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Dedicated hardware for inheritance-oriented crossover operation
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Abstract: - Traveling salesman problem is basic combinatorial optimization problem of various practical
applications in engineering. Genetic Algorithm (GA) is one of algorithms to solve the traveling salesman problem
efficiently. GA is a powerful optimization algorithm, which is based on the mechanism of biological evolution.
However, an essential difficulty exits in GA with regard to large amount of computation time, because GA is
population-based search algorithm. Reducing the computational time is the most important priority, if GA is
applied to practical problems. On the other hand, GA has three genetic operations, and the crossover operation is
one of the most important genetic operations. In this paper, we propose novel hardware architecture for crossover
operation in order to reduce computation time while keeping the search performance. The proposed architecture
introduces a new hardware-oriented crossover algorithm considering character inheritance. Experiments prove
that the proposed architecture achieves not only high speed processing but also reduction of the number of
processing steps, while keeping the quality of solution.

Key-Words: - Hardware architecture, Crossover engine, Traveling Salesman Problem, Character inheritance,
Genetic Algorithm, High speed processing

1 Introduction passed to a child, the search performance will improve
The combinational optimization problem is basic ~ 9reatly. Therefore, the crossover operation is one of
problem of various engineering problems. Traveling ~ the most important genetic operations. Thus, various
Salesman Problem (TSP)[1],[2], which is applied to ~ Crossover techniques have been proposed.

various practical applications, is the most basic On the other hand, an essential difficulty exits in
problem of the combinational optimization problem. GA with regard to large amount of computation time,
Given a set of n cities and the travel cost between because GA is population-based search algorithm.
each pair of cities, the salesman is to visit each once, ~ Reducing the computational time is the most
and finally return to the start city. TSP is the problem  important priority, if GA is applied to practical
of finding a shortest tour that visits all cities. problems.
Genetic Algorithm (GA)[3],[4] is one of algorithms In this paper, we propose a novel crossover

to solve TSP efficiently. It is a powerful optimization ~ OPeration engine considering character inheritance in
algorithm, which is based on the mechanism of  Order to achieve real time processing.

biological evolution, and applied to various

fields[5]-[8]. GA repeatedly propagates generations 2 Related works

for a large population by applying three operators, 2.1 Path representation

which consist of selection, crossover, and mutation. It needs to model for adopting GA at combinational
Regarding crossover operator, it generates an optimization problem. An individual indicates a
individual by chromosome conversion between two solution in GA. Regarding TSP, a solution is the order
individuals. If excellent partial characteristics, called of visiting the cities. Fig.1 shows an example of
schemas, of parents can be properly combined and coding in TSP.
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Here, if one-point crossover and multi-point
crossover are adopted in this coding, it generates many
lethal genes. Fig.2 shows an example of the one-point
crossover. And Fig.3 shows the tours of Fig.2.
Regarding one offspring (Child X), gene "A", "B" and
"C" are overlapped, and gene "D","F" and "H" are
lacked in this example. The overlap and lack indicate
lethal genes. The other offspring (Child Y) is also the
lethal genes as well as Child X. In case of Child Y,
gene "D", "F" and "H" are overlapped, and gene
"A","B" and "C" are lacked.

As a result, several crossover operators were
proposed in order to prevent generating lethal genes.
Grefenstette et al. [9] proposed a coding technique
using a visiting city list which is created as
preprocessing. An individual is represented by the
order of the list instead of city name.

C F
N o=

CodingABCDEFGH CodingDFHBGACE

(1) Parent X (2) Parent Y

Fig.1 Example of coding in TSP

Parent X ABCIDEFGH
Parent Y D FHIBGACE
Crossover position
Crossover¢
ChildX A [B|[C|[B] G A[C]E
Childy [D|FH]DE F G [H]

Fig.2 Example of one-point crossover in TSP

A H A

§ -
TMT—> 0

D=—E
(1) Child X (2) Child Y
Fig.3 Tours of the offspring
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Thus, it can prevent generating lethal genes if
one-point crossover and multi-point crossover are
adopted. Fig.4 shows an example of the Grefenstette's
approach.

However, the approach is inadequate with regard to
character inheritance. The offspring generated by the
approach has several partial tours which do not exit in
the parents.Fig.5 shows tours of the offspring.
Regarding Child X in this example, the partial tour
from "E" to "H", and that from "H" to "H" do not exist
in the parents.

On the other hand, Yamamura et al. [10] proposed
sub-tour exchange crossover, called SXX, in order to
improve character inheritance. Fig.6 shows an
example of SXX. In SXX, two common sub-tours
(partial tours) of parents are exchanged. In this
example, the partial tours are GHAB and HBGA.
Fig.7 shows tours of the offspring generated by SXX
crossover. All partial tours, which compose of the
offspring, are included in the parents as shown in Fig.7.
As aresult, SXXis superior to Grefenstette's approach
in the point of character inheritance.

Visiting city list: ABCDEFGH
Encode¢

Parent X L1 1gr1111
Parent Y 45624111
Crossover¢ Crossover position
Child X 11124111
Child Y 45624111

Decode¢

Child X ABCEHDFG
ChildY DFHABCEG

Fig.4 Example of Grefenstette's approach

[ —>Parent X —>ParentY --» Other ]

. A
\:.,\
B'/ SG B'/ Y G
1 ' N
| T ¥
Co_ /' I aF Co_ 7 U5F
TS Tl
D~ E D~ 2E
(1) Child X (2) Child Y

Fig.5 Examples tours of the offspring generated by
Grefenstette's approach
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Parent X A B|CDEF|G H
Parent Y DFHBGAJCE

Partial tour X : GHA B
Partialtour Y: HB G A

¢Crossover
Child X DFGHABCE
ChildY GACDEFHB

Fig.6 Example of sub-tour exchange crossover

[ —>Parent X —->ParentY --» Other ]

/A(—H,\ Ag I
& *:\
B G B —/./ ———————— wG
A \
l T J \
¢ _oF c
DEE \'D —>E/I
(1) Child X (2) Child Y

Fig.7 Examples tours of the offspring generated by
SXX approach

2.2 Dedicated hardware

Since GA is multipoint search algorithm, it has
inherent problem of substantial processing time,
necessitating dedicated GA hardware in practical
applications. sxamples of GA hardware have been
proposed by Scotte et al. [11], Yoshida et al. [12],
Imai et al. [13]. Scott et al. developed a
hardware-based GA and demonstrated its superiority

to software in speed and solution quality. Yoshida et al.

proposed a genetic algorithms processor based on a
steady-state GA, in which generations do not change.
Imai et al. developed a processor element of GA for
parallel processing.

However, most of these previous works are
inadequate with regard to character inheritance. Thus,
no previous works have, to our knowledge, proposed
dedicated hardware which considers character
inheritance.

3 Architecture Methodology

3.1 Hardware-oriented SXX algorithm
Regarding search processing of partial tours in
conventional SXX algorithm, a start point of parent Y

ISSN: 1109-2734

Masaya Yoshikawa, Kentaro Otsuka, Hidekazu Terai

is decided first. Second, all genes within the range of L
(the length of partial tour) from the start point is
compared to the genes composed of partial tour of
parent X. When the comparison result is not equal, the
start position is moved. And then the comparison
processing is repeated. Fig.8 shows a flow of the
comparison processing to find a partial tour. In Fig,8,
Y-start indicates a start point of parent Y for
comparison processing, and Cx and Cy represent
pointers for gene locus of each parents.

Thus, the conventional SXX algorithm requires a
lot of the comparison processing. Specifically, when
the common partial tour doesn't exist in parents, the
frequencies of comparison are products of L and the
number of cities. Hence, increases of L and the number
of cities cause increases of the frequencies of
comparison. Examples of search process for partial
tours are shown in Fig.9 and Fig.10.

Let Y-start=1

v

Letk=1,Cx=0,
and Cy =0

v

Read data of
gene k in parent X

v

Read data of gene
Y- start + Cy in parent Y

»| Let Y- start = Y- start + 1 >

LetCy=Cy+1 >

A

v v

Not equal

Comparison of
Cyand L

Comparison of
the data

Not equal

Letk=k+1,
Cx=Cx+1,
and Cy =0

—(Comparison of ¢
T

Yo=start and #cities

Not equal Comparison of

Equal Cx and L

Not equal

No partial tour Partial tours
is found are found

Fig.8 Flow of search for the partial tour
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Fig.9 shows the case that the common partial tour
does not exist in parents. Conversely, Fig.10 shows the
case that the common partial tour does not exist in
parents.

locus 1 2 3 4 5
Parent X F A C E D B
Parent Y D E A B F

Y-start=1, k=1, Cx=0, Cy=0

(1) Initialization

locus 1 2 3 4 5
Parent X A C E D B
ParentY [D] E A B F
Parent X [k] : F
Parent Y [ Y-start + Cy | : D
(2) Read genes : Parent X [k] and Parent Y [ Y-start + Cy |

locus 1 2 3 4 5 6
Parent X A C E D B
ParentY [D] E A B F C

Cy<L —Cy=Cy+1
(3) Comparison of the genes : Not equal

locus 1 2 3 4 5 6
Parent X A C E D
ParentY D A B F C

Parent X [k] : F
Parent Y [ Y-start+Cy | : E

(4) Read genes : Parent X [k] and Parent Y [ Y-start + Cy |
and comparison of them : Not equal (Cy=Cy + 1)
(to be continued )

locus 1 2 3 4 5 6
Parent X A C E D B
ParentY D E A B C

k=k+1, Cx=Cx+1, Cy=0

(5) Comparison of the genes : Equal ( to be continued )

locus 1 2 3 4 5 6
Parent X F A C E D B
Parent Y D E A B F C

Y -start=6, k=1, Cx=0, Cy=3
(6) No partial tour is found

Fig.9 Example of no common partial tour in parents
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locus 1 2 3 4 5 6
Parent X F A C E D B
Parent Y D E A B F C

Y-start=1, k=2, Cx=0, Cy=0
(1) Initialization

locus 1 2 3 4 5 6
Parent X F C 12 D B
Parent Y E B F C

(2) Read and comparison

locus 1 2 3 4 5 6
Parent X F A C 12 D B
Parent Y D E A B F ©

Partial tours
Parent X : ACED
Parent Y : CDEA

(3) Partial tours are found

Fig.10 Example of existence of common partial tour in
parents

In these examples, L is 4, and k indicates the start
point of partial tour in Parent X. We propose a novel
hardware-oriented SXX algorithm in order to prevent
the increases of the frequencies of comparison to find
the partial tours. The proposed algorithm examines the
correspondence of genes of parents as a preprocessing.
The correspondence results are stored in registers. As
a result, the comparison processing of partial tour is
completed within one clock cycle.

Moreover, we introduce a new search processing
for partial tours. The proposed search processing
consists of judgment of partial tour and search of start
point for partial tour.

First, we regard the partial tour as continuous visit
order. The continuous visit order indicates that there is
only one special city. The special city is the city with
unvisit city in its left side. Fig.11 shows an example of
judgment of partial tour. A partial tour exists in
Fig.11(1), that is, there is only one special city. In
contrast, the partial tour does not exist in Fig.11(2),
because there are two special cities. The proposed
algorithm realizes the judgment of partial tour by
examining how many special cities there are.

Second, we introduce a new technique using
addition value of gene locus with regard to search of
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start point for partial tour. Thus, the proposed
algorithm reduces processing steps regardless of the
existence of partial tour. Specifically, the proposed
algorithm completes search processing of partial tour
within L times processing.

3.2 Creation of corresponding table

The preprocessing for creation of the corresponding
table examines all gene loci of the other parent that
correspond to each gene. The corresponding table for
parent X to parent Y (tableX-Y) and that for parent Y
to parent X (tableY-X) are created. Fig.12 shows the
processing flow of the preprocessing.

It will be explained concretely using Fig.13 as an
example. In this example, pt-X represents pointer
corresponding to the gene loci of parent X, and pt-Y
represents that of parent Y. Let pt-X=1, pt-Y=1 as
stepl.

First, the genes which are indicated by both pointers
are read as step2. In this example, the gene of pt-X is A,
and that of pt-Y is B. Next, the genes are compared as
step3. The genes are not equal in this case, and then
pt-Y is incremented (+1) as step4b. Thus, pt-Y
becomes 2 as shown in Fig.13(2). The genes which are
indicated by both pointers are read again. The gene of
pt-X is A, and that of pt-Y is C. Next, the genes are
compared again. The genes are not equal in this case,
and then pt-Y is incremented as shown in Fig.13(3).
As a result, the gene of pt-X is A, and that of pt-Y
becomes A. Since the genes are same, the next
processing is as follows (Step4a). The proposed
algorithm writes "3" in the first address of the
tableX-Y. Similarly, it writes "1" in the third address
of the tableY-X. Fig.13(4) shows an example of a
stage in the middle of writing process. The addresses
for writing are compared as step5.

kg

Special city & Visited city

SC

(1) Example of continuous partial tour

SC

SC

(2) Example of discontinuous partial tour

Fig.11 Example of judgment of partial tour
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Step 1
pt-X=1, pt-Y=1

v

Step 2
Read genes using
pt-X and pt-Y

Step 4b
pt-Y =pt-Y + 1

Step 6
pt-X=pt-X + 1

A

Comparison of genes
Not equal

Step 4a
Writing to the corresponding table
Regarding tableX-Y
Address : pt-X
Data : pt-Y
Regarding table Y-X
Address : pt-Y
Data : pt-X

Step 5
<C0mparison of pt-X

Not equal

Equal

Fig.12 Flow of the preprocessing

In this case, the address of tableX-Y is 1 and the
number of cities is 3. Since these addresses are
different, pt-X is incremented (+1) as step6. These
processing is repeated until pt-X and the number of
cities are equal. Fig.13(5) shows the completed
corresponding table.

3.3 Judgment of partial tours

The proposed algorithm adopts a flag register in order
to check the visited city or the unvisit city. Fig.14
shows examples of the check processing using the flag
register.

The flag register of the same size as the number of
cities is initialized by zero. Substitute "1" into the
position of the flag register corresponding to the
visited city. The number of special city is calculated
using the flag register.
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pt-X pt-X
v
1 2 3 1 2 3
Parent X |A|B|C Parent X |A|B|C
pt-Y pt-Y
v
1 2 3 1 2 3
ParentY [B|C|A ParentY [B|C|A

(1) Initial status (2) Second status

pt-X

1 2 3 1 2 3

Parent X |A|B|C table X-Y |3 | - | -
pt-Y

1 2 3 1 2 3

ParentY |B|C|A table Y-X| - -1
(3) Third status (4) Write addresses

1 2 3 1 2 3

table X-Y |3 |1 table Y-X| 2

(5) Corresponding table

Fig.13 Example of creation of corresponding table

Concretely, the number of special city is
represented by SC value, and it is initialized by zero.
And then, when the city is visited, the status of the city
on both sides is examined. Here, RC represents the
city of the right side of the visiting city and LC
represents the city of the left side of the visiting city.
When both RC and LC are zero, SC value is
incremented (+1). When both RC and LC are one, SC
value is decremented (-1). When either RC or LC is
one, SC value is not changed.

3.4 Search for start point of the partial tours
In TSP, the gene which is located at the smallest gene
locus is not necessarily start position of partial tour. In
case of Parent Y of Fig.6, the gene which is located at
the smallest gene locus is the start position of partial
tour, and the partial tour is HBGA.

Conversely, the start position of partial tour is
located on gene locus 7 in case of Parent X of Fig.6,
and the partial tour is GHAB.
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The proposed algorithm introduces a new technique
using the flag register and the addition value of gene
locus in order to correspond to the case of Parent X of
Fig.6. The start position of partial tour will be
explained using Fig.15 as an example. Here, the
addition value of gene locus is represented by ST
value, and it is initialized by zero. When both RC and
LC are zero, the value of gene locus of the visiting city
is added to ST value. When RC is zero and LC is one,
ST value is not changed. When RC is one and LC is
zero, one is subtracted from ST value. When both RC
and LC are one, the value of gene locus of the visiting
city is added to one. And then, the added value is
subtracted from ST value.

|:| Visiting city % Visited city

>

Unvisit city

0 0
LC RC
(1) RC=0,LC =0 —> SC value = SC value + 1

>

1 0
LC RC
(2) RC=1,LC =0 —> SC value = SC value

>

0 1
LC RC
(3)RC=0,LC =1 —> SC value = SC value

=

1 1
LC RC
(4)RC=1,LC=1 —>» SC value = SC value - 1

Fig.14 Examples of the check processing using the
flag register
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Unvisit city

1 2 3 4 5 1 2 3 4 5

tt

LC RC
(1) RC=0, LC=0, ST value=1 = ST value=1+3=4

1 2 3 45 1 2 3 45

=

1 0
LC RC
(2) RC=1, LC=0, ST value=1 = ST value=1

1 23 45 1 2 3 45

=

0 1
LC RC
(3) RC=0, LC=1, ST value=4 —>ST value=3

1 23 45 1 23 45

=

1]o]1
LC RC

(4) RC=1, LC=1, ST value=2+4=6

—> ST value=6-(1+3)=2

Fig.15 Examples of search processing of start position

Finally, ST value indicates the gene locus of the
start position. Regarding these examples, the
continuous partial tours exist except for Fig.15(1).

3.5 Example of search procedure for the
partial tours

The search procedure will be explained using Fig.16

as an example concretely. In this example, it is

examined whether the partial tour (GCAD) of Parent

Xisin ParentY.
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The value of the tableX-Y corresponding to gene G
(1st gene of the partial tour) is 5.

First, substitute 1 into gene locus 5 of flag register
as shown in Fig.16(2). In this case, both LC which has
gene locus 4 and RC which has gene locus 6 are 0. As
aresult, SC value becomes 1, and ST value becomes 5.

Second, the value of the tableX-Y corresponding to
gene C (2nd gene of one) is 3. Substitute 1 into gene
locus 3 of flag register as shown in Fig.16(3). In this
case, both LC which has gene locus 2 and RC which
has gene locus 4 also are 0. As a result, SC value
becomes 2, and ST value becomes 8(=5+3).

locus 1 2 3 5 6 7 8
ParetX A D B E H F G C
tabeX-Yy 6 4 7 1 8 2 5 3
ParetY E F C D G A B H

(1) Parents and corresponding table X-Y

1 2345678

0fL]0]0]O
LC RC

(2) Step 1:SC value =1, ST value=5

flag register (0|00

1 23 456 78
0O11(0[{1{0]0fO0O
)

LC RC
(3) Step 2:SC value=2, ST value=5+3 =8

flag register | 0

1 23 456 78

11110]0
LC RC
(4) Step 3 : SC value =2, ST value = 8§

flag register (0[O0 |10

1 23 456 78

IJL[1]|1|0]O
)

LC RC
(5) Step4:SCvalue=1,STvalue=8-(4+1)=3

flag register [0 | O

Fig.16 Examples of search processing for the partial
tour
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Third, the value of the tableX-Y corresponding to
gene A (3rd gene of one) is 6. Substitute 1 into gene
locus 6 of flag register as shown in Fig.16(4). In this
case, LC which has gene locus 5 is 1, and RC which
has gene locus 7 is 0. As a result, SC value and ST
value do not change.

Last, the value of the tableX-Y corresponding to
gene D (the last gene of one) is 4. Substitute 1 into
gene locus 4 of flag register as shown in Fig.16(5).

In this case, both LC which has gene locus 3 and RC
which has gene locus 5 are 1. As a result, SC value
becomes 1 and ST value becomes 3(=8-5). Thus, only
four steps are required to find the partial tour in this
example.

4 Experiments

In order to evaluate the proposed architecture, we
designed it by using Verilog-HDL, and conducted
logic simulation and logic synthesis. The target device

Masaya Yoshikawa, Kentaro Otsuka, Hidekazu Terai

Fig.17 shows coding in the proposed architecture.
The maximum number of cities is 256 cities, and
population size is 512.

Table.1 Resources of target device

# slices 89088
#slices FF 178176
# 4 inputs LUT 178176
# bounded 10Bs 960

# GCLKs 32
RAMB16s 326

Table.2 Result of logic synthesis

Gate size (utilization)
46059 (52%)
1694 (1%)
92191 (52%)

# slices
#slices FF
# 4 inputs LUT

is Xilinx vertex4 (XC4VLX200). Table.1 shows # bounded 10Bs 89 (9%)
resources of target device and Table.2 shows the result # GCLKs 1 (3%)
of logic synthesis. In these tables, slices indicate logic RAMB16s 256 (76%)
cells, FF indicates Flip Flop, and L_UT indicates look Clock frequency 108 MHz
up table. The proposed architecture can be
implemented on FPGA as shown in Table.2.
4 #64 N 7\
- Gl [ [ |
il ~ (8bit)
RAM for 32bit A I
holding |<= | S12words | wwww | Sl2words | LV = »»*faddress
individuals RAM | - | - | - | - |
. \ J

Fig.17 Examples of individual and population on FPGA

Table.3 Status of partial tours

I 0 6.25%  12.5%  25% 7 partial
4 Citios S625%  -12.5%  -25%  -50% %
32 20501 2374 47 0 2.29
64 21344 0 0 0 2.13
128 20853 6 0 0 2.09
256 33428 1543 0 0 3.50
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