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ABSTRACT 
 

                    

    Generating biped locomotion patterns is a difficult task because maintaining balance 

on two legs is not easy. Nature has given humans a very stable and efficient locomotion . 

Therefore it is a good idea to take inspiration from biological world for developing 

natural and efficient walking patterns. In humans, Central Pattern Generator (CPG) is 

responsible for many rhythmic activities like locomotion, chewing, breathing, digestion 

etc. 

    In this work, a bipedal locomotion controller for simple walk is developed by drawing 

inspiration from biological CPG. The approach used for the work is nonlinear dynamic 

theory. The four body joints used for the modeling are two hip joints and two knee joints. 

The controller model is composed of four coupled Rayleigh oscillators, where each 

oscillator drives one joint. The four oscillators are coupled with each other. To search the 

values of CPG parameters genetic algorithm is proposed. Walking trajectories of adult 

humans are utilized to design the fitness function for genetic algorithm.  
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Designing CPG for Biped Locomotion Control using Nonlinear Dynamical Theory 

 

CHAPTER 1

INTRODUCTION 

 
         

1.1   MOTIVATION
 

          Locomotion is  one of the key skills of animals. It is necessary for their survival in 

complex environment. It helps them to find food, save themselves form predators and 

natural calamities, find mates and in many other important tasks. Locomotion can be 

thought as a series of steps, in which animal first falls and than stands up sequentially. 

This whole process is executed by nature in a very efficient and balanced way. Coming to 

biped locomotion, it seems to be a very easy task but actually the process behind is very 

complicated. It takes one to two years for a child to walk properly. Body weight is 

continuously shifted from one leg to another therefore balance has to be maintained 

dynamically, which is a tough task.   

        Nature has provided humans the capability of realizing a very smooth bipedal walk. 

They are able to perform many different leg movement patterns. These periodic 

movements are called gaits. Some typical human gaits are walk, run, trot, bound etc. 

Humans change their walk patterns according to changing environmental conditions and 

external disturbances. For example, a pebble in the left shoe of a man alters his entire 

locomotion pattern accordingly. Now, as he senses the pebble in his left shoe, he will try 

to minimize the stay period of left foot on the ground. Also, the second phase of his gait 

will be changed to maximize the stay period of right foot on the ground. Here, although 
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the sensory feedback is present in only one phase of the walk cycle, the whole pattern is 

modified to achieve a balanced walk.          

         Artificially generated locomotion patterns can be used for curing the patients who 

have lost their walking ability. Also, they are useful in the field of humanoid robots 

because an intelligent robot has to interact successfully with surrounding environment 

and locomotion is the necessary skill required for performing this interaction. Therefore 

generating these artificial locomotion patterns is a very important problem to be solved.    

       Many algorithms have been proposed for the task of generating the locomotion 

patterns. The algorithms used mostly for generating artificial locomotion are based on 

ZMP (Zero moment point). In this method, reference trajectories are calculated that the 

robot has to follow and while following the trajectories it is ensured that the ZMP 

criterion is satisfied, which means ZMP should fall in the allowed region. 

       These approaches work well when the movement is in a well known and properly 

structured environment. If the subject is moving in the real world which changes 

dynamically, the ZMP approach does not work well because in a realistic environment 

prediction of reference trajectories is not easy. While working with this method, the 

target system is needed to be modeled in detail and every time the system undergoes 

some change it has to be modeled again. Also, locomotion generated by this method lacks 

many human locomotion properties, e.g. joints stiffness of humans change according to 

phase of gait cycle, human walk starts with absorbing collision impact by touching the 

heel to the ground, adaptability to the changing environmental conditions, robustness to 

the external disturbances etc.    

       Many other approaches have been proposed for generating more efficient locomotion 

patterns. One of the successful approaches is based on central pattern generators (CPG). 

Studies have proved that there is a rhythm generator mechanism called central pattern 

generator (CPG) behind the smooth locomotion skill of animals. Central pattern 

generators are neural circuits that generate rhythmic output patterns with no need to have 

rhythmic sensory input. CPG is able to generate rhythmic patterns autonomously. This 

central pattern generator posses many interesting properties like it can deal with 
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redundancies, simple sensory inputs modulate the patterns in appropriate ways, 

distributed control etc.  CPG is the mechanism behind many other rhythmic activities of 

animals including breathing, chewing, digestion, heart beat etc. Control signals generated 

by CPG combined with an efficient musculoskeletal system are responsible for the very 

efficient locomotion of animals. CPG underly in the lower part of the spinal cord.  

Locomotion CPG is affected by walking speed, amplitude and phase of all stimulated 

muscles etc. The patterns generated by CPG have optimal phase and amplitude 

relationship. 

     

        
          BRAIN                                                                     

Higher control  
neurons 

        
                                                                                     Musculo-skeletal 

system    

                                                       
              Appropriate control  
        Control signals                                                  signal               sensory          

       to initiate locomotion                                                                     feedback           
                                                               Central Pattern 

                                                                   Generator 

                                                    

          SPINAL CORD 

                            

                             Fig 1.1:    Central Pattern Generator in Animals 

 

      Therefore it is  good idea to take inspiration from biological world for producing 

artificial locomotion patterns with efficiency close to human locomotion patterns. A good 

mimic of biological locomotion will generate very efficient and natural bipedal walk. 

Many mathematical models have been proposed and implemented successfully for 
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designing central pattern generator. One of them is based on system of coupled 

oscillators. Many experimenters have used this model with different oscillators For 

obtaining optimum values of CPG parameters, various optimization techniques can be 

used.  

 

1.2    PROBLEM DEFINITION
 

           This thesis addresses the problem of developing a central pattern generator (CPG) 

based controller for producing artificial locomotion patterns by using nonlinear dynamics 

and genetic algorithm. Genetic algorithm will be used to search the optimum values of  

CPG parameters. Here, the aim is to produce artificial walking patterns that are close in 

efficiency and flexibility to human locomotion patterns. The whole problem is divided 

into two stages: First, to make a model of CPG for locomotion patterns generation and in 

the next stage the parameters of CPG are optimized for generating the desired walking 

patterns.  

 

1.3    APPROACH
 

            Locomotion is a complicated nonlinear phenomenon.Therefore, in this work the 

approach used for designing CPG is nonlinear dynamics. First task is to model CPG. The 

mathematical model based on system of coupled oscillators is used here. The type of 

relaxation oscillator used is Rayleigh oscillator. Here, two hip joints and the two knee 

joints are used for the modeling of CPG. Ankle joints have not been used because they 

play lesser important role in locomotion as compared to hip joints and knee joints. It is 

assumed that four neural oscillatory centers for left knee joint, right knee joint, left hip 

joint and right hip joint are able to produce efficient simple walk patterns. One Rayleigh 

oscillator is used to drive one joint. These four oscillators generate  individual patterns. 

The final locomotion pattern is a result of interaction among these four oscillators.      
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      Therefore, the next task is to couple these four oscillators. Coupling between two 

oscillators can be one- way coupling or two-way coupling. Here two-way coupling has 

been used, which means that both the coupled oscillators will affect each others activity. 

Final output pattern is generated after coupling of these oscillators. This completes 

modeling of CPG.     

       After modeling CPG, next task is to optimize CPG parameters to get the desired 

locomotion pattern. For tuning CPG parameters many optimization algorithms can be 

used. Here genetic algorithm is used for the task. Genetic algorithm tries to find optimal 

values of CPG parameters by minimizing error between joint angle values produced by 

CPG and joint angle values obtained from captured real world data.   

 

 

1.4 OUTLINE OF THE THESIS 

  
        This thesis is organized as follows. Chapter 2 will describe in detail all the 

important terms and methodologies used in this work. It includes description of biped 

locomotion, central pattern generator, nonlinear dynamics, relaxation oscillator, Rayleigh 

oscillator and genetic algorithm. In chapter 3 previous works related to biped locomotion 

and CPG are analyzed. Chapter 4 will explain modeling of CPG and tuning of CPG 

parameters using genetic algorithm Chapter 5 will state the results of the work done. Also 

conclusion and future work are discussed in chapter 6.. 
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CHAPTER 2 

TERMS AND METHODOLOGIES USED 

 
 

This chapter will explain the important terms and methodologies used in this work: 

 

2.1 BIPED LOCOMOTION  

 
      Walking, running and standing on two legs is biped locomotion. It looks very easy 

but actually it is a highly nonlinear complicated process. Maintaining balance 

dynamically on two lags is a tough task. Simple locomotion starts with initial heel strike. 

The time period between initial contact of a leg with ground and next contact of the same 

leg with ground is called a gait cycle. While a gait stride is the distance between two 

contacts of the same leg with ground. A simple gait cycle can be divided into two time 

periods: stance and swing. Stance period consists of time, when the foot is on the ground 

and in swing period the foot is in the air. Swing period consists of two stages: flexion and 

extension. In flexion knee bends backward and in extension leg moves in forward 

direction. 

 

The whole gait cycle can be divided into following stages. 

1. Gait cycle starts with initial contact of the foot with ground. This is the instance of    

initial heel strike. It represents the beginning of stance period. 

2. Next comes double limb support period. In this period, both the feet are on the ground               

and body weight is transferred to the stance leg. 
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3. Now the stance leg leaves the ground and moves forward. This is the single support 

period. Body weight also moves along with the foot. 

4. Next the heel of foot, which was on the ground during single support phase rises and 

stance foot touches the ground. 

5. In the next stage, the stance foot touches the ground fully and the foot that was on the 

ground lifts its toes up.  

6. Now, the stance foot moves forward .This is also single support period. 

7. Lastly the stance foot comes to the ground. This completes the whole gait cycle. 

 

Fig. 2.1 shows a simple walking gait: 

 

 
 

Fig  2.1: Human walk Cycle (http://www.idleworm.com) 
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2.2    CENTRAL PATTERN GENERATOR

  
           As introduced in earlier chapter, central pattern generators (CPGs) are neural 

circuits that are capable of producing rhythmic patterns as output without taking any 

rhythmic sensory or central input. CPG is the mechanism behind many conscious and 

unconscious rhythmic activities of animals,like breathing, chewing, digestion, heart beat, 

locomotion etc. Central pattern generator is located in the spinal cord of animals. This has 

been proved by experiments, in which researchers isolated locust nervous system from 

the body of the animal and it was still able to produce rhythmic patterns very similar to 

patterns observed during motor pattern generation. Control signals from higher control 

neurons in the brain are needed only to initiate locomotion. They do not directly interact 

with the actuators (legs). CPG produces appropriate patterns according to environmental 

conditions that directly control the locomotion. 

        CPG has some interesting properties. These are distributed autonomous networks. 

The whole nervous system is not responsible for rhythmic pattern generation but CPGs 

are small autonomous neural circuits. These neural circuits are individually able to 

generate rhythms and the final output pattern is generated by interaction of all these 

neural circuits. Two reasons are given by researchers for how this neural rhythmicity is 

produced. One of the reasons given is that the interaction among neurons is responsible 

for this rhythmicity. Another one given is that currents of individual neurons interact to 

produce this rhythmicity.  

       CPG does not need rhythmic and continuous sensory feedback for generation of 

rhythmic output but sensory feedback plays an important role in shaping the output 

pattern in behaviorally appropriate ways. Many experiments done by various scientists 

show this fact. For example, if the tail of the lamprey is moved externally, its CPG 

produces an activity and the frequency of this activity is the same as that of external 

movement. Similarly, when a decerebrated cat is put on a treadmill, the cat executes 

normal looking walking gait. Now, if the treadmill is accelerated, the walk gait changes 
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to trot and than to gallop. These experiments prove that the CPG and sensory feedback 

are tightly coupled with each other. 

     Fig. 2.2 presents a CPG model for rhythmic movements of legs as  proposed by 

Golubitsky et al. ([12]).  

 

  1  2 

 4   3 

 
                         fig 2.2: CPG model for locomotion 

 

          In the above figure, the CPG network is build with twice as many cells as the 

animal has legs. The physiological interpretation given to the abstraction is that 

locomotor CPG models have two cells per leg. The idea is that legs are controlled by 

joints and joints are controlled by two muscle groups (flexors and extensors). Therefore, 

locomotor CPG should be capable of independently controlling two muscle groups per 

leg. Here the right leg gets signals from cells 2 and 4 and the left leg gets signals from 

cells 1 and 3. Coupling strengths between cells are denoted by double arrows. Different 

coupling strengths are denoted by different types of arrows [12].  
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2.3    NONLINEAR DYNAMICS
 

           Nonlinear dynamical systems are those systems which undergo some temporal or 

spatial changes. These nonlinear systems are modeled and represented by nonlinear 

system of differential equations. In this system of differential equations, each of the 

equations represents rate of change of a single variable as a function of state of other 

variables. Earlier with the lack of technology, solving and analyzing these nonlinear 

systems of differential equations was a complicated task. Therefore, physicists tried to 

approximate behavior of these nonlinear systems with linear differential equations 

because solving linear differential equations was easy.     

       When behavior of a nonlinear system is approximated by a linear system, desirable 

accuracy is not gained. e.g. earlier when scientists tried to solve fluid dynamics, which is 

a nonlinear dynamical system, by approximating the nonlinear system to a linear one, 

they were not successful. The nonlinear dynamical theory concentrates more on 

qualitative aspect of solution, i.e. stability of solution, type of solution, bifurcation of 

solution etc. rather than quantitative aspect of solution.       

      Yet, the advancement of tremendous storage and retrieval capacity of computers and 

the availability of inexpensive but powerful microcontrollers has made it possible to 

model and analyze the behavior of nonlinear systems accurately. These nonlinear systems 

express some regularities in their behavior. With the help of these regularities behavior of 

these systems can be explained and predicted. A very simple example of a nonlinear 

system is a pendulum. If this pendulum is given a slight perturbance, it shows rhythmic 

oscillations. The differential equation describing its motion is as follows: 

       

 d2 θ /dt2  + ω0
2 sinθ = 0                               ………………………….. ( 1 ) 

 

Where g = acceleration due to gravity. 

θ = angle between pendulum and vertical downward position 
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       The regularities shown by nonlinear systems are periodicity, uniqueness and 

purturbative stability. Periodicity means the states through which the system undergoes 

are repeated at regular periods. For example, let the vertical position of the pendulum is 

considered as its initial state. Now, if the pendulum is given a slight purturbance, it will 

repeatedly attain the vertical position in the same manner at fixed intervals. Uniqueness 

property says that with a unique initial state under evolution of the system, the final state 

attained will also be unique. In case of the pendulum, with given initial velocity, 

amplitude, phase etc. the motion attained will be unique. According to third property, i.e. 

purturbance stability, with a given initial state if the system is given a slight purturbance, 

the final state of the system will lie under fixed phase space. Where phase space consists 

of all possible states of the system.  

       One more property that is shown by these nonlinear systems is synchronization. In 

case of pendulum, if there is more than one pendulum and there is a weak interaction 

among the pendulums, this interaction will give rise to coupling among them. As a result 

their motion will be synchronized. This synchronization phenomenon was originally 

observed by Huygens. He observed this behavior in some clocks which were hanging on 

a common wall. He even tried to disturb this synchronization, but observed that after 

some time the clocks again get synchronized.     

       Most of the natural phenomenons are nonlinear and these nonlinear systems show 

these regularities. For example heartbeat, locomotion, digestion, light emitting behavior 

of fireflies etc. follow a rhythm. Also, when there are more than one system and there is 

some interaction among them, these systems will synchronize with each other, for 

example a group of fireflies synchronize their light emitting behavior after some time. 

These regularities determine predictability of these systems.     

        Locomotion is also a highly nonlinear phenomenon and it also shows a very regular 

behavior. The walking patterns are rhythmic, also with the given initial conditions (i.e. 

given frequency, amplitude etc) the final state (i.e. speed of locomotion, locomotion ttern 

etc) will be unique. It possesses third regularity property also. With a slight purturbance 

after a small amount of time it will regain stability. Thus, this locomotor system is 
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predictable. With some knowledge of initial conditions, locomotion patterns can be 

generated with the help of nonlinear dynamical theory. For that the locomotor system is 

defined by some nonlinear differential equations and that system of equations is solved. 

 

2.4   RELAXATION OSCILLATORS

                    
       Many nonlinear dynamical systems produce relaxation oscillations. These physical 

systems may be from biology, chemistry, mechanics, engineering etc. The time period of 

these relaxation oscillations consist of two time intervals. During the first interval very 

little change happens and that is also very slowly. During the second interval suddenly a 

considerable change takes place. The dynamics of relaxation oscillator can be explained 

by the mechanical system of a seesaw fig. 4 ([13]). 

 

 
 

                   Fig.2.3 Illustration of Relaxation Oscillations (Fig taken from [13]) 
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             Here, the seesaw has a block on one side and on the other side there is an empty 

vessel. Now, the tap is opened. When the weight of vessel exceeds  weight of the block 

the vessel side slowly comes down. This period of slowly coming down makes one 

interval of the total time period. When the vessel side touches the ground, vessel is 

emptied. At this point, the vessel side quickly goes to its initial position. This period of 

quickly going to initial position makes the second interval of total time period. This 

process repeats itself and produces relaxation oscillations. These relaxation oscillations 

were first observed by a Dutch scientist van der Pol.  

         He discovered these oscillations when he was studying triode circuit properties. 

This triode circuit possesses self-sustained oscillations. Van der Pol discovered that for a 

certain range of the system parameters the oscillation is almost sinusoidal, but for a 

different range the oscillation exhibits abrupt changes. In the latter case, the period of the 

oscillation is proportional to the relaxation time (time constant) of the system, hence the 

term relaxation oscillation. Van Der Pol later gave the following defining properties of 

relaxation oscillations [13]: 

1. The period of oscillations is determined by some form of relaxation time. 

2. They represent a periodic autonomous repetition of a typical  periodic phenomenon. 

3. Drastically different from sinusoidal or harmonic oscillations, relaxation oscillators 

 exhibit discontinuous jumps. 

4. A nonlinear system with implicit threshold values, characteristic of the all-or-none law. 

 

        A variety of biological phenomena can be characterized as relaxation oscillations, 

ranging from heartbeat, neuronal activity  to population cycles etc. The first relaxation 

oscillator was van der pol oscillator made by van der pol. There are many other relaxation 

oscillators available like Rayleigh oscillator, Matsuoka’s oscillator, Terman-Wang 

oscillator, Morris-Lecar oscillator, FitzHugh-Nagumo oscillator etc.    
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2.5   VAN  DE POL  OSCILLATOR

 
From Exploratorium web site [14]: 

         “Balthazar van der Pol was a Dutch electrical engineer who initiated modern 

experimental dynamics in the laboratory during the 1920's and 1930's.  Van der Pol  

investigated electrical  circuits employing vacuum tubes and found  that  they  have  

stable  oscillations,  now called  limit  cycles.  When  these  circuits  are  driven  with  a  

signal whose frequency is near  that  of  the limit  cycle,  the resulting periodic  response 

shifts its  frequency to that  of  the driving signal. That is to say, the circuit becomes 

"entrained" to the driving signal. The waveform, or signal shape, however, can be quite 

complicated and contain a rich structure of harmonics and sub harmonics. In the 

September 1927 issue of the British journal Nature, he and his colleague van der Mark 

reported that an "irregular noise" was heard at certain driving frequencies between the 

natural entrainment frequencies. By reconstructing his electronic tube circuit, we now 

know that they had discovered deterministic chaos. Their paper  is probably one of the 

first experimental  reports of chaos  something that they failed to pursue in more detail 

Van der Pol built a number of  electronic  circuit  models  of  the human  heart  to study 

the range  of  stability of  heart  dynamics. His investigations  with adding  an external  

driving  signal  were  analogous  to the  situation in which a real  heart  is driven by a 

pacemaker. He  was  interested  in  finding  out,  using  his  entrainment  work,  how to  

stabilize  a  heart's  irregular beating or "arrhythmias”.” 

The van der Pol equation is given by: 

 

 ÿ -µ (y² -1) y ۠  + y0                    …………………………..( 2 ) 
Where µ > 0 and variable y represents the state of the system. 
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2.6   RAYLEIGH OSCILLATOR

 
       Many scientists have done research on nonlinear systems. In 19th century the 

British mathematician and physicist Lord Rayleigh studied and tried to model the 

nonlinearity in many physical systems using nonlinear oscillators. He was especially 

interested in modeling musical instruments. One of his most famous works is the 

modeling of the behavior of clarinet reed when subjected to sustained blowing. An 

interesting observation is that, for generating the oscillatory output there is no need of 

oscillatory input. He gave a nonlinear differential equation for modeling the behavior of 

clarinet reed. This equation is called Rayleigh oscillator. 

 Following is the equation representing Rayleigh oscillator: 
                         ä – α (1-pá2) á + μ2a = 0 …………………………….. (3) 
        a and á represent the state of the system. The amount of voltage given to the system 

is controlled by μ. The manner of voltage flow through the system is determined by 

Alpha (α).  

Fig. 2.4 is the plot of a vs. time. Here α = 1, p=5, μ=0.5 
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Fig. 2.4 
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Following is the phase plot of Rayleigh oscillator. Here, values of parameters taken are α 

= 1, p=5, μ=0.5. The plot shows limit cycle behavior of Rayleigh oscillator. 
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Fig. 2.5 

          p controls the amplitude of the oscillator. This can be shown by following plot. 

Here the values are:  α =1, p=50 and μ =0.5 means only p’s value is altered. 
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Fig. 2.6 
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Thus, increasing the value of p decreases the amplitude of the oscillator. 

Value of μ is used to control the frequency of the oscillator. In the following figure α =1, 

p=5 and  μ =1.  
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Fig. 2.7 

This plot shows that increasing the value of μ increases the frequency of oscillator. 

The Rayleigh oscillator equation used in this work is as following: 

                    ä – α (1-pá2) á + μ2(a-a0) = 0 ………………………….(4) 
Following is the plot of a vs. t for α=1, p=1 and μ =0.2 
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                                                              Fig. 2.8 
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2.7   GENETIC ALGORITHM

 
         Genetic algorithm represents a class of stochastic search algorithms, which are 

directly inspired by the process that drives natural evolution. This optimization technique 

was first introduced by John Holland in early 1970s. Genetic algorithm can be applied to 

solve many optimization problems. The problems it can solve include problems having 

objective function that is discontinuous, nondifferentiable, stochastic, or highly nonlinear. 

These problems can not be solved by standard optimization techniques. Genetic 

algorithm uses biologically inspired techniques including natural selection, mutation and 

crossover to explore the search space. 

         The implementation of genetic algorithm starts with producing a random population 

of initial chromosomes. Each chromosome in the population represents a solution to the 

problem. GA then produces children from the parent generation. For that first it computes 

goodness of each individual by calculating its fitness score with the help of fitness 

function. In the next step individuals with best fitness score are chosen as parents. Now 

the reproduction takes place with the mutation and crossover operator. In crossover genes 

of two chromosomes are merged to produce new chromosome and in mutation some of 

the genes of an individual chromosome are altered. These children play the role of 

parents for the next generation. The same steps are applied and GA produces optimum 

solution. These algorithms not always find a local optimum of the problem and mostly 

converge to local optimum. The algorithm can be divided into following stages: 

1. First step is to represent problem variable domain as a chromosome. Here, for the 

problem of optimization of CPG parameters, chromosome consists of all the 

parameters of CPG. 

                         

K1 K2        Kn

                                                                              

Fig 2.9     A CHROMOSOME 
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 Where K1, K2,……..,Kn are parameters of CPG that are to be optimized. There are many 

coding techniques available for encoding the chromosome e.g. bit string, octal, decimal, 

binary etc. 

2. Next step is to define a fitness function that will determine goodness of each 

individual based on fitness score. Here, for the CPG optimization problem, fitness 

function calculates the error between values of joint angles given by CPG and 

joint angle values for real human locomotion At each iteration, GA tries to 

minimize the error value.  

3.  After designing the fitness function genetic algorithm starts with generating an 

initial population of chromosomes. 

4. Fitness score of each chromosome is calculated.  

5. Based on the fitness values highest fit chromosomes are chosen as parents. These 

individuals take part in reproduction. 

6. For the reproduction three types of rules are used. 

a. The individual with highest fitness score survive through the next 

generation. These children are called elite children. 

b.  Next operator is crossover operator. For crossover genes of two 

individuals are merged. 

 

                    

 

                              

 

                  

         

                                    Parents                                                  Children 

 

Fig.2.10    Crossover Between Two Chromosomes  
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c. Next operator available is mutation operator. It represents a change in the 

gene. It may  lead to improvement in the fitness but mostly its effects are 

reverse. For mutation some genes of a chromosome are randomly selected 

and they are altered. 

 

 

 

                                 Parent                                                                     Child 

                                                         

                                                     

 

 

Fig. 2.11       Mutation 

  

7. Replace the initial population with the children produced. 

8. Go to step 3 and repeat the procedure until the chosen stopping criterion is met. Stopping 

criterion may be number of iterations, exceeded time limit, meeting the fitness criterion 

etc. 

    

 The genetic algorithm gives in the output the final values of the variables that are to be 

optimized and the fitness score of the final population.    
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Apply crossover operator to produce the child 

     Stop 

Replace the current chromosome population 
with new population 

Is population 
size=N?
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Apply mutation operator to the two 
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Calculate fitness of each individual in the 
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Is the termination 
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Select a pair of chromosomes as mating parents 

Fig 2.12   Genetic Algorithm (From [8]) 
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CHAPTER 3 
RELATED WORK 

 
         

           Several attempts have been made by researchers in the field of animal locomotion. 

In 1914, it was proposed by Brown that the rhythmic central circuits are responsible for 

rhythmic movement of leg muscles in walking [1]. He proposed a half center model. In 

this model there were two groups of neurons which were coupled with each other with 

inhibitory connections. Several experiments have been done to show that central nervous 

system is itself capable of producing rhythmic patterns. In many experiments sensory 

pathways have been cut from the nervous system and it is shown that the central nervous 

system is capable of producing rhythmic patterns. In some experiments, it is removed 

from the animal and placed in physiological saline and the nervous system was able to 

produce fictive rhythmic patterns. These are the patterns which are able to activate 

muscles if present. Thus these experiments proposed that in absence of sensory pathways 

and timing information the central nervous system can generate rhythmic patterns [2]. 

This central nervous system is called central pattern generator.  

     As introduced earlier, Central pattern generators (CPGs) can be defined as neural 

networks that can endogenously (i.e. without rhythmic sensory or central input) produce 

rhythmic patterned outputs or as "neural circuits that generate periodic motor commands 

for rhythmic movements such as locomotion [4]. These circuits are shown to be 

responsible for many rhythmic activities in animals e.g. respiration, digestion, chewing, 

locomotion etc.  

        Animals live in realistic world. They have to adapt themselves according to 

changing environment. Although CPG can produce rhythmic patterns autonomously, 
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sensory feedback plays an important role in shaping the rhythms according to changing 

surrounding conditions. Many experiments by researchers have shown the effect of 

sensory feedback on CPG. For example: if tail of a lamprey is moved with an external 

force, it will tune itself to the frequency of external force and move with the external 

force’s frequency. In other experiments if a decelerated cat is put on a treadmill than it 

will attain motion that is tuned with the treadmill’s motion and even in the absence of 

treadmill motion it will move for some time. Thus, sensory feedbacks heavily influence 

CPG activity [7]. Changing the pattern in response to sensory feedback is not an easy task 

for CPG because to preserve the necessary coordination among different parts of the 

pattern, many parts of the pattern have to be changed. Therefore it is possible that sensory 

feedback is present in one part only and the whole pattern is changed globally. There are 

two ideas proposed about how this change takes place. One is that the effects of sensory 

inputs on neurons are longlasting and the other idea is that the sensory input has short 

term affect on neurons and those neurons effect their followers and so on.  One more 

observation is that the change in CPG pattern depends on the phase that receives sensory 

input [3]. Thus CPG can be thought as a feed forward controller because it knows which 

pattern it should produce, given only a little input [7].  

          One more important property of CPG is that it is a distributed controller. The 

whole nervous system is not responsible for animal’s rhythmic activities but CPG is 

made of small networks that are distributed in the spinal cord. Each one of these networks 

work as an oscillatory center. These oscillatory centers are coupled with each other. The 

output rhythmic pattern is a result of interaction of patterns generated by all these 

oscillatory centers. Experiments have shown that there are around 100 segments in 

lamprey spinal cord and small parts made of approximately one or two segments are 

capable of producing rhythmic patterns. Experiments on some other animals e.g. 

salamander have also proved the same [7].  Earlier it was suggested that these segmented 

oscillators are same but recent studies on leach has proved that these segmental 

oscillators are actually different from each other [2].          
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     In his review of CPG, Scott L Hooper [3] discussed the cause of rhythmicity. 

According to the paper rhythmicity arises by interaction of processes and the processes 

increase and decrease one by one. As a result of this interaction the system moves such a 

way that it regains its initial position repetitively. For the neural rhythmicity also the 

same process is responsible. This neural rhythmicity can be as a result of interaction of 

the neurons in nervous system or it may be produced by the interaction of individual 

neuron’s currents. The paper also discusses half centre oscillator. In a half-centre 

oscillator there are two neurons. These neurons can not produce rhythms individually but 

when these neurons are reciprocally coupled, rhythm is produced. It discusses the leech 

rhythm generation in leech heartbeat network. In this network, there are two pair of 

neurons. Each neuron pair represents a functional half-centre. In each half centre, the 

bursting of two neurons is in antiphase with each other. The rhythm is produced by 

reciprocal inhibition of these half centers. Studies have shown that the half centre can act 

in other ways also. The two neurons in half centre can have any phase relationship with 

each other. These various activities of half centre give birth to various kinds of output 

patterns. This paper also talks about multilimb coordination. Interoscillator coupling is 

responsible for this multilimb coordination. 

            Human locomotion is also said to be generated by central pattern generator. This 

CPG for locomotion in humans was first observed by Calancie et al in the year 1994. He 

had following observation [4]. In the experiment a 37-year-old male was suffering from  

an injury to the cervical spinal cord. He got the injury 17 years ago. Initially he had a 

total paralysis. His whole body below the neck was paralyzed. After some time the man 

regained some movement in his arms, fingers and lower limbs. But, he was not enough 

well to support his own body weight. 17 years later, the man observed that if he lies 

supine and extends his hips, step-like movements are there in his legs. When he was lying 

down, this process was taking place. There were repetitive alternate flexion and extension 

of hip joints, knee joints, and ankle joints. The movements in his extremities were smooth  

and rhythmic. The movements were so strong that the man soon got very disturbed 

because his muscles got tight excessively and his body temperature increased. He was not 
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able to stop these movements even if he wanted to. The researchers studied the man 

deeply and proposed that this information proves that there exists a central pattern 

generator in the men. After that, existence of CPG for human locomotion has been 

affirmed by many experiments.  

      Human locomotion is very rich. According to external conditions different patterns 

are generated. Also it is robust. Humans deals with external perturbations very well and 

gain a balanced walk.  Many experiments proved these properties of human walk. One of 

the examples is the experiment by Choi and Bastian [4]. They showed by their studies 

that the CPG networks for human locomotion are adaptable. Their experiment also 

showed that according to different condition different gaits and walking contexts are 

adapted. It was also proved that it is possible to adapt different motor patterns 

independently. Men can walk on treadmills in such a way that each leg is going in 

different direction. Their experiment proved that forward and backward locomotion is 

controlled by different control networks and it is also possible to train each leg 

independently as they have individual adaptation capability. Thus researchers have 

proved that humans also have a central pattern generator for walking which possesses 

important properties like adaptation and robustness.  

          As reviewed by A.S.Ijspreet [7] many mathematical models have been designed for 

CPG. The models are developed at various abstraction levels. The models developed are 

biophysical model, connectionist model and the model made of coupled oscillators 

system. Biophysical models are based on neuron models by Hodgkin-Huxley. This model 

concentrates on the rhythm generation process in small networks of neurons. It 

investigates the pace maker attribute of a single neuron. Mostly detailed dynamics of 

small neural circuits is the focus of these models but in some cases they concentrate on 

the large neuron population dynamics e.g. how the swimming wave is produced by CPG 

of lamprey. Next, connectionist model is based on simple models of neurons like 

integrate and fire neurons or leaky integrator neurons. This model concentrates on how 

network properties produce rhythmic activities. Also it addresses the problem of 

synchronization among different interconnected oscillatory centers.  
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           The system of coupled oscillators model is based on coupled nonlinear oscillators 

model, which is used to study dynamics of a population. In this model there are many 

oscillators which are connected with each other. Each of the oscillators represents a 

whole oscillatory centre activity rather than activity of a single neuron. The model mainly 

concentrates on how the synchronization and phase relationship between oscillatory 

centers is affected by interconnection among oscillatory centers and the difference of 

fundamental frequencies. The motivation for this model comes from a dynamical system 

theory which says that the dynamics of a population depends on type and topographic 

anatomy of the interconnection among individuals in the population. Many CPG 

controllers are developed with the help of this model. Many animals have been modeled 

using these mathematical models including leech, salamender, lamprey etc. 

           Many attempts have been done for modeling the central pattern generator for 

biped locomotion. Earlier the technology was not sufficient advanced so while designing 

the CPG with nonlinear dynamical theory, hand tuning was used to optimize the 

parameters of CPG. This did not give satisfactory results. Now with the advancement of 

technology many scientists have modeled CPG successfully. 

           In his paper Kiyotoshi Matsuoka[10] proposed mathematical models for the CPG. 

In all the networks proposed by him neurons inhibit each other’s activity to produce the 

rhythm. He called these networks mutual inhibition networks. Various networks made of 

two to six neurons are discussed by him. In two neuron network, there are two neurons 

and the network is reciprocal inhibition network. The two neurons suppress each other’s 

activity. He considered this simplest model as a model for the locomotion of one leg. In 

this network, at one time only one neuron fires and the two neurons fire alternately. The 

cause of alternation is that firing neuron adapts and resting neuron recovers the activity. 

Different values for the model parameters give rise to different rhythm frequencies.  

          Next, five networks of three neurons all of which are mutual inhibition networks, 

are discussed. The difference among the five networks comes from the different 

interconnections among the three neurons. The symmetry of connections also plays an 

important role. All the networks are some kind of relaxation oscillators. In the first three 
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models of three- neuron networks, rhythm is generated by adaptive property of neurons. 

In the third network, the rhythm is generated by adaptive property of neurons. This 

network can generate many different rhythmic patterns. In fourth network, negative 

feedback loop plays an important role in rhythm generation. Here adaptation is not 

necessary and rhythm is generated by cyclic inhibition. Network five is a combination of 

one and four. Depending on input it behaves either as network one or network four.    

          In the sixth network, which is a four-neuron network, there are two neuron pairs. In 

each pair, neurons are in phase with each other. Rhythm is generated by reciprocal 

inhibition between the pairs. The pattern generated by this network is similar to trot in 

quadruped motion. Network seven has a totally symmetrical shape. It can generate more 

than 18 rhythmic patterns. Network eight generates high frequency rhythm. Network nine 

is made up of six neurons and is similar to network one. There are two triplets in the 

network. All neurons in the same triplet are in phase with each other and there is a 180 

degree phase difference between the two triplets. It produces pattern similar to insect 

running gait. If in network nine each triplet has cyclic inhibition, it gives birth to network 

ten. Inside each triplet the cycle rhythm produced is of high speed and among the two 

triplets the rhythm produced is of low frequency. The final output pattern generated is 

similar to slow walk locomotion gait of insects. In the paper Matsuoka also discussed 

how the rhythm is generated in mutual inhibition neural networks.  

          There is also a discussion of rhythm generating networks proposed by Bassler. The 

three types of networks suggested are positive feedback type, negative feedback type and 

a combination of the two. The assumption made are that all the networks have at least 

one loop because for generating rhythm at least one loop is necessary and inputs and 

weights of synaptic connections are equal. The paper also defines structurally unstable, 

bilaterally stable and completely symmetric networks. In structurally stable network there  

is a network subset called D-subset such that within the subset no synaptic connections 

are there and all the neurons except those in the subset, get inhibitory signals from the 

neurons in the subset. These types of networks can generate stable rhythmic patterns 
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robust to disturbances) with large synaptic weights. Networks four and eight are networks 

of this category.  

            In the bilateral stable network there are two D-subsets and the structure is 

symmetric. The network should be adaptable to generate rhythmic patterns. Here, 

bilateral networks are networks two, three, six and nine. In completely symmetric 

network, there is a total symmetry means each neuron is connected to all other neurons in 

the network. This network can produce many rhythms. Next the paper discusses four 

rhythm control strategies. In the first one, rhythm changes with the inputs. This happens 

when the model is such that changing the inputs changes the virtual time constants. In 

second strategy rhythm can be controlled by temporarily changing the stimulus pattern. 

According to third control strategy, changing only some of the inputs may change the 

rhythm and according to fourth strategy, rhythm can be controlled by changing the 

synaptic weights. 

          Thus the paper gave many mathematical models of locomotor CPG and also 

discussed the rhythm control policies. The drawbacks of the models given are that the 

models do not take into account excitatory synaptic connections and sensory inputs, 

which play important role in biological CPGs. 

          Carla A. Pinto and Martin Golubitsky [12] studied two models for biped 

locomotion proposed by Golubitsky. One of the models proposed by him is 4-cell model 

and another is 8-cell model. The 4-cell model is a model for the legs of a biped animal. In 

this model two cells control the left leg and the remaining two cells control the right leg. 

In this study they proposed that this model is able to produce various primary and 

secondary gait types. The primary gait types produced by the model are walk, run, slow 

hop and fast hop and the secondary gait types include skip and gallop. This network 

models the gait type run by sending two in phase signals to the one leg and other two in 

phase signals to another leg. For producing the walk gait type, there is a half period phase 

difference between the signals sent to one leg.  For the generation of slow hop, in phase 

signals are generated for muscles in each leg and in fast hop, the signals given to the 

muscles of a leg are half period phase different from each other.  
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           Also this model can produce two types of secondary gait types. For generating the 

pattern for skip the two signals sent to the same leg are interchanged periodically and for 

the second secondary gait type gallop, the model produces different signals for the two 

legs. Now depending on the phase relationship between the two signals sent to the same 

leg the gallop can be gallop run or gallop walk. For the gallop walk the two signals are in 

phase with each other and for the gallop run the two signals are half a period phase 

different from each other. They also used bifurcation theory to explain generation of 

different kinds of rhythms for the different gaits. It is observed that there is a relation 

between arms and legs movements in the bipeds. Therefore the second model is a 8-cell 

model, made from 8 cells. It represents the relationship between arms and legs in the 

locomotion. To obtain this model, symmetry was broken between fore limbs and hind 

limbs in a model for quadruped locomotion. Generation of various gait types is discussed 

in the paper. They analyzed that, if symmetry of quadruped gaits is perturbed forcefully 

than all standard biped gaits can be obtained. They concluded that their results and the 

literature for interlimb coordination were in accord with each other. Thus this study 

showed that it is possible to model artificial CPG for bipedal locomotion for the 

generation of almost all of the bipedal gait types 

           CPG in animals is able to produce rhythmic patterns without any need of sensory 

feedback. In real world there are many external disturbances. To generate rhythmic signal 

these feedbacks play an important role. Thus, sensory feedbacks have a key role in 

shaping the rhythm according to the situation. Arthur D. Kuo [11] studied how the 

feedback and feedforward can be used to generate an efficient pattern for biped 

locomotion. The motion of legs during walk is similar to the motion of a coupled 

pendula, therefore energy exchange between potential and kinetic energies takes place 

periodically. In run, movement of legs is like movement of springs. Here the potential 

energy of the springs and kinetic energy of the center of mass are exchanged with each 

other periodically. The factors like legs kinematics; timing and reactive forces of ground  

can limit the effect of CPG on locomotion. It is an established fact in control theory that 

in presence of external disturbances feedback is necessary to generate stable result. 
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Feedback depends on the accuracy of sensors. To generate required input for the 

feedback, feedforward is required. In the paper, to study the feedback and feedforward 

effect, the model taken is a damped pendulum whose movement is analogous to motion 

of limb. The model is a simple damped pendulum which is made to oscillate vertically by 

applying impulsive torques at the motion extreme. The pendulum is influenced by either 

gravitational force or a torsional spring.   

           If there are no external disturbances, any combination of feedback and 

feedforward can produce identical limit cycles. For a feedforward control, at every half  

period an impulse is applied to the system and to achieve feedback control impulse 

application depends only on the state of the system not on the time.  Feedback and 

feedforward control laws behave differently in presence of external disturbances. In the 

paper two types of disturbances are taken into account. The disturbances considered are 

unexpected torques and the incorrect measurements of the state of the system. With the 

help of pendulum model, it is demonstrated in the paper that the systems with pure 

feedforward control are sensitive to errors in measurements. In identical conditions, pure 

feedback systems behave in a better way. If measurements are not perfect than pure 

feedback system does not give good performance in contrast to feedforward system 

which is not sensitive to noise in measurements.  

             Thus, it is analyzed that both pure feedback and feedforward systems have 

problems. Therefore, a hybrid system consisting of both feedback and feedforward 

systems is developed with the ability to generate rhythmic pattern even if there is no 

feedback from sensors.  

            To develop such a system, feedback is applied to the feedforward system. For 

making the system first it is assumed that the oscillators of the CPG model the pendulum 

dynamics. Next the system is designed so that there are unexpected external disturbances. 

Third, the error in the output is calculated and feedback to the system, this corrects the 

feedforward system. This model produces rhythmic pattern for locomotion based on  

sensory error feedback. Here the internal CPG model produces patterns and than the error 

is corrected with the help of feedback. The performance evaluation of the hybrid system 
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done shows that the performance of the hybrid system is better than both pure feedback 

and pure feedforward systems. A hypothesis is also given in the paper. According to the 

hypothesis, the presence of intrinsic rhythmic oscillations is more beneficial for the 

sensory information processing that is used for the feedback rather than timing control or 

attaining the stable limit cycle behavior. In presence of purturbance, it is more important 

to preserve the inphase relationship that was there before purturbance than preserving the 

limit cycle behavior in an energy efficient manner.    

           The model has two components that make it behave like a CPG. The first one is an 

internal model which is used for estimation of state and the second component is 

feedback gain. This feedback helps to deal with purturbances and also stabilizes the 

posture. The hypothesis presented here can be applied to other more complicated systems 

also. This can give useful predictions when applied to these systems.  For example, 

application of the hypothesis to a system with many segments predicts the presence of 

many CPGs. This hypothesis presents a conceptual basis for predicting common 

functions among different structures of rhythm generating animals.               

             One of the works done in CPG modeling is the biped walk CPG modeled by 

Jianjuen J. Hu et al [5]. He proposed a controller for biped locomotion inspired from 

biological world. He used rhythmic neural oscillators for designing the CPG and the 

model used was mutually inhibited neural oscillator model. For generating the rhythmic 

control signals, it is necessary to entrain the plant’s natural dynamics with the dynamics 

of neural oscillators. 

            In the paper the design approach studied for rhythmic control is a systematic 

approach. As the first step of the approach, the dynamics of the whole system is divided 

into two different parts, one the neural oscillator’s dynamics and the other is controlled 

plant’s natural dynamics. In the second step, to shape the plant’s natural dynamics a 

compensator block is designed to achieve entrainment of global dynamics and the desired 

motion of plant easily. Also, for global dynamics entrainment a design methodology is 

given.              
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           Ludovic Rightti and A.J. ljspreet [6] also developed a CPG for biped locomotion 

control using nonlinear oscillator. In this model, CPG generates rhythmic signals as the 

limit cycles of the dynamical system of coupled oscillators. Signals generated by this 

system are stable due to limit cycle behavior of the dynamic system. The system can 

produce various rhythmic patterns by altering the parameters of the dynamical system. 

The system gets entrained with mechanical system when it is coupled with that 

mechanical system. In this work, adaptive frequency Hopf oscillator was used for 

modeling of CPG. To teach the system different rhythmic patterns, a supervised learning 

technique was used. The adaptive property of oscillators can be used to generate different 

frequency components of the teaching signal. The whole signal is the dynamic fourier 

series representation in which each frequency component of the signal is encoded  by one 

oscillator. With this generic structure, CPG is able to learn any teaching signal. After 

learning, the signal’s frequency and amplitude can be altered smoothly. The learned 

pattern remains embedded in the dynamical system as limit cycle of the dynamical 

system even after the teaching signal is removed. This CPG can generate one dimensional 

signal but a multidimensional signal can be obtained by coupling more than one 

oscillators.  
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CHAPTER 4

MODELLING AND IMPLEMENTATION 

 
       The objective of this thesis is to implement a central pattern generator for biped 

locomotion.  The whole work is divided into following modules. 
 

1. Modeling of CPG. 

2. Finding the optimum values for CPG parameters for the generation of desired gait  

 trajectory. 

 

 

4.1 MODELLING OF CPG 
 

           The methodology used in this work for the designing of CPG is dynamical system 

theory. Here, coupled oscillator model is used for modeling. Dynamic system theory can 

identify the points when coupled oscillator system will synchronize depending on 

coupling parameters. Also, the theory can help identifying stable and unstable phase 

differences. Therefore, the dynamic system theory can help to design a coupled oscillator 

system that will generate different rhythmic patterns. For designing the locomotor CPG, 

first task is to model the biped locomotive system. The biped model used here consists of 

two hip joints and two knee joints. Here four- oscillator model is implemented.      

          The four oscillatory centers taken are two knee joints and two hip joints. For 

implementation, four Rayleigh oscillators are taken and placed, so that one oscillator 

represents the activity of a whole oscillatory centre at one joint. Here, the walking gait  
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considered is simple walk. The coupling among oscillators is two-way coupling. 

Following is the model of CPG made of four coupled Rayleigh oscillators (fig. 4.1): 

 

  

 

                                                                    LEFT  HIP                        RIGHT HIP                             

 k12 

  

                                                                                               k21 

                                                                

                                                              k31 k13                                k42                              k24 

                                                                                                  k34 

   

 

                                k43 

X3 X4 

 X1 X2

                                                      LEFT  KNEE                         RIGHT KNEE             

               

        BIPED WALK                                                     

    

  

Fig 4.1:   Model Of CPG 

 

4.2 IMPLEMENTATION OF THE CPG MODEL 
 

After making the model the implementation phase can be divided into following stages: 

 

1. First four Rayleigh oscillators are taken and placed at the four joints used in the 

modeling, i.e. left knee, right knee, left hip and right hip position.  
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The second order differential equations representing the four Rayleigh oscillators are as 

follows:  

Equation representing the left hip position: 

                       

  ä1 – α1 (1-p1 á1
2) á1 + μ1

2 (a1-a10) = 0   …………………….….  (5) 
  

Equation representing the right hip position: 

                       

  ä2 – α2(1-p 2á2
2) á2 + μ2

2 (a2-a20) = 0   …………………….….  (6) 
 

Equation for the left knee position: 

 

ä3 – α3 (1-p3á3
2) á3 + μ3

2 (a3 – a30) = 0  ………………………. .(7) 

 
Equation representing right knee position: 

               

 ä4 – α4 (1-p4á4
2) á4 + μ4

2(a4 –a40) = 0  ……………….………. ..(8) 

 
Where α1, α2, α3, α4, p1, p2, p3, p4, μ1

2, μ2
2 μ3

2 μ4
2 are positive constants of the Rayleigh 

oscillators. Altering these parameters allow the alteration of the frequency and amplitude 

of output signal.  

          MATLAB is used for the simulation. For solving the second order differential 

equations in MATLAB, they are converted into first order differential equations. The first 

order equivalents of equations 5, 6 ,7 and 8 are following: 
á1 = z1

ź1 =  α1 (1-p1z1
2 ) z1 - μ1

2 (a1 – a10) ………………….……. (9) 
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á2 = z2 

ź2 = α2 (1-p2 z2
2) z2 - μ 2

2 (a2 – a20)………………………….. (10) 

 

á3 = z3 

ź3 = α3 (1-p3z3
2) z3 – μ3

2 (a3 – a30)…………………………. (11) 

 

á4 = z4 

ź4 = α4 (1-p4z4
2) z4 – μ4

2 (a4 – a40)…………………………. (12) 

 
           The four Rayleigh oscillators placed will generate some output patterns 

independently. There is no effect of the oscillators on each other. Now, to generate the 

desired rhythmic output patterns  the oscillators are to be interconnected. 

            In the second step, all the oscillators are interconnected with each other. The 

coupling is a two way coupling. In two- way coupling, if two oscillators are 

interconnected than both the oscillators will have an effect on each other. For connecting 

the four oscillators that represent left knee, right knee, left hip and right hip position, 

inspiration is taken from the relationship among these joints in humans . In walking while 

one leg is in stance phase the other one is in swing phase. Thus, there is always an out of 

phase relationship between the left knee joint angle and right knee joint angle  the hip 

difference angle and knee angles are synchronized . Also, the hip difference angle shows 

an oscillatory behavior during walk, the angle difference oscillates between positive and 

negative values.   

          Therefore, to interconnect all the four oscillators above facts are taken into account. 

The differential equation representing each oscillator has now one term for feedback from 

each other oscillator. Following are the equations representing this system of coupled 

oscillators: 
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ä1- α1 (1-p1á1
2) á1 + μ1

2 (a1-a10) – k13(á3 (a3-a30))– k12(á1- á2 ) = 0………(13) 

ä2 – α2 (1-p2á2
2) á2 + μ2

2 (a2- a20) – k24(á4 (a4 –a40))– k21(á2 – á1) = 0…..(14) 

ä3 – α3 (1-p3á3
2) á3 + μ3

2 (a3 – a30) – k31(á1 (a1 – a10))– k34( á3 – á4) = 0….(15) 

ä4 – α4 (1-p4á4
2) á4 + μ4

2 (a4 – a40) – k42(á2 (a2 – a20))– k43( á4 – á3) = 0….(16) 

where k12,k13,k21,k24,k31,k34,k42,k43 are the coupling parameters of CPG. This completes 

the modeling of CPG. Next task is to search the optimum values of CPG parameters for 

generating the desired simple walk patterns. 
 

4.3    OPTIMIZING THE PARAMETERS OF CPG  
 

            The oscillator CPG model can produce many different rhythmic patterns by 

altering its parameters. For producing a specific pattern CPG should be given appropriate 

values for its parameters. For searching these CPG parameters genetic algorithm is used 

here. Following is the fitness function taken for the genetic algorithm: 

  

4.3.1   FITNESS FUNCTION
 

            The fitness function here uses the angle difference between joint angle values 

produced  by CPG and the joint angle values measured from captured real time data of   

humans. For developing the fitness function inspiration is taken from control theory. The 

fitness function used here is following:            

                           

F (t) = c1e (t) + c2 de(t) ⁄ dt + c3 ∫ e (t) dt ……………… (14) 
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Where  e (t) = joint angle values from real time data – joint angle values obtained from 

CPG  Genetic algorithm tries to minimize the value of above function means it tries to 

gain maximum fitness. The fitness function consists of three terms. The first term c1e(t) is 

the proportional control term . c1 is the proportional constant. This term tries to reduce  

error. In the first try for developing the fitness function, this function consisted of only 

this term. The error was reduced but not to the desired range. Therefore, the next term 

introduced was c3 ∫ e (t) dt, which is the integral control term.  c3 is the integral constant. 

The error reduced to a good range. The third term was added to increase the stability of 

the system. Third term is  c2 d e (t) ⁄ dt , which is the differential control term. 

         The above fitness function is able to reduce the error between real time values and 

CPG values to zero. Efficiency of this fitness function is proved by the following 

numerical analysis. 

 
4.3.2   NUMERICAL ANALYSIS OF THE FITNESS FUNCTION

       
The fitness function taken here is:   
               f (t) = c1e (t) + c2 de(t) ⁄ dt + c3 ∫ e (t) dt …………………..........(15) 
     

Let         c1e (t) + c2 de(t) ⁄ dt + c3 ∫ e (t) dt = ed (t)…………………........... (16) 
 

 Where ed (t) is the unaccounted error which comes in the process. The assumption here 

is that for a finite time interval ed (t) is constant. 

           Differentiating the above equation with respect to time: 

       c1 de(t) ⁄ dt + c2 d2e(t) ⁄ dt2  + c3 e (t) = ded(t)⁄ dt  ………………....…(17) 
 

When the system is under steady state, the system behaves like a virtual static state. 

 Now in steady state    de(t) ⁄ dt → 0   and also         d2e(t) ⁄ dt2 → 0. 
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As ed(t) is constant.   ded(t) ⁄ dt   → 0     

Therefore,                                c3e (t) dt = 0. 
Here, c3 can not be equal to zero as it is a positive constant. This leads to following: 

                                              e (t)  → 0  ………………………………… (18) 

 

Thus the above fitness function (eqn. 15) will reduce the steady state error to zero. 

 

4.3.3  REAL TIME DATA COLLECTION AND PROCESSING
                        

          The genetic algorithm learns here from the collected locomotion data of human 

beings because they have a very stable and efficient walk.  Therefore, real time 

locomotion data of adults is captured. To collect the data, a tool developed by Prof. 

G.C.Nandi (IIITA Allahabad) is used. The tool is Humanoid Gait Oscillator Detector 

(HGOD). This tool is when attached to the joints (hip/knee) of a walking adult, generates 

the desired data. The data generated is a voltage vs. time graph of the joints (knee/hip) 

motion, which appears on the screen of a digital oscilloscope. Thus, with the help of this 

tool walking data of many adults are collected. 

          The next task is to convert the voltage vs. time data to joint angle vs.  time data. 

For doing this transformation the angle vs. voltage data is collected. Now, with the 

voltage vs. time data and joint angle vs. voltage data, the required data (joint angle vs. 

time) is calculated. With the collected real time joint angle values and CPG joint angle 

values, error can be calculated and used in the calculation of fitness score. 

 

Following is the outline of the genetic algorithm   

 

1. Genetic algorithm starts by creating a population of chromosomes. The chromosome 

consists of the parameters to be optimized. Here, the chromosome consists of the 

parameters k12, k13, k21, k24, k31, k34, k42, k43, α1, α2, α3, α4. MATLAB is used here for 
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simulation. It creates the initial population. The population size used here is 100. 

Therefore, the initial population is a 100 × 12 array. The initial population is consisting of  

random numbers having a uniform distribution.  

 

2. After creation of initial population, next task is to score each individual in the 

population according to the value calculated by fitness function. Thus, each fitness score 

is calculated for each individual in the population. 

 

3. After scoring each individual, parents are chosen from current population for 

producing the next generation.  For this selection, many selection functions are available  

in MATLAB. All of them are tried and the best one is selected. For this implementation 

the best selection function found is remainder. This function selects parents 

deterministically on the integer part of the fitness score means if an individual has score 

4.2 than four times it can take part in the mating process based on integer part of the 

fitness value. After this, for the remaining fractional part roulette selection is used means 

the probability of choosing an individual as a parent is directly proportional to its 

fractional value. 

 

4. After choosing the parents three operations are applied to generate children. 

 

a. The fittest members (with highest fitness values) survive to the next generation.         

This is called elite count, which is taken 2 (default value in MATLAB). 

b. Crossover: In crossover genes of two parents are intermixed to generate the child. The    

crossover fraction means number of children other than elite children that will be 

produced by crossover operation. The process was tried with many crossover       

fractions and the best one was .99. Therefore, the crossover fraction taken here is .99. 

For the crossover function two  point was found to be the best from all the available 

options from MATLAB. This function works by first choosing two integers x and y 

between one and the number of variables. Next for generating the child, it chooses 
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first x number of genes from first parent, next x+1 to y number of genes from second 

parent and the remaining genes from the first parent. This way the function two- point 

intermixes the genes and generates the child. 

 

c. Mutation:  The next operation applied by genetic algorithm for reproduction is                        

mutation. In mutation small random changes are applied to an individual to generate       

the child. Here, the mutation fraction used is .001. Uniform mutation function is 

chosen as the mutation function. Function uniform mutation works as a two-stage 

process. In the first stage, a fraction of the genes of an individual chromosome are  

      selected for mutation operation. Each gene has a default probability rate value, which 

is .01, for being mutated. . In the next step each selected gene is replaced by a random 

number which is chosen uniformly from the value of that gene’s range.  

These  operations generate the new generation. 

 

5. Next the old population is replaced by the new population. Score each chromosome in 

the current population with fitness score. 

 

6. Check the termination criterion. It can be number of generations, time limit, fitness            

limit, stall generation and stall time. For this genetic algorithm implementation number 

of generations is taken as the termination criterion. The value of generations taken is 

1000. This means genetic algorithm will perform 1000 iterations and than it will stop. 

 

7. If termination criterion is satisfied than genetic algorithm will stop, otherwise whole 

process will be repeated until stopping criterion is met.  

 

 

The implementation of genetic algorithm can be summarized as follows: 
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1. GA creates the initial population. Means it takes random values for CPG 

parameters. 

2. These parameters are fed into Rayleigh oscillator. 

3. Rayleigh oscillator generates the rhythmic pattern. 

4. Fitness score is calculated. 

5. Stopping criterion is checked. If criterion is not satisfied, the whole process is 

repeated until termination criterion is met. Otherwise GA stops and gives the 

optimal values for CPG parameters.  

 

 Genetic algorithm gives the optimum values for the CPG parameters. These parameters 

are fed into CPG and the desired walking patterns are produced 
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CHAPTER 5

RESULTS 

 
     
     In this work, MATLAB is used for all the simulation. Differential equation solver 

based on Runge-Kutta formula [17] is used for solving the nonlinear differential 

equations representing CPG. For implementing genetic algorithm also MATLAB is used.  

 

5.1 RESULTS FOR GENETIC ALGORITHM 
    

    Following are the parameter values used for the genetic algorithm and the results given 

by genetic algorithm: 

 
5.1.1 THE PARAMETERS VALUES TAKEN IN THE 

IMPLEMENTAION 
 

             Population Size                         100 
             Elite Count                                   2 

             SelectionFcn                              remainder 

             CrossoverFraction                     0.999 

             CrossoverFcn                             twopoint 

            Generation                                 1000 

            MutationFraction                        0.001 
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MutationFcn                              uniform            

            HybridFcn                                 patternsearch 

Other parameter values are the default values of MATLAB. 
 

5.1.2  CONVERGENCE OF GENETIC ALGORITYHM 
 
With the fitness function: F (t) = c1e (t) + c2 de(t) ⁄ dt + c3 ∫ e (t) dt error converged 
to 0.001. 
 
 
5.1.3   OUTPUT OF GENETIC ALGORITHM  
 
            The optimized values of parameters obtained as a result of genetic algorithm are 
as     follows: 

 
        
PARAMETER 

 
    VALUE 

           k12        0.2010 

           k13        0.0125 

           k21       0.2010 

           k24       0.0129 

           k31       0.0125 

           k34       0.3012 

              k42       0.0129 

              k43       0.3012 

         α1       0.0014 

         α2       0.0020 

         α3       0.0108 

               α4       0.0108 

 
                                                            TABLE 1 
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These are the optimum values of CPG parameters. For obtaining the locomotion patterns, 

these parameters are fed into the CPG. 
 

5.2     PATTERNS GENERATED BY CPG
 

             Following are the locomotion patterns produced by CPG after feeding the above 

parameters. The walking gait considered here is simple walk. Next figure shows the 

behavior of left knee angle, right knee angle left hip angle and right hip angle with 

respect to time.  

                 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-100

-80

-60

-40

-20

0

20

40

60

80

100
 Simple Walking 

Time

A
ng

le
s

Left Knee
right hip
left hip
Right Knee

 
                                 Fig: 5.1 
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          The above three figures ( fig.5.2, fig. 5.3, fig 5.4 and fig. 5.5 )  show that the 

behavior of left knee, right knee and hips show a limit cycle behavior This limit cycle 

behavior is responsible for the stability of the walking pattern, which is the most 

necessary factor of locomotion. 

               

   Next figure (fig. 5.6) shows the behavior of angular velocities of the four joints (left 

knee, right knee, left hip and right hip) with respect to time. 
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   Above are the output patterns generated by CPG for simple walk .These patterns are  

close to the human locomotion patterns hence are stable and efficient.  More patterns can 

be generated by simply modifying the values of CPG parameters. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 
 

6.1  CONCLUSION

 
             In this thesis, a controller for generating biped locomotion patterns is developed. 

The walking gait generated is simple walk. In the work, inspiration was taken from the 

biological controller, i.e. CPG. Nonlinear dynamic theory is the approach that was used 

for the design. For making the CPG first a model was developed by using mathematical 

system of coupled oscillators . Four joints and four Rayleigh oscillators were used in the 

modeling. These four oscillators, after coupling (here two way coupling was used) 

produced output patterns. To achieve desired patterns CPG parameters were optimized 

with the genetic algorithm. To teach genetic algorithm, real world simple walk patterns of 

human beings were used.  This thesis has demonstrated that the four oscillator model 

with Rayleigh oscillators produces efficient and natural output gait patterns. The same 

model can also be used for generating other various walking gaits, e.g. running, skipping 

jumping etc.  For that, only the CPG parameters are to be modified. The walking patterns 

produced can be very useful for task like developing artificial legs and providing 

locomotion capability to biped robots etc. 
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6.2    FUTURE WORK
 

   There is lots of future work that has to be done. The model here used only four joints, 

two hip and two knee joints. This gives good results but in natural locomotion all the leg 

joints have a contribution to the resulting locomotion. Also, some other body joints like 

arm joints play a role in shaping the pattern, therefore to completely replicate the natural 

locomotion all these joints should be used for the modeling. This makes the model 

complicated but will give better results. 

    In natural locomotion, sensory feedback plays an important role. Here, sensory input is 

not taken into account. So, the model can be extended to include sensory inputs to 

achieve more efficient result. In this work, pattern is generated only for simple walk. 

Generating other walking gaits is possible by only changing the parameters of the CPG 

appropriately. Therefore the model can be made to generate other gait patterns also by 

searching the desired parameters.     

    Genetic algorithm gives good result but its rate of convergence is slow. Other versions 

of genetic algorithm like micro-GA or VIGA can be used to make the convergence faster. 
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