.782
0.146 0.519 -0.703
-0.313 0.116 0.298
-0.976 0.766 0.709
0.003 -0.642 -0.177
0.144 0.686 -0.608
0.564 -0.732 0.766
-0.639 -0.697 O0.845
0.186 0.950 -0.622
0.993 0.894 -0.607
0.451 0.958 0.938
0.663 0.534 -0.015

Hidden-to-output weight matrix:

-0.145 -0.850 0.933 -0.059 -0.091 0.617 0.371 0.341 0.362
0.719 -0.065 0.619 0.493 -0.415 0.681 0.293 0.790 -0.775
0.556 -0.332 -0.198 -0.766 -0.774 0.629 -0.694 0.650 -0.169
0.709 -0.727 0.986 0.801 -0.403 0.738 -0.866 -0.798 -0.945

Table 6: ALA Performance in Testing World of Phase n\W R X

Case No. Initial Position | End Position Age
1 5,8 4,4 505
2 1,4 3,2 505
3 6, 8 2,2 505
4 1,2 3,2 505
5 8,7 1,8 49
6 57 3,3 505
7 7,5 3,2 505
8 51 1,8 49
9 8,5 3,2 505
10 4,5 3,2 505
11 53 55 505
12 1,3 32 505
13 56 55 505
14 3,3 32 505
15 4,1 3,2 505
16 6,8 2,2 505
17 3,4 32 505
18 6,5 4,4 505
19 54 1,8 49
20 2,6 2,3 505
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The agent succeeded to live seventeen times and failed three times. The cause of agent's death
was attempting to move into awall cell, which is prohibited. A quick look at Table 6 shows that
the agent failed when it moved to cell (1, 8). Since this cell isthe further away from the path
between the two active cells, it is very unlikely that the agent explored this cell during the
training. Moreover, thiswas a corner cell. The agent had only three possibly useful actions out of
the nine actions. Thus, the probability of selecting a good action in this situation was only 0.33.
This value is significantly low and one could not depend on. To eliminate this phenomenon the
agent must be trained in world environment with wall cells positioned randomly. The agent in
this case would learn how to avoid wall cells in general, and not only the ones that are on the
edge. Consequently, the agent would be able to select an appropriate action even in unfamiliar
Situations.
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CHAPTER 5: CONCLUSION

Thiswork presents a unique approach to evolving RNNs where a direct numeric representation is
used to encode the definition of the hidden layer. The successful results of the four phases of
experimenting lead to a number of significant discoveries, which are discussed in the following
sections.

5.1. WORLD COMPLEXITY

The scalability of the new ALA Training System is confirmed when the agents were successfully
trained on more complex world definitions than the ones used in our previous work. In thiswork,
worlds of size up to 10x10 were used with agents with up to four internal variables. The
efficiency of the new system makes it possible to conduct such experiments even with limited
computing resources.

5.2. ALA FLEXIBILITY

The evolved agents have great robustness, flexibility, and generdization abilities. ALAs are able
to survive in environment that is unseen during the training. The initial position of the agent is
also irrelevant. The agent is capable of memorizing the approximate positions of the active cells
during the training process and then applying this knowledge to new environment.

5.3. TOPOLOGY EVOLUTION

The evolution of the topology of the RNN has lead to discovering a number of interesting results.
Firstly, the required number of nodes in the hidden layer is much smaller than what is used
traditionally. The experimental results show that it is possible to evolve agents with as few as
one node in the hidden layer and still have good agent performance in relatively complex world
definitions. Secondly, The literature review that we carried out in our previous and current work
indicates that recurrent neural networks have always been used (as opposed to feedforward
neural networks) to control autonomous agents. More specifically, recurrent neural networks
have always been the only choice whenever the gradient function is not available (the correct
output is unknown). However, we found that recurrent links are not required in the neural
network to successfully control autonomous agents in environment with hidden system states
(e.g. time delay in active cells and rate of change of internal variables).

5.4. SUMMARY

A new ALA Training System has been developed, which evolves both the topology and the link
weights of recurrent neural networks that control autonomous life agents. The new systemis
robugt, flexible, fully configurable, and efficient. The contribution of this research extends
beyond building training and simulation environment. It leads to discovering that a few nodesin
the hidden layer of the RNN are sufficient to control ALAs in complex world definitions.
Furthermore, this research showed through empirical experiments that recurrent links do not
enhance the capabilities of neural networksin controlling autonomous agents.
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5.5. FUTURE WORK

Further experiments on the scalability of the system are required. Idedlly, this would involve the
evolution of ALAs with practical applications. Building a physical ALA robot is one of the long-
term goals of this research.

The current system is discrete and not very dynamic. Our objective isto extend the current
architecture to t support continuous input and output spaces, as well as introducing a mutli-agent
environment.

From amore general point of view, we are interested in comparing the training time and the

performance of feedforward networks vs. recurrent networks using both conventional and
evolutionary training algorithms.
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APPENDIX A: ALA TRAINING SYSTEM USER M ANUAL

Introduction

The ALA Training System is designed to evolve autonomous life agents (ALAS) that are able to
live in the user-defined environments. It uses the genetic algorithms (GA) approach to evolve
recurrent neural networks (RNN) that represent agents. It consists of two parts. (1) command line
program and (2) graphical user interface (GUI). The command line program, al a, isan
implementation of the training engine using C programming language. The complete set of
parameters is described in the Command Line Syntax subsection. There are two types of input
files that are accepted by al a: (1) world definition file and (2) genome definition file. In

addition to the output to the standard output stream, the program produces three output files: (1)
evolution statisticsfile (* . st t ), (2) global variables definition file (* . gl ob), and (3) best
genome definition file (* . bst ). ALA Viewer isa GUI that iswritten in Java, which enablesthe
user to visualize how the agent lives in the environments. The ALA Viewer isusesthe al a
program to perform all the necessary computations and produces graphical interpretations of

al a’soutput.

System Requirements

Both UNIX and WINDOWS executable file of the al a program are provided. The source code
is completely cross-platform compatible and may be compiled on any system. The ALA Viewer
requires a Java Virtual Machine (JVM). A Pentium class processor with at least 48 MB or RAM
is recommended to run the two applications.

ALA Command Line Syntax

ala world <n> <wl> <w2> <..> <wn> [ nmaxage <ma>] [popsize <ps>]
[gnr <gnrate>] [wep <wcprob>] [wmr <wnrate>] [wnp <wnprob>] [Inp
<I mprob>] [elites <e>] [tsize <ts>] [gens <g>] [hidden <h>] [vars
<v>] [delta <dl1> <d2> <..>] [seed <rseed>] [m nsize <nsize>|

[eval s <ev>] [npde <nP] [base <nane>] [best <initbest>] [pos <x>

<y>]

Parameters:
e world <n> <wl> <w2> <..> <wn>
Load <n> world definitions in the memory. <wl> to <wn> are the file names for the world
definitions.
* naxage <m>
Set the maximum age to <ma>. Default 100.
* popsize <ps>
Set the population size to <ps>. Default 10.
e gnr <gnrate>
Set the genome mutation rate to <gnr at e>. Default 0.01.
e Wcp <wcprob>
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Set the weight crossover probability to <wcpr ob>. Default 0.25.
wnt  <wnr at e>
Set the weight mutation rate to <wnr at e>. Default 0.90.

wnp <wnpr ob>
Set the weight mutation probability to <wpr ob>. Default 0.05.

| mp <I npr ob>

Set the layer mutation probability to <I npr ob>. Default 0.70.
elites <e>

Set the number of ditesto <e>. Default 1.

tsize <ts>

Set the tournament size to <t s>. Default 3.

gens <g>

Set the number of generations to <g>. Default 10.
hi dden <h>

Set the number of hidden layersto <h>. Default 1.
vars <v>

Set the number of internal variables to <v>. Default 1.

delta <d1> <d2> <..>

Set the rate of change of each internal variableto <d1>, <d2>, .., respectively. Default
-0.1.

seed <rseed>

Set the random number seed to <r seed>. Default: value return by the C function

ti me( NULL).

m nsi ze <nsi ze>

Set the desired size of genome to <nsi ze>. -1 disables size comparison during evolution.
Default 500.

eval s <ev>

Set the number of random evaluations for each genome to <ev>. O disables the random
evaluation and forces using the values specified by pos. Default 50.

node <np

Set the modeto <ne. Oistraining, 1 istesting, 2 is displaying, and 3 is debugging. Default O.
best <initbest>

Load an initial globally best genome from the file <i ni t best >. Default: arandom genome
IS created.

pos <x> <y>

Set theinitial position of the agent to <x>, <y>. Default 1, 1.

How to Run ALA Viewer

To runthe ALA Viewer type the following at the command prompt:

j ava ALAViI ewer
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E"EEALA Yiewer M=l E3

Mimber of Variahles: |2 Rate of Change:|-0.02 -0.018

Agent File: Iala.hst Load Eest |
World File: Iw.t:-ct Load World |

World Definition: | wariables: |

o
: sao
Maxr Agge 5 LI—I

World Font Size: IlB et |
Action: IE
-
Speed [ms):|l000 ﬂ ; Startl Stop | Cloze |

Figure 11: ALA Viewer

A window will appear smilar to Figure 11. First, Fill in the number of internal variable and the
rate of change for each internal variable. Second, Load an agent definition file and aworld
definition file. Finaly, specify the maximum age and the speed (the time delay between
consecutive actions in milliseconds). The button “ Start” will begin displaying the agent’s actions
and the button “Stop” will end the process. The font size of the world display may be modified
using the font size text box and the button “Set.” The “Close” button terminates the application.

Format of World Definition File

The first two values specify the number of rows and columns in the world. Following that there
is one line for each active cell. Each of these lines begins with two values specifying the X and Y
coordinates of the active cell. Next, asingle character defines the type of the cell. After the cell
type comes a one-word title of the cell. The next value specifies the index of the internal
variables that is affected by this cell (starting from 1). The cell’ stime delay is the next value. The
last value is the amount of increment that this cell provides. The following is an example of a
world definition file:

NN

2 H Hone 110 1.0
5 E

Ener gy 215 1.0
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Format of Genome (Agent) Definition File

Thefirst value is the number of hidden layers. After that, there is one value for each hidden layer
specifying the number of nodes in that layer. Next is one value for each hidden layer specifying
the number of recurrent linksin that layer. The next value is total number of weights (including
initial output values for recurrent links). Next, there is one value for every weight. The following
is an example of a genome definition file:

140 105

-0.487791510 -0. 388796829 -0.992042040 0. 101039236 0. 861947644 0. 780476216
0. 564192216 -0.838847545 0.411977381 0. 487523938 -0. 252951606 0.228211799
-0.479043128 0. 142837403 -0. 763041791 -0. 436325832 -0.543671335 -0. 776513655
0.729281704 -0.624349773 -0.050145479 0. 047527424 0. 802059433 -0. 937069897

- 0. 308992261 -0.161285452 -0.292102159 -0.431027178 0.222042862 -0. 211699285
0. 072821333 0. 875483108 -0.643474489 -0.718366230 0.985342289 0.221464961

0. 731207644 0. 967866225 0.586116998 0. 998661121 -0. 037277534 0. 753794277
0.586178925 0.402931890 -0.393218164 0. 545127764 -0.702465110 -0. 375675640
-0. 407809684 -0.405100958 0.334371493 0. 655562825 0.191089886 -0.519542450
-0. 970116595 -0.362874918 -0. 630915121 0. 049618508 0. 267308980 -0. 239554693
-0. 461757576 0.822227075 -0.822413990 -0. 737555120 0. 437324289 0. 070144599
0. 679762671 0. 790847624 -0.024072026-0. 813318106 -0.512227574 0. 785647854

- 0. 714510770 -0.960406410 0.603458938 0.081742290 0.916167998 0. 780476216

0. 812438679 0.450494624 -0.442589143 0. 064592102 -0.178728435 -0. 932840938
0. 989301183 -0. 503072300 -0.431811368 0. 932210570 -0.412029235 -0. 020749068
0. 950362170 -0.811025132 -0.576479298 0. 582961767 -0.200455176 -0. 718854519
- 0. 581839548 0. 545984370 0. 405305683 0.655469203 -0. 898106380 -0. 603546223
0. 881154843 0. 030360403 0.871659079

Format of Evolution Statistics File

The evolution statistics file contains a number of lines where each line represents a generation.
Each line begins with the generation number. Next is the population average age. The next two
values are the age and the size of the best genome so far. The last two values are the age and the
size of the best genome in the current population. The following is an example of an evolution
statisticsfile:

12. 381 52 57 52 57
19. 450 52 57 52 60
27. 143 54 57 54 57
. 101 54 57 53 57
36. 306 54 57 54 57
39. 151 55 57 55 57

GahrhWNEFO
w
w

Format of Global Variables Definition File
The global variable definition file consists of the following fields:

* maximum age

* population size

* genome mutation rate (vS. genome Crossover rate)
* weight crossover probability (for n-point crossover)
* weight mutation rate (vs. topology mutation rate)
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* weight mutation probability (for n-point mutation)

» layer mutation probability (for topology mutation)

* number of elite genomes to be replicated

e tournament size for tournament selection

e maximum number of generations

e number of hidden layers

e number of internal variables

» rate of change of each internal variable

* number of inputsin the RNN

e number of outputsin the RNN

* therandom number seed

e initial x position

* initia y position

* desred genome size

* number of random evaluations

* base name for the output files

e operation mode

* genome definition of the best genome (as define in the format of genome definition
file)

* number of worlds

» for each world: the dimensions, a character view of the world, and the definition of
each active cells.

The following is an example of a global variables definition file:

512

2000

. 300000
. 250000
. 900000
. 050000
. 700000

000

WFEPNPWOOOOO

-0. 020000 -0.018000 -0.016000

15

9

977969475

1

1

200

15

ala_3v_1wr

0

140 109

-0. 214550741 -0. 248076952 0.010579784 -0.804799145 -0.801876465 -0. 374390835
0. 396650477 -0.956694973 -0.869582776 0.464848267 -0.162858453 -0.804475390
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0. 944154038 0. 244434542 0.926674729 0.270597927 0.909197370 0.557101074

0. 357524880 -0.647127980 -0.169116178 -0. 627607894 -0.702211774 -0.687195626
0. 935703482 -0.554548450 -0.002533579 0.896712752 -0.126801941 -0.911425880
-0.574732944 -0.317665268 -0.247221028 0. 619665751 -0. 875078181 0. 965815112
-0. 022019832 0. 315835115 0. 541181993 -0.617638180 -0. 906930094 0.145279359
-0. 297663170 -0.837688360 -0.818266471 -0.873111702 0. 860677224 -0.598688314
-0. 021303054 0.937771542 -0.961463807 -0.460164247 0. 268569032 -0. 791710539
-0. 205383172 -0.172651090 -0.221388235 0.992802577 -0.016751012 -0. 191259759
0. 085527298 0. 103927631 0. 708229602 -0.620400470 -0.018122506 -0.177390213

- 0. 989229700 -0.142034463 0.612491287 0.534098653 -0. 393139525 -0.936762741
- 0. 824691409 0. 883259340 -0.594509049 -0. 343633414 -0.072391846 0. 766519287
- 0. 501851964 0. 038890249 0.433747405 -0.840701849 -0.930429919 0. 395953174

- 0. 157623413 -0.162858453 0.167847017 0.902435617 0.308123084 0.409173926

0. 499610168 0. 425365403 0. 066499267 -0. 795992795 -0.121202648 -0. 704990844
0. 454944391 -0.603993861 -0.987037981 0.238003517 0.241578716 -0. 027926904
0. 529325153 0. 897679159 -0. 854058571 -0.874492119 0.599165931 -0. 641871843
0. 940190612
1
7
7
#

HHHAHH
#.o.... #
#H .. #
#. ... E#
#.o.... #
# M. . #
HHHBHAH

2 2 HHome 1 10 1.000000
5 3 E Energy 2 15 1. 000000
25 MMnerals 3 7 1. 000000
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