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The minimum spanning tree (MST) problem is one of the traditional optimization problems. Unlike the MST,
the degree constrained minimum spanning tree (DCMST) of a graph cannot, in general, be found using a
polynomial time algorithm. So, finding the DCMST of a graph is a well-known NP-hard problem of importance
in communications network design, road network design and other network-related problems.

So, it seems to be natural to use evolutionary algorithms for solving DCMST. Especially, when applying an
evolutionary algorithm to spanning tree problems, a representation and search operators should be considered
simultaneously.

This paper introduces a new tree representation scheme and a genetic operator for solving combinatorial tree
problem using evolutionary algorithms. We performed empirical comparisons with other tree representations on
several test instances and could confirm that the proposed method is superior to other tree representations. Even
it i3 superior to edge set representation which is known as the best algorithm.
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Begin
Set d(degree), SN{ - }<o¢, ES{ - }<o;
i<—1 and k<1;
SN{ - Jegene;;
while i = N—1 do
if gene;, ., & SN{ - } then
SN{ - }egene,
BS{ - Y E (gene,, gene, ., );
i+ 1;
k—k+1,
end
end

Figure 4. Pseudocode of CF-TCR.
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Begin
Set i1, k1, NS{ - } <o, ES{ - }—oz and C(n)<0,n € V;
NS( -+ )e—gene, and C(gene, )< Cl(gene, ) + 1;

while i = ¥ —1do
if gene,, ., & NS{ - } then
NS{ - }gene, 1,
ES{ - }<—E (gene,, gene,, ., );

Clgeney)—Clgene,) +1 and Clgeney ., ) Clgene, . ) + 13

i—i+1;
else

Find cycle; //E(gene;, gene, ) results in a cycle.

Compare cost between edges in cycle and Tie is broken randomly;
Select an edge, £ (p, ¢), which C(p) and C(¢q) > 1 and has the highest cost;

NS{ « }geney,
E(p, q)«E(gene,, gene, ., );
Cp)—C(p)—1and C(q)—Clq) —

C(gene, )< C(gene, ) + 1 and Cl(gene, ., )< Clgene, )+ 1;

i—i+ 1,
k—k+ 1,
end
end

Figure 6. Pseudocode of CB-TCR.
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Begin
Set j—1;

O! «— P! and C(O!)—C(0}!) + 1;

while ; < £ do // L is the length of chromosome.

i+ 1,

if (P!== P?)and(C(P})<d— 1) then
O!<—P! and C(O} )—C(0O}) +

else

P} or P} < flmin{cost (O}, P!

). cost (O 1. PP)}];

if C(P') < d— 1 then //assume that P! is returned.

O'<pP!, C(0')—C(0!) + 1,
else
if C(P?) < d— 1 then

O!«P2, (0} )C(0}) + 1;

else

Select a node 12 among C(n) < d — 1 randomly;

O<—'n C(O )—C(O!) +1;
end
end

Figure 8. Pseudocode of CGPX.
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Figure 9. The example requiring repair process.
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Figure 10. The improved percentage at all instances.

Table 1. The experimental results of the test instances generated through Zhou and Gen’ method

N Max-d New Encoding d-based NetKey
CF-TCR CB-TCR (With CF-TCR)
10 4 249 249(0)* 249(0)**
5 186 186(0)* 186(0)**
4 351.5 3429 352.6(2.83)* 354.9(3.50)**
20 5 322.1 316.4 321.2(1.52)* 318.2(0.57)**
6 3151 305.3 308.9(1.18)* 315.2(3.24)**
5 392.8 375.2 385.5(2.75)* 402.9(7.38)**
30 6 4125 399.6 407(1.85)* 419.5(4.98)**
7 4152 397.3 407.1(2.47)* 421.3(6.04)**
4 562.8 551.2(4.39)* 603.8(14.36)**
40 5 544.3 513.2 542.6(5.73)* 578.3(12.69)**
6 545 511.5 543.7(6.30)* S5T1.7(11.77)%*
5 650.3 609.7 635.5(4.23)* 744.7(22.14)**
50 6 612.1 604.6(4.97)* 725.6(25.97)**
7 6244 591.5 622.3(5.21)* 713.9(20.69)**

Max-d : Maximum degree. In case of d-based and NetKey, the results of(Soak et. al) were referred to.
* and ** indicate the degree of which CB-TCR improves d-based and NetKey respectively.
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Table 3. Improved percentages and CPU time ratios

N| 4 41(ESEBCTB;,7};CR %100 (%) 7(CFT%Z;_ES) X100 (%)
3 0.07(3.97) 0.32(12.04)
60| 4 1.22(4.27) 0.06(13.63)
5 1.69(4.18) 0.22(13.41)
3 -0.06(4.14) 0.43(12.37)
70| 4 1.22(4.95) 0.43(13.46)
5 1.02(4.76) 0.20(13.44)
3 0.28(5.29) 0.07(11.71)
80| 4 1.29(6.18) 0.19(13.00)
5 1.68(5.97) 0.17(12.81)

(') : the ratio of computation time between different methods.
ES : Edge Set.

Table 4. Statistical effect of proposed method

N a CB-TCR vs. EdgeSet
t value P
3 -1.0885 0.1453
60 | 4 -8.2774 <0.0001
5 -8.5944 <0.0001
3 1.3243 0.1009
70 | 4 -6.3892 <0.0001
5 -8.5122 <0.0001
3 -3.6555 <0.0001
80 | 4 -7.8469 <0.0001
5 -9.9225 <0.0001
<Table 4>= Bt} &2l A3} vl E 98] t-TestE T3

S A7E B Fo -Test 22 N=60(d=3)2} N=70(d=3)= A

Table 2. The experimental results of test instances used Krishnamoorthy’s method

N4 CF-TCR CB-TCR EdgeSet
Min Avg. Max CPU Min Avg. Max CPU Min Avg. Max CPU
3 12335 | 12373.4 | 12449 12.9 12315 | 12324.4 | 12337 616.8 12314 | 12333.6 | 12399 | 1553
60 | 4 9421 9449.9 9506 11.6 9264 | 9329.8 9371 675.2 9412 9443.8 9496 158.1
5 7683 7707.5 7154 11.6 7501 7562.8 7675 651 7678 7690.8 7704 155.6
3 16702 | 16754.9 | 16837 14.6 16678 | 16692.2 | 16709 748.2 16660 | 16682.4 | 16715 180.6
70 | 4 12739 | 12788.9 | 12834 13.2 12500 | 12579.7 | 12722 879.1 12726 | 12733.8 | 12750 | 177.7
5 10371 | 10393.5 | 10429 13.2 10205 | 10268 10336 844.6 10348 | 10373 10414 | 177.4
3 21800 | 21835.3 | 21900 16.6 21750 | 21759.8 | 21767 1028.1 21771 | 21819.9 | 21939 | 1944
80 | 4 16588 | 16646.3 | 16718 14.9 16281 | 16402.9 | 16546 1196.8 16572 | 16615.2 | 16681 193.7
5 13471 | 13534.6 | 13623 14.9 13201 | 13288.1 | 13432 1139.2 13440 | 13511.1 | 13559 | 190.8
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