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Genetic Algorithm-Based Meter Placement for Static
Estimation of Harmonic Sources
Ashwani Kumar, Biswarup Das, Member, IEEE, and Jaydev Sharma

Abstract—In this paper, a method based on genetic algorithm
(GA) is proposed to solve the problem of optimal placement
of meters for static estimation of harmonic sources in a power
system. Based on the case studies undertaken in this work, it
has been observed that the GA-based meter placement strategy
always yields the same solution as obtained from the complete
enumeration (CE) technique. Moreover, the solutions obtained
by the proposed method are better than the other techniques
proposed in the literature.
Index Terms—Genetic algorithm, harmonics, power system.

I. INTRODUCTION

D

UE TO continuous proliferation of nonlinear loads,
the amount of harmonic currents injected into the power
system is also ever increasing. These injected harmonic currents
propagate throughout the entire electrical network and distort
the voltages at all the buses as well as the currents in all the lines
of the system. Because of these distorted voltages and currents,
different operational problems such as overheating and failure
of equipment, false tripping of sensitive loads, misoperation
of protective relays, interference with communication circuits
etc. take place in the system [1]. As a result, there is a growing
concern to limit the amount of harmonics in the system and out
of this concern, harmonic standards have been formulated [2].
These standards generally require that the utility company must
maintain near sinusoidal waveform of the voltages, whereas,
the customer served must maintain the harmonic contents in
its load current within certain limits. As the amount of bus
voltage distortion depends on the harmonic content of the
load currents, electric utilities are becoming more and more
interested in determining the locations and magnitudes of these
harmonic sources. This problem of determination of locations
and magnitudes of the harmonic sources is generally termed
as “reverse harmonic power flow problem [3].” Obviously, to
solve this “reverse harmonic power flow problem,” appropriate
locations of the harmonic meters are very important, as the
quality (i.e., the accuracy) of the estimation is a function of the
number and locations of the measurements. Although various
techniques for placing the meters optimally for fundamental
frequency domain exist [4]–[6], not many methods are available
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for placing the harmonic meters optimally in a power system.
However, in the past, some endeavors have been made in the
literature in this direction.
Heydt [3] first presented a technique for designing the harmonic instrumentation points based on the condition number
of the coefficient matrix. Subsequently, Heydt et al. [7] have
presented a hybrid nonlinear least square method for static
harmonic state estimation. However, in this method, a total of
23 measurements have been used for the sample 13-bus system
and 63 measurements have been considered for the IEEE-38
bus system, thereby making the total cost of the harmonic
measurements quite high. Farach and Grady [8] have developed a sequential technique for optimal sensor placement for
under-determined case (number of measurements is less than
the number of unknown quantities) of harmonic static state
estimation. Their technique is based on the minimum variance
approach, where the expected value of the sum of the squares
of the differences between the estimated and the true variables
is minimized. In this method, for an n-bus system with p meacombinations of meter
suring devices, only
placement need to be checked. Nevertheless, for typical value
can be quite large.
of n and p, the value of
Moreover, the sequential solution yields only a good approximate solution and the best solution can only be obtained by
complete enumeration (CE) of all the possible combinations of
meter placements. But CE technique for finding optimal meter
placement is too exhaustive even for a moderate size of power
system and hence cannot be implemented practically. Haili Ma
and Girgis [9] have presented a meter placement methodology
based upon the system error covariance analysis. This method
is exhaustive and requires a large execution time for finding out
the optimal locations of harmonic meters. Thus, an alternative
method for deciding the optimal measuring locations, which
gives the same locations as that obtained by the CE technique,
is still needed.
To address the above mentioned need, in the present paper,
a genetic algorithm-based method has been proposed to solve
the problem of optimal meter placement for static harmonic estimation. For fitness evaluation of the genetic algorithm (GA)
strings, the trace of the covariance matrix as described in [8] has
been used in this work. It has been found that GA based technique always gives the same results as that obtained by the CE
technique and is better than the sequential technique. The paper
is organized as follows. In Section II the mathematical formulation of the problem is outlined. The subject matter of this section has been essentially taken from [8] and it is included in this
paper only for the sake of completeness of the paper. In Section III GA based algorithm is presented in detail. In Section IV
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results obtained in four test systems using CE technique, sequential technique and the proposed GA method are given.
II. PROBLEM FORMULATION
In an n-bus power system, at any particular operating frequency, the bus voltages and the bus injection currents are related by
(1)
where
is the bus-impedance matrix of the system.
Suppose that bus voltages and bus injection currents at certain
and
buses are observed. Let these be denoted by the vectors
, respectively. Also, let ,
denote the vectors of voltages
and currents respectively at the remaining unmeasured buses.
Partition of (1) in terms of the observed and unobserved vectors
yields
(2)
Different approaches, such as the sensitivity analysis approach based on condition number [3], the minimum variance
approach [8] and the Kalman filtering approach [9] have been
proposed in the literature to solve for the best estimate
of
. In the present work the approach based on minimum variance criterion has been adopted for its simplicity and rigorous
framework.
The basic objective of this method is to select the measurements (from the set of all possible measurement locations) that
will minimize the expected value of the sum of squares of differences between estimated and actual parameter variables. Application of this minimum variance criterion to the problem of
estimation of harmonic sources results in the following optimization problem:
Minimize

(3)

with respect to the locations of and .
The above problem is solved in two steps. In the first step, a
predicted current vector is determined to minimize the value
of the square of the difference between the unknown current
vector and the true current injection vector . In the second
step, the best measurement locations, represented by and ,
that minimize the error due to the best linear predictor , are
found. The theory needed to solve (3) following these two steps
is given in detail in [8] and hence is not repeated here. It has been
shown in [8] that the error involved in the static state estimation
is minimum in the statistical sense when the trace of the covariis minimum. Therefore, the trace of
ance matrix
the covariance matrix
[8] has been chosen as an
appropriate scalar fitness function to be used in GA in this work
and is reproduced in (4) below.
(4)
In the above expression,
is a constant matrix representing
a priori probability of existence of harmonic sources for the
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unknown (not measured) buses. This matrix is to be obtained
by appropriately partitioning the matrix , which models the
a priori probability of existence of harmonic sources at all the
buses in the system. Hence, the objective of the above optimizamatrix (i.e., to
tion problem is to determine the appropriate
choose the appropriate measurement locations) so as to mini.
mize the trace of the covariance matrix
III. GA-BASED METER PLACEMENT
The GA combines the adaptive nature of the natural genetics
or the evolution of organs with function optimization. By simulating “the survival of the fittest” evolution strategy among chromosome (i.e., string) structures, the optimal string is searched
by randomized information exchange. The major advantage of
using the GA is that the solution obtained is globally optimal.
Also GA is capable of obtaining the global solution of a wide
variety of functions such as differentiable or nondifferentiable,
linear or nonlinear, continuous or discrete, and analytical or procedural [10]. For the problem of optimal meter placement for
static harmonic estimation, the global solution obtained using
GA requires a lesser number of iterations compared to the CE
technique and at the same time eliminates the disadvantage of
the sequential meter placement technique, which gives suboptimal solution. The algorithm of the proposed GA technique is
described in detail as follows.
Algorithm:
Step 1) Initially, the maximum number of generation, population size in each generation and the convergence criterion are decided. In the present work, maximum generations and the population size (i.e., the number of
strings) for the first three test cases have been taken to
be 60 and 10 and for the fourth test case these values
are 300 and 10, respectively. The size of each string is
taken to be a row vector with ‘m’ elements, where ‘m’
is the number of available meters to be placed in the
power system for the measurement of harmonic data.
Now, each string is actually denoting some combination of the meter locations. Hence, each element of
each string should be initialized to represent a particular bus, where a meter is to be placed. This is accomplished as below.
A random number between 0 and 1 is first
generated. Let this number be termed as . This
random number is subsequently transformed as
round
, where ‘n_max’
stands for the total number of buses in the system
and round(.) denotes the rounding off operation to
the nearest integer. This number is then assigned to
the first element of the first string of the present generation. Likewise, all the other remaining elements of
the first string are assigned some node number. If in
this process, two or more elements are assigned the
same node number, then this string is recreated again
(following the above procedure) such that all the elements in this string are distinct. Similarly, the other
strings of the population in the present generation are
also initialized.
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Step 2) Using the fitness function given in (4) the fitness
value of each string of the current generation is determined. For the determination of the fitness value of
and
should be known. As already
each string,
is a known diagonal matrix, which
mentioned,
represents a priori probability of existence of haris the
monic sources for the unmeasured buses.
submatrix of
matrix as defined in (2). Now, each
string denotes the set of the buses where the meters
could be placed (refer to step 1). Therefore, at these
buses the bus voltage and bus injection currents can
be observed. Hence, these buses correspond to the set
of ‘observed buses’ and the remaining system buses
comprise the set of ‘unobserved buses.’ Once these
can be obtained
two sets are known, the matrix
by partitioning the
matrix appropriately as
and
are known, the value
shown in (2). Once
of the fitness function can be determined from (4).
Step 3) In this step, the next generation of GA is created as described below. The two strings, whose fitness values
are the lowest and the second lowest respectively, are
directly copied to the next generation. Then, by performing crossover [10] on these two directly copied
strings, another two strings for the next generation are
created. To decide upon the crossover position, initially, a random number between 0 and 1 is generated.
Let this number be termed as . This random number
is subsequently transformed as
, where ‘L’ stands for the size of each individual
string. The crossover operation is then carried out at
the ‘ -th’ position of the strings. If in this process of
crossover, two or more elements of the newly create
string are assigned the same node number, then this
string is recreated again.
Thus, by the above methodology, only four strings
of the next generation are created. The remaining six
strings of the next generation are then created randomly following the procedure described in step 1
above. This step is further explained for generation 2
as given below. Here string 1 and string 2 are the two
best strings obtained from generation 1. If the value
is equal to unity (say), then
of the crossover point
the third and fourth strings after crossing over after
element 1 of the strings 1 and 2 are as shown below.
Generation
String
String
String
String
Remaining strings are determined as explained in
step 1.

String

Step 4) If the best string does not change for two successive
generations, then the mutation operator is applied to
it. Since the coding of the strings is done in integer
form, a random change of one of the elements of the
best string is termed as mutation in this work. For this
purpose, one of the elements of the string is changed
randomly by adding either 1 or 1 to its current value
such that the highest bus number limit, i.e., n_max
and the lowest bus number limit (i.e., 1) are not violated. The value 1 plays an important role when the
element undergoing mutation has the value equal to
the highest bus number, i.e., n_max. For example in
a fourteen-bus system the lowest bus number is 1 and
the highest number is 14. If the current value of the
element of the string undergoing mutation is 14 then
the addition of 1 to it will violate the limit of the maximum bus number. Thus, in such a case, a value of 1
is added to this element. On the other hand, when the
value of the element of the string to be undergoing
mutation is unity, 1 is added to the value of this
element such that the limit of lowest bus number is
not violated. The new string thus created is then made
into the fifth string of the current generation. The remaining five strings of the current generation are then
created randomly following the procedure described
in step 1 above. This step is further explained below.
Suppose during the execution of GA, the best string
for two successive generations is

Hence, this string is a suitable candidate for application of the mutation operator. Now, as explained
above, the element to be altered (i.e., mutated) is selected randomly. If the first element is selected randomly for mutation then 1 is added to its present
value (i.e., 1) as the addition of 1 to it will make the
value of the element become equal to zero which, in
turn, violates the lower limit of the bus number. The
new string thus created by mutation will be

However, because of this mutation operation, if two
or more elements are assigned the same node number,
then this string is recreated again. However, it is to be
noted that the above four steps are used only when
two or more harmonic meters are to be placed optimally in the power system. For the placement of only
one harmonic meter GA uses the steps from 1 to 3.
Obviously, the crossover and mutation operation are
not used for the placement of single harmonic meter.
Step 5) The execution of GA is terminated when the best
string remains unchanged for three successive generations or the GA has been executed for the maximum number of generations. It has been observed
from various test cases that this method always finds
the optimal set of buses within the allowable maximum number of generations. The various steps of
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the proposed GA technique as described above are illustrated more clearly with sample calculations presented in the Appendix.
IV. CASE STUDIES
To test the effectiveness of the proposed GA based technique
for optimal harmonic meter placement; simulation studies have
been carried out in four different test systems. The results obtained by the proposed GA have been compared with those obtained by both CE and sequential techniques. The software utilized for simulating these three techniques (i.e., GA, CE, and
sequential) has been developed under MATLAB environment
[11].
Case 1—Fourteen Bus System: Fig. 1 shows the single
line diagram and the locations of the nonlinear loads of this
system. The complete data of this system are given in [12].
In this system, the harmonic sources are already known
to be present at the buses 4, 5, 6, and 14. The matrix
for this system has been assumed to be as
Diagonal
(0.1,0.1,0.1,4,4,4,0.1,0.1,0.1,0.1,0.1,0.1,0.1,4). Table I shows
the results for optimal meter placement obtained by the proposed GA technique as well as those obtained by using both CE
and sequential techniques corresponding to the 5th harmonic
order for this system. Now, in this table (and all the subsequent
tables in this paper), there are altogether six columns. Explanations of second, third, and fourth columns are given below
each table. The fifth column denotes the number of iterations
(for GA, it is actually the number of generations) and the last
column represents the time (in seconds) taken by each method.
It is to be noted that in this work, a population size of ten
has been taken in each generation of GA. From the results of
Table I it is observed that when either one or two meters are
to be placed, the locations indicated by all three methods (i.e.,
CE, sequential, and GA) are the same. For example, when only
one meter is to be placed, all of these three methods show that
the minimum trace value is obtained when the meter is placed
at bus 5 and thus bus 5 is identified as the optimum location
by all three methods. Similarly, when two meters are available
for placement, all three methods indicate buses 5 and 6 to be
the optimum locations. Moreover, it can be observed that when
either one or two meters are to be placed, the computation
effort needed by GA (in terms of total number of possibilities
to be checked and the total time taken) is the most among these
three methods. Hence, when either one or two meters are to
be placed, GA may not be the best choice for finding out the
optimum location(s). However, when three meters are to be
placed, the sequential method identifies buses 5, 6, and 14 to be
the desired locations. But as identified by the CE method, when
the three meters are placed at buses 4, 5, and 13, the trace value
is minimum and thus, this combination is the desired optimum
location(s). This same combination (i.e., buses 4, 5, and 13) has
also been identified by GA. Hence, in this case, the sequential
method failed to find the optimum results, whereas, the GA has
been able to identify the same set of buses as obtained by the CE
technique. It is to be noted that the CE method would always
find the optimum solution as it checks all the possible combinations of meter placement strategies exhaustively. Hence,

Fig. 1.

One-line diagram of the 14-bus test system.
TABLE I
FOURTEEN-BUS SYSTEM, 5TH HARMONIC ORDER

in this case, GA is able to find out the optimal combination
of buses, whereas, the sequential method fails to do so. Also,
it is observed from Table I that the time taken (0.28 sec.) by
the GA method is less than the corresponding value taken by
the CE technique. Hence, it can be said that for placing three
meters, GA can find out the optimal locations more efficiently
compared to the CE technique.
Tables II, III, and IV show the results for optimal meter placement obtained by the proposed GA technique corresponding to
the 7th, 11th, and 13th harmonic order respectively, for the same
system. As in Table I, the optimal meter placement strategies
have also been obtained by following both CE and sequential
techniques corresponding to these three harmonic orders. These
results are also shown in these three tables. From the results
given in Tables I to IV, it is observed that in every case, when
either one or two meters are to be placed, all the three methods
identify correctly the optimal meter location(s), although GA
may not be the ideal choice because of its high computation
burden. However, when three meters are to be placed, GA is able
to find out the optimal combination of buses more efficiently
compared to the CE method, whereas, the sequential method
fails to do so.
Case 2—Eighteen Bus System: Fig. 2 shows the single line
diagram and the locations of the nonlinear loads of this system.
Complete data of this system are given in [8], [13]. The matrix
for this system is given in [8]. Table V shows the trace value
as obtained from (4) for the different metering locations for this
test case at the 5th harmonic order. From the results of Table V
it is observed that when either one, two, or three meters are
to be placed, the locations indicated by all three methods (i.e.,
CE, sequential, and GA) are the same. Moreover, the sequential
technique is most efficient in terms of the computational burden
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TABLE II
FOURTEEN-BUS SYSTEM, 7TH HARMONIC ORDER

TABLE V
EIGHTEEN-BUS SYSTEM, 5TH HARMONIC ORDER

TABLE III
FOURTEEN-BUS SYSTEM, 11TH HARMONIC ORDER

TABLE VI
EIGHTEEN-BUS SYSTEM, 7TH HARMONIC ORDER

TABLE IV
FOURTEEN-BUS SYSTEM, 13TH HARMONIC ORDER

Fig. 2. One-line diagram of the 18-bus test system.

needed. However, when four meters are to be placed, the sequential method identifies buses 4, 20, 6, and 23 to be the desired locations. But as identified by the CE, when four meters
are placed at buses 2, 24, 9, and 25, the trace value is minimum

and thus, this combination is the desired optimum location(s).
This same combination (i.e., buses 2, 24, 9, and 25) has also
been identified by GA. Hence, in this case also, the sequential
method failed to find the optimum results, whereas, the GA has
been able to identify the same set of buses as obtained by the CE
technique. Moreover, the computational effort needed by the CE
technique is significantly more (more than three times) than that
taken by the GA technique for finding the optimum locations.
Optimal meter locations for this system corresponding to the
7th, 11th, and 13th order of harmonics are shown in Tables VI,
VII, and VIII, respectively. From the results given in Tables V to
VIII, it is observed that in every case, when either one, two, or
three meters are to be placed, all the three methods identify correctly the optimal meter location(s) and the sequential method
is most efficient in terms of the computational effort. However,
when four meters are to be placed, GA is able to find out the
optimal combination of buses with significantly less computational burden as compared to the CE technique, whereas, the
sequential method fails to do so.
Case 3—Thirty Bus System: Fig. 3 shows the single
line diagram and the locations of the nonlinear loads of
this system. Complete line and bus data of this system
are given in [14]. In this system, the harmonic sources
have been assumed to be present at the buses 5, 7, 8, and
for this system has been taken as
12. The matrix
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TABLE VII
EIGHTEEN-BUS SYSTEM, 11TH HARMONIC ORDER
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TABLE IX
THIRTY-BUS SYSTEM, 5TH HARMONIC ORDER

TABLE X
THIRTY-BUS SYSTEM, 7TH HARMONIC ORDER

TABLE VIII
EIGHTEEN-BUS SYSTEM, 13TH HARMONIC ORDER

Fig. 3.

One-line diagram of the thirty-bus test system.

Diagonal (0.1,0.1,0.1,0.1,4,0.1,4,4,0.1,0.1,0.1,4,0.1,0.1,0.1,0.1,
0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1).
Tables IX to XII show the results for optimal meter placement
obtained by all of the three methods corresponding to the 5th,
7th, 11th, and 13th order of harmonics, respectively. From these
results it is found that when only one meter is to be placed, all
three methods find the optimum location correctly for all the

four harmonic orders, and both the CE and sequential techniques
are quite efficient as compared to the GA technique (in terms of
the computational burden). However, when two meters are to
be placed in the system, the proposed GA-based method is able
to find the optimal locations correctly for 5th and 13th order of
harmonics, whereas, the sequential method fails to do so. On the
other hand, for the 7th and 11th order of harmonics, all the three
methods find the optimum locations correctly. Thus, in this case
also (i.e., when two meters are to be placed), there are some
instances where the sequential method fails to find the correct
optimal location(s), but the proposed GA-based method always
finds them correctly, although the efficiency of the GA method
(in terms of computational burden) is less than that of both the
CE and sequential techniques. However, when three meters are
to be placed, the GA-based method always finds the optimum
locations at much less computational effort as compared to the
CE technique, whereas, the sequential technique fails to identify
the optimum locations correctly.
Case 4—One Hundred Forty Five Bus System: Complete
line and bus data of this system are given in [15]. Due to space
limitations, a single line diagram of the test system is not
incorporated in the paper. The values of the matrix
are determined from the bus load levels and from prior
information about a particular bus being a harmonic bus. The
Diagonal
matrix for this system has been taken as
(0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,
0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.2,
0.2,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.3,
0.1,0.1,0.1,0.1,0.1,0.1,0.2,0.1,0.1,0.1,0.1,0.1,0.1,0.1,0.4,0.1,0.1,
0.1,0.1,0.1,0.1,0.1,0.4,0.1,0.1,0.1,0.4,0.173,0.173,0.173,0.141,
0.1,0.32,0.32,0.1,0.1,0.55,0.1,0.55,0.1,0.1,0.4,0.32,0.32,0.1,0.1,
0.1,0.32,0.1,0.32,0.32,0.1,0.141,0.7,0.63,0.1,0.1,0.77,0.77,0.9,
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TABLE XI
THIRTY-BUS SYSTEM, 11TH HARMONIC ORDER

TABLE XIV
ONE HUNDRED FORTY FIVE-BUS SYSTEM, 7TH HARMONIC ORDER

TABLE XII
THIRTY-BUS SYSTEM, 13TH HARMONIC ORDER

TABLE XV
ONE HUNDRED FORTY FIVE-BUS SYSTEM, 11TH HARMONIC ORDER

TABLE XIII
ONE HUNDRED FORTY FIVE-BUS SYSTEM, 5TH HARMONIC ORDER

TABLE XVI
ONE HUNDRED FORTY FIVE-BUS SYSTEM, 13TH HARMONIC ORDER

0.32,0.1,0.1,1.0,1.0,1.0,1.3,1.6,0.7,0.92,0.63,0.1,1.0,0.1,0.1,0.1,
1.8,0.1,1.8,2.8,0.9,0.1,2.83,1.0,4,1.2,0.1,4.3,2,2.25,2,0.9,1.8,1.0).
Tables XIII to XVI show the results for optimal meter placement obtained by all of the three methods corresponding to the
5th, 7th, 11th, and 13th order of harmonics, respectively. From
these results it is found that when either one or two meters are
to be placed, all three methods find the optimum location correctly for all four harmonic orders, and the sequential technique
is most efficient among these three methods (in terms of the
computational burden). However, when three meters are to be
placed in the system, the sequential method fails to find the true
optimal combination, whereas the proposed GA technique finds
the optimal locations at much less computational burden compared to the CE method.
From the results obtained in the above four test systems, it is
observed that the proposed GA-based method always finds the

optimal locations of the harmonic meters in the system. Now, it
has been shown in [7], [8] that the estimation of the harmonic
injection currents is very accurate to their true values when the
data used for estimation is measured from the optimally placed
meters. Thus, the GA-based meter placement method has an
edge over the other two methods when estimation accuracy is
of foremost importance.

V. CONCLUSION
In this work, a GA-based technique has been proposed
to place meters optimally for estimating and identifying the
unknown harmonic sources. The performance of the proposed
technique has been compared with those of CE and sequential
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TABLE A.I
DETAILS OF GENERATION 1 OF GA
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TABLE A.IV
DETAILS OF GENERATION 4 OF GA

TABLE A.V
DETAILS OF GENERATION 5 OF GA
TABLE A.II
DETAILS OF GENERATION 2 OF GA

APPENDIX

TABLE A.III
DETAILS OF GENERATION 3 OF GA

techniques in four different test systems. Based on these studies,
the major conclusions of this work are
a) The proposed GA-based method always finds the optimal
meter locations while the sequential technique can guarantee only near optimal solutions.
b) When the number of meters available for placement
and/or the size of the system increases, the superiority of
GA over the sequential technique (in term of the capability of finding out the global optimum) also increases.
Moreover, in these cases, GA is capable of finding out the
optimum combination in significantly less computational
time as compared to the CE technique.

For better explanation, the sample calculations as carried out
by the proposed GA technique for placing three meters in the
IEEE 14 bus system [12] are described below.
As explained in step 1 of Section III, the strings of the first
generation are created randomly and subsequently, the corresponding fitness values of each string of the whole population
is determined by using the fitness function given in (4) as described in step 2 of Section III. The generation 1 and the corresponding fitness value of the individual string in generation 1
are given in Table A.I.
After generation 1, generation 2 is generated following step
3 of the algorithm in Section III. As described, initially the best
two strings of generation 1 (i.e., string number 5 and 10) are
copied directly into the second generation. Subsequently, for
generating next two strings i.e., string number 3 and 4 of the gen(as described in step 3), which
eration 2, a random number
decides the point of crossover, is generated. In this case, the
has been generated to be 1 (i.e., the crossover bevalue of
tween the best two strings of generation 1 is to be performed
after the first bit from the left-hand side). Accordingly, string
3 in generation 2 has been generated to be (14, 9, 5) (shown in
Table A.II) and string 4 is supposed to be generated as (4, 4, 10).
However, as bus 4 is appearing twice in string 4, it is rejected and
another fresh string is generated following step 3. Remaining
six strings of generation 2 are generated randomly. The fitness
value of each string in generation 2 is shown in Table A.II.
Continuing with the same procedure, generation 3 and 4 have
been created and the details of these two generations are shown
in Table A.III and Table A.IV, respectively. It is to be noted
that for both these cases, the crossover has been performed after
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the second bit from the left-hand side (i.e.,
has been
calculated randomly).
Similarly, the first four strings of generation 5 have been crecreated randomly). Now,
ated from generation 4 (with
it is observed that the best string (14, 4, 13) remains the same
for the successive generations 4 and 5. As a result, the mutation
operator (as described in step 4) has been applied. For this purpose, a random number has been created to determine the bit to
be undergoing mutation. In this case, the middle bit has been
chosen (randomly). As the bus number corresponding to this bit
is 4, a value of 1 has been added to it and thus, the new string
becomes as (14, 5, 13). This string now becomes the fifth string
of generation 5 (refer Table A.V). The rest of the five strings in
this generation are created randomly as described already. Now,
had the left-most bit been chosen instead of the middle bit, then a
value of 1 would have been added to it. Adding 1 to it would
make this value to be equal to 15 which violates the upper limit
of the bus number. Similarly, the subsequent generations of GA
are carried out.
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