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ABSTRACT 
 
 
 

Evolutionary Algorithms (EAs) have been applied in co-evolutionary robotics over the last 

quarter century. They simultaneously generate the robot body morphology and controller 

algorithm through artificial evolution. However, the literature shows that in this area, it is 

still not possible to generate robots that perform better than conventional manual designs, 

even for simple tasks. This thesis describes steps undertaken to improve the co-evolution 

process. The investigation concerns two key areas of co-evolutionary robotics. The first is 

in fitness function development, which plays an integral part in selecting parents for mating 

during evolution. The effect of an incremental fitness function based on established 

algorithmic techniques from specific task domains of robotics is studied. An A-star 

algorithm-based fitness function for path planning is designed and implemented for co-

evolution of robots for navigation and obstacle avoidance. Results show that the trajectories 

of robots that reach a goal using the A-star algorithm-based fitness function are shorter than 

the robots evolved with a basic distance-based fitness function. The second area of study is 

the role of the controller evolution in the co-evolution process. Inspired by natural paradigms 

of evolution coupled with learning in biological organisms, a Reinforced Co-evolutionary 

Algorithm (ReCoAl) is proposed. ReCoAl works by allowing a direct policy gradient based 

Reinforcement Learning algorithm to improve the controller of every evolved robot to better 

utilise the available morphological resources before the fitness evaluation. The findings 

indicate that the learning process has both positive and negative effects on the progress of 

evolution, similar to observations in evolutionary biology. 
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Algorithm 1: EA using A-star algorithm-based fitness calculation  
1. Initialise: 

� random robots in a population 
	
  
GEN > 0 //Generations 

2. for ��� � ���� GEN do: 
3.     Compute Evaluate (p) for each p � 
	
 
4.     Rank 
	
 and select�parents 
5.     Variation operations on parents to produce � children in 
	

 
6.     Compute Evaluate (p) for each p � 
	

 
7.     Select survivors from combined 
	
 and 
	

 
8.     Update 
	
 
9. end for 
10. Return best robot from 
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Algorithm 2: Function Evaluate 
1. procedure EVALUATE (�) 
2.     Initialise: //Fitness evaluation initialisation 

    TR > 0 //Trials 
    T > 0 //Evaluation time 

3.     for �� # 	������ do: 
4.         Initialise: 

        Initialise 3D simulator with robot p 
         � # �� � # �,  

5.         ������ �������� $ 	
 
             fitness = 0  

6.         
��
 
             Convert map into grids 

7.              Add obstacles into map and mark corresponding grids as closed 
8.              Using robot size, mark narrow spaces as closed 
9.              Solve map for an A-star solution.  

10. ������������������solution does not exist 
11.                  ����
���= 0 
12.              
��
 
13.                  for � # ������ do: 
14.                    ����� goal is reached 

                          ����
�� # 
� "����� 
��  

15.                      else 
16.                        Calculate robot speed u 
17.                        Use u and t to locate an imaginary robot following A-star route 
18.                        Compare distance d between actual and imaginary robot ��"# � 
19.                        if robot is stationary, ++s 
20.                 end for 
21.                 Calculate distance between robot and goal �� 
22.     ����
���"# � �����

�� " �%����!&
� " �����

��  //a is width of the arena 
23.     end for 
24.     Return best fitness 
25. end procedure 
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The main hypothesis in this chapter is that the introduction of a learning phase for every 

evolved robot will not only allow it to better utilise the morphology but also provide 

sufficient environmental feedback to better handle the task. The learning phase will therefore 

reduce the impact of the random modifications and provide time for each robot to better 

utilise its functional parts through the controller. This is tested through a learning algorithm 

that trains each robot before evaluation by the fitness function. A similar work [118]  

reported in the past year, also attempted to solve the problem of building controllers for co-

evolved robots when the morphology is unknown at the beginning of evolution, and this 

study can be considered as developed in parallel with it. They approached the same problem 

by developing an evaluation function that balanced between total distance travelled by the 

robot and its closeness to the required trajectory. Though promising results were generated, 

their focus was on applying the algorithm on a few selected robots, thereby limiting the 

potential of the evolver to fully utilise the effects of the learner.  

 

Through the introduction of a learning phase, the following research questions are attempted 

to be answered:  

1.� Can the learning phase available to each evolved robot make a positive change to 

their behaviour and evolution epoch?  

2.� Can the behaviour of evolved robots be modified to make them properly utilise 

available sensors? This is not observed in the preceding chapters and literature 

review.  
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3.� Can general recommendations be made for parameter selection during evolution and 

learning?  

Answers to these questions are expected to be a step towards improving the current state of 

the art of mobile robot co-evolution. The experimental setup used here remained the same 

as the previous chapter: The same hardware and software were used, and evolution and 

simulation conditions applied, (including reusing the virtual map from the previous chapter). 

When learning parameters or evolution parameters were modified or new parameters were 

introduced or set, the reasons for these are explained in respective sections.  

  

Section 2.5 provided a brief introduction to learning algorithms in robotics. Unlike typical 

learning applications in robotics, designing an algorithm for co-evolved robots is 

challenging. In the case of Supervised Learning (SL), the input-output mapping is already 

known through the training data, and the SL algorithms simply have to find a model that fits 

this mapping. However, in case of co-evolved robots, no such training information was 

available, as inputs and outputs changed randomly. Therefore, building training data was 

also impractical. Further, Unsupervised Learning (UL) methods were not applicable due to 

the lack of training data. In this circumstance, the only available information was the goal 

specification, or coordinates, that indicated where the robot should reach. Hence, 

Reinforcement Learning (RL) was chosen, as when compared to Unsupervised Learning 

and Supervised Learning methods it could work with limited background information by 

learning through rewards gained. 

�
RL methods are either model-based or model-free. The model-based method was unsuitable 

as the robot design and environmental dynamics were unknown in advance. In model-free 

approaches, the policy search-based model-free approaches were preferred over value 

function-based approaches as they had the option of integrating expert knowledge into 

policy at the time of initialisation with fewer parameters. The key reason why RL methods 

excel over other methods is the availability of an exploration phase in the learning process 

that allows the robot to explore new experiences while performing the task. Even though 

these principles could have also been applied on evolved robots, for the demonstration of a 

proof-of-concept policy gradient methods from DS were chosen as they could directly learn 

the policy without going through the lengthy process of policy exploration, evaluation and 

update. Among the policy gradient approaches in DS, the chosen version was an online 

direct gradient-based reinforcement learning algorithm called OLPOMDP [149], as it was a 
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lightweight algorithm that offered the option of direct policy update at every time-step and 

was guaranteed to converge. In this particular case, because the evolved robot always had a 

controller (except in the initial generations), the DS method had the advantage of passing on 

the learnt policy from one generation to the next. 

�

Even though combining EA and RL methods is not new, with several EA-RL approaches 

published (see Section 2.6), the use of RL for enhancing the effectiveness of EA has been 

mainly used in constrained applications such as parameter control. The literature also 

suggests that they have not yet been applied in robotics. Therefore, a new EA-RL hybrid 

algorithm referred to as a Reinforced Co-evolutionary Algorithm (ReCoAl) is proposed to 

not only improve the robot co-evolution process, but also to take the algorithm a step closer 

to the biological evolution and learning paradigm.  

 

� �
���������	����

�

The Reinforced Co-evolution Algorithm (ReCoAl) designed as part of this study is 

explained in this section. In normal evolution, a newly created robot has its fitness evaluation 

as soon as it is created. After the evaluation is completed, the fitness measure is fed back to 

the evolver for parent selection. Instead in ReCoAl, each robot was subjected to a new 

learning process before it was placed in a virtual 3D simulator for fitness evaluation. The 

goal of this learning process was to modify the ANN controller while keeping the 

morphology fixed for that generation.  

 

An overview of the ReCoAl can be explained with the help of the flowchart in Figs. 19 and 

20, pseudo code in Algorithm 3 showing the entire evolution process and Algorithm 4 

showing the learning and evaluation process for each of the robots. The chosen 

reinforcement learning algorithm OLPOMDP was integrated into Algorithm 4. Here, �� was 

the eligibility trace, T was the maximum time allocated for learning, � was the time-step, � 

was the discount factor that increased or decreased the historic memory and � was the 

learning rate. At the beginning of each episode, the simulator was reset, and the robot was 

initialised with the most recent controller. In the first instance, this was the controller created 

by the evolver and subsequently it was the modified NN at the end of the most recent 

learning episode.  
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Algorithm 3: Reinforced Co-evolutionary Algorithm (ReCoAl) 
1. Initialise: 

" random robots in a population, ��� 
GEN > 0 //Generations 

2. for ��� 3 
��� GEN do: 
3.     Compute Evaluate (p) for each p � ��� 
4.     Rank ��� and select�parents 
5.     Variation operations on parents to produce ! children in ���) 
6.     Compute Evaluate (p) for each p � ���) 
7.     Select survivors from combined ��� and ���) 
8.     Update ��� 
9. end for 
10. Return best robot from ��� 

�
Algorithm 4: Function Evaluate 
1. procedure EVALUATE (�) 
2.     Initialise: //Learner initialisation 

    EP >0 //Episodes 
    T > 0 //Episode length in seconds 
    Set �� � //Learning parameters 

3.     for �� 3 
������ do: 
4.         Initialise: 

        Initial state �$  
        Initialise 3D simulator with robot p 

5.         ����� 3 	 
             Copy parameter values received from evolver  $ � �(  

6.         ���� 
              $ 3 � *+'% 

7.         Set �$ 3 	�4�$ � �(5 
8.         for � 3 	����� do: 
9.              Observe state �, 

10.              Generate control action �,�according to current policy #4 � �,5 
11.              Observe the reward obtained �4�,&%5 
12.              Set �,&% = ��, 2

�/104.�-05
/104.�-05

 
13.              Set  ,&% =  ,2
 �4�,&%5�,&% //Update policy 
14.         end for 
15.         Return  *+ 3  ,&% 
16.     end for 
17.     Initialise: //Fitness evaluation initialisation 

    TR > 0 //Trials 
18.      for �� 3 
������ do: 
19.         Initialise 3D simulator with robot p 
20.         Update weights from  *+ 
21.         Evaluate fitness 
22.     end for 
23.     Return best fitness 
24. end procedure 

�
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Learning started by observing state �  (as in Algorithm 4.93), which was the sensor readings 

from the simulator. This data was fed into the NN policy which generated a control action 

�  for the motor. The learner then allocated a scenario dependent reward based on the state. 

The eligibility trace was then computed with the policy gradient, � and the old eligibility 

trace (Algorithm 4.12). The policy was finally updated and the NN weights were adjusted 

through,  � �� = � �*�� �0
 ��1� ��.  

 

To compute the error in Algorithm 4.12, a standard backpropagation mechanism was 

applied. Depending on the kind of neuron used (simple, sigmoid or oscillator), the error 

signal was calculated and backpropagated into the network to obtain 
�%)(0$�"(1
%)(0$�"(1

. The servo 

motor’s output control signal was then compared with the expected control signal during the 

error calculation.  

 

With reference to a possible FNN as seen in Fig. 21, the generalised error calculation 

equations could be derived through the following steps: The error at output layer could be 

represented as, 

	 , �
�/0�� + ��1�

�
������������������������������������������������������������������ 

where 
 is the number of motor neurons and �� is the target signal. With � the index of 

output neurons, � the index of the hidden neurons, 
 the index of the input neurons, ���the 

activation signal input at the � � neuron,����the output signal at the � � neuron and ����the 

weight connecting the � � hidden neuron to the � ��output neuron (see Fig. 21), then the 

error differentials at output #�
#!&'

 can be written from Equation 5.1 as: 

�	
����

, �
����

-��/0�� + ��1�.
�

����������������������������������������������������� 

�
�������������	����

����
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Using chain rule,  

��
����

! ��
���

���
���

���
����

���������������������������������������������������������������� 

To find out each of the derivatives above, the activation signal �� is, 

�� ! �$���
�

�������������������������������������������������������������������������� 

where ���is the output at ��� hidden neuron and  

���
����

! ������������������������������������������������������������������������������ 

As the output neuron always has a sigmoid activation function,  

�� ! �������%��%��  
�&&���������������������������������������������������� 

here ��  and 
� are the gain and bias, respectively and  

��������%�& ! � �
�  ��� ������������������������������������������������������������ 

By using the identity,  

�%��������%�&&
�� ! �������%�&"�  �������%�&#�����������������������������������	 

Partial differential of Equation 5.6 w.r.t the activation signal gives, 

���
���
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For calculation of #�#"%� 

��
���

' � ����
)��,-� & � .�+

 
��������������������������������������������	��� 

and simplifying this yields,  

��
���

' �� & �������������������������������������������������������������������	��� 

The Equations 5.11, 5.5 and 5.9 can be then substituted in Equation 5.3 as,  

��
����

' �&�������-�� & ���.-� & ��.��������������������������������������������	��� 

The Equation 5.12 is the gradient of weights connecting the output neurons. Similarly, the 

gradient of weights of neurons originating from the hidden neurons can be calculated 

through the following equations: 

��
����

' ��
���

���
���

���
����

��������������������������������������������������������	��� 

�� ' �,���
�

����������������������������������������������������������������	��� 

���
����

' ���������������������������������������������������������������������	��	 

�� ' �������-��(�� & ��*.��������������������������������������������������	��
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Using the chain rule for #�#"$ results in: 
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���

', ��
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�������
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�

����������������������������������������������������	��� 

The Equations 5.11 and 5.9 correspond to the first two terms in Equation 5.18. To obtain 
#!%
#"$

,  

�� ' �,���
�

����������������������������������������������������������������������	��
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Therefore,  
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����

' �������(�� & �*,��������-�� & ���.-� & ��.
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������������������������	��� 
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The Equations 5.12 and 5.21 were used to calculate the gradients in the NN. These gradients 

and the rewards were responsible for the step-by-step updating of the NN weights. The ��
 �
	
� term was the error at each output neuron.  

 

RoboGen does not incorporate wheels into the robot’s structure, hence only oscillatory gaits 

were allowed. As a result, oscillatory locomotion was induced by servo motors. Therefore, 

servo motors were expected to rotate to 90° or -90°. So, the target signal was set as, 

�
 � ��� 	
 
 ���
�� 	
 � ��� ���������������������������������������������������������������� 

When oscillatory neurons were present in evolved ANN, instead of passing on the input 

signal, it only added on a sinusoidal signal to the next layer as per RoboGen. Therefore, the 

gradient calculation at the oscillatory neuron’s incoming weights were not performed. 

 

The steps in Algorithm 4.8 to 4.14 were repeated until 10 seconds were elapsed after which 

a new episode was initiated with the updated neural network from the last step. Each episode 

time was set to a low value when compared to the actual fitness evaluation as the expectation 

here was to just let the NN learn to use the available resources and not solve the task. The 

process was repeated for a predefined set of episodes after which the robot was tested with 

the fitness function. The results and the robot were then fed back to the EA for updating the 

population and parent selection.  

 

Bootstrapping is a well-known problem in ER in the early generations of evolution. Here it 

meant that the robots were evolved with zero weights in the NN. When this happened, the 

learning process could not continue as the gradient would always be zero. In such cases, the 

learning process was skipped, and the robot moved for standard fitness evaluation to save 

computational resources and time. 

 

� ��
��	��������������
���

The experiments discussed below were designed to assess the performance of ReCoAl. 

Using a scenario-based reward and the error measured at the outputs, NN weights were 

updated in every time-step. The functionality of RoboGen was modified to add the additional 

learning phase into the simulator engine. A new simulator first initialised the environment 

with the same parameters as the fitness evaluation simulator engine in Chapter 4 (unless 
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specified below). After the learning process was completed, the new controller was passed 

on to the fitness evaluator where the evolved robot was updated with the new controller and 

evaluation took place. Later, instead of simply sending back the fitness value to the evolver 

for parent selection, the updated NN weights were also passed back through the 

communication channel. These new weights were then added onto the corresponding robot 

in the population. 
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