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Abstract In this paper, we deal with a hierarchical ring-mesh optical network design problem. The objective is
to minimize the total cost of optical add-drop multiplexers (OADMs) handling intra-ring traffic, optical
cross-connects (OXCs) handling inter-ring traffic, and cabling cost among OADMs and among OXCs, while
satisfying intra-ring and inter-ring capacities. We develop an integer programming (IP) formulation for the
problem and devise some cutting planes that partially break the symmetry of rings. Dealing with the inherent
computational complexity of the problem, we devise an effective heuristic procedure that finds a good quality
feasible solution within reasonable computing times. Computational results demonstrate the efficacy of the
proposed solution procedure; the developed symmetry breaking inequalities significantly reduce the computing
time to find an optimal solution for small size problems, and the heuristic procedure finds a better feasible
solution than that CPLEX, a commercial optimization software, finds for large size problems.
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+ Dje N G i) € Bl (= ko e K dii i (1= Vi)
< b* - Ziperdifi ke KY, (44)
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9] 2]9] Relocation(ij, k, I: | < k)& =33t} olu, k, (i,
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3} AZEZo] CPLEX WA 10.0& ARE-
&L Pentium IV 2.8 GHz PCoj|A] £33}
At} FelaE dug|Sols entMax®@} timeLimit T 7}
A sfeiolers ALGaIH, of Zhe olABE AT F
E}QI’J— o] AAs}H T entMax = 10, timeLimit = 1,000
2 2, o8 AT SUAIE EAE 100
22 SR, 1 olgt o ERH ABE A
£ Alo]z9] EAofA Trﬂi'ﬂ AduFHES 1,000% &
¢t oet Aut 223] gt F49 e 7 4 U8
7] witolt}. FelAE gl £YPw BIHE el
CPLEX:= A 1S Lot= Aol vlgZgly|, Alo]=7}
Z A= = A ARbe] AUE HASE 1T 4 gle
47t EH‘I-TO]7] 2ol dAHQ AIZE AL T3]
o] CPLEXQ] 28§ 2|7+ ELAjutc} 10 0005(91k 24)7F 47
HE Zﬂﬁbpﬂq A4 J-]r% 1~ 3 60 UEH,
E 1~ % 6o UERl 715 e ket 2k

- Lower bound HRM: 13 HRMo||A] A<
B3t wEo] i BaAF g)

Lower bound EHRM: & HRME] A|FA] (2)2} (3)
2 4 (1693 (72 BRI, Y IS A
gt 4 @4st (9F F/1 B3 EHRM
(Enhanced HRM)OA A4 2718 sfet mqo] 2
29 BT 2L

Lower bound Final: 2% HRM % EHRM2] %23}
2 Jal7] 98] 10,000% E9F CPLEXE Zra)al
o)A et 71 2 ZFe] LP-relaxation Lower
bound Z}

- Upper bound HRM: CPLEXE o]-&3}o] 10,000% %
QF 2% HRME &% o 13 7P £2 319 &
et 2k

Upper bound EHRM: CPLEXE o]-&

¢t 23 EHRME &3 of A
_,] 2.146 %}-

Upper bound Heuristic: &2]28 &322 1,000
Z B2t Y3k L5t 2 A l(best solution)2] &2
= gL

)
20& &

Gap = 100% x (Upper bound Heuristic - Lower
bound Final) / Lower bound Final,

- Ratio = 100% x
Min{Upper bound HRM, Upper bound EHRM}) /
Min{Upper bound HRM, Upper bound EHRM}.

(Upper bound Heuristic -

13} F 20 WA F717H 22 202 A gt
AP ATHE LrebTh OADMHI8(a) 9 OXC 1|85}

EI

vlwsto] OADMZE 7| 2]H]-8(g) ¥ OXCZH ﬂal 18

o el 7le] e EATY AolS A2l
1ol 24 v A8 Gt ) e =1
o AFAE 10 FAB, wer - 202 1] AHA
B I 20 AT 5, FAT AN I 2l

= 1-4 Ao 208 =A] A7gst

HRM% 202A] FollA 172419 KA 8= 10,000 l
Well gk1513l o1k EHRM2 2024 5= HAFE 24l
skgitk. E3E EHRMo] HAE b=t del= AhE
HRMO| oF 1082] 12 w&AIH k. JhH, wgr = 2002
S7HZL E 2904%= HRMZ 204 FollAl 172419
ZHA3)E 10,0002 o] Fol1d+Yg oL} EHRMS 208
A mE ZHalE SRlech wer = 209 A%, 2
EHRMZ: ]88 ff HAs|E gh=t 2= Alte] 2
318 2713 ALE Qlow (#1, #9, #10, #13, #20), =3
EHRMo| A5 Zh=t] Zel= A HRMO| oF 2.4
ol | fzolch E 17} & 29 @A vt
w7} A5 o] A 24)€F 39l 93t F AL A &
7F F3FE & 4= o) v, FEay dareEo) A
& I 13 E 2004 B Gap = 3%E A ¢hom, §
8] 202AIFlA FE 164 1284, 3 2004 1424
9 JW & stk

3 37 & dole 275 S7HIRI 202419 WA
l*lﬂﬁ} O] Aot nERITIAI R, wer = 19 ©e] A
= 3 39 ﬁ*lorﬂi wgt = 209 wj o] AP A=
o AL & 33 & 40ﬂ A= AFHAIZE 10,0002
Sk HASE FAT 4= ek T E 33 3 49
‘Ratio’ & A=, HRM Uil EHRM?] 3j|Er} Fa|A
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t}. ®3k HRMO| 71587} EHRMO| 75l 025t
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[ 1] HdZ23k N = 20, |E| = 30, |K] = 5, wgt =

1

Lower bound Upper Bound CPU Time(Seconds)
No Gap Ratio
HRM EHRM Final HRM EHRM Heuristic HRM | EHRM Heuristic
1 240 240 286 286 286 286 0% 0% 2464 91 1K
2 240 240 290 290 290 290 0% 0% 10K 1349 1K
3 240 240 293 293 293 297 1.36% 1.36% 2007 119 1K
4 240 240 284 284 284 291 2.46% | 2.46% 1591 126 1K
5 240 240 290 290 290 296 2.06% | 2.06% 7982 1402 1K
6 240 240 286 286 286 286 0% 0% 1270 206 1K
7 240 240 284 284 284 289 1.76% 1.76% 562 178 1K
8 240 240 279 279 279 279 0% 0% 651 90 1K
9 240 240 288 288 288 288 0% 0% 512 187 1K
10 240 240 292 292 292 298 2.05% 2.05% 382 110 1K
11 240 240 292 292 292 292 0% 0% 7981 739 1K
12 240 240 290 290 290 290 0% 0% 10K 207 1K
13 240 240 284 284 284 284 0% 0% 1051 213 1K
14 240 240 291 291 291 296 1.71% 1.71% 2669 230 1K
15 240 240 296 296 296 298 0.67% | 0.67% 1500 382 1K
16 240 240 285 285 285 285 0% 0% 1327 251 1K
17 240 240 288 288 288 288 0% 0% 5791 680 1K
18 240 240 283 283 283 290 247% | 2.47% 4094 74 1K
19 240 240 292 292 292 292 0% 0% 3664 883 1K
20 240 240 288 288 288 288 0% 0% 10K 304 1K
[ 2] A2k M = 20, |E| = 30, |K] = 5, wgt = 20
Lower bound Upper Bound . CPU Time(Seconds)
No Gap Ratio
HRM | EHRM | Final HRM EHRM Heuristic HRM | EHRM | Heuristic

1 240 240 530 530 530 530 0% 0% 556 1818 1K
2 240 240 630 650 630 630 0% 0% 10K 6670 1K
3 240 240 730 730 730 730 0% 0% 54 40 1K
4 240 240 490 490 490 490 0% 0% 1293 231 1K
5 240 240 670 670 670 690 298% | 2.98% 10K 613 1K
6 240 240 530 530 530 530 0% 0% 627 181 1K
7 240 240 550 550 550 550 0% 0% 487 265 1K
8 240 240 450 450 450 450 0% 0% 63 65 1K
9 240 240 630 630 630 630 0% 0% 244 872 1K
10 240 240 710 710 710 720 1.40% 1.40% 76 215 1K
11 240 240 710 710 710 710 0% 0% 6830 82 1K
12 240 240 650 650 650 650 0% 0% 723 731 1K
13 240 240 530 530 530 540 1.88% 1.88% 2035 3092 1K
14 240 240 690 690 690 690 0% 0% 657 302 1K
15 240 240 790 790 790 790 0% 0% 10K 1750 1K
16 240 240 550 550 550 560 1.81% 1.81% 112 90 1K
17 240 240 610 610 610 610 0% 0% 1125 232 1K
18 240 240 490 490 490 500 2.04% | 2.04% 2332 548 1K
19 240 240 710 710 710 730 281% | 2.81% 278 159 1K
20 240 240 630 630 630 640 1.58% 1.58% 160 1967 1K
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(& 3] A&Z23k: IM = 30, |E] = 50, |K] = 7, wgt = 1
Lower bound Upper Bound . CPU Time(Seconds)
No Gap Ratio
HRM EHRM Final HRM EHRM Heuristic HRM | EHRM Heuristic
1 368 368 401 436 435 425 5.98% -2.3% 10K 10K 1K
2 368 368 400 432 432 422 5.5% -2.3% 10K 10K 1K
3 368 368 403 434 433 430 6.69% -0.7% 10K 10K 1K
4 368 368 392 439 435 430 9.69% -1.1% 10K 10K 1K
5 368 368 401 435 434 426 6.23% -1.8% 10K 10K 1K
6 368 368 400 431 431 425 6.25% -1.4% 10K 10K 1K
7 368 368 399 439 435 430 7.76% -1.1% 10K 10K 1K
8 368 368 395 433 435 430 8.86% -0.7% 10K 10K 1K
9 368 368 399 435 432 428 7.26% -0.9% 10K 10K 1K
10 368 368 404 431 431 423 4.71% -1.8% 10K 10K 1K
11 368 368 403 436 432 424 521% -1.9% 10K 10K 1K
12 368 368 399 432 432 421 5.51% -2.5% 10K 10K 1K
13 368 368 405 435 434 422 4.19% -2.7% 10K 10K 1K
14 368 368 401 433 433 430 7.23% -0.7% 10K 10K 1K
15 368 368 404 434 434 439 8.66% 1.15% 10K 10K 1K
16 368 368 399 435 437 432 8.27% -0.7% 10K 10K 1K
17 368 368 403 437 436 425 5.45% -2.5% 10K 10K 1K
18 368 368 398 431 431 422 6.03% -2.1% 10K 10K 1K
19 368 368 402 432 432 427 6.21% -12% 10K 10K 1K
20 368 368 403 432 433 418 3.72% -3.2% 10K 10K 1K
[E 4] A&ZA3k N = 30, |E| = 50, |K| = 7, wgt = 20
Lower bound Upper Bound CPU Time(Seconds)
No Gap Ratio
HRM EHRM Final HRM EHRM Heuristic HRM EHRM Heuristic

1 368 368 398 510 480 460 15.5% -4.1% 10K 10K 1K
2 368 368 400 470 470 450 12.5% -42% 10K 10K 1K
3 368 368 397 450 470 430 8.31% -4.4% 10K 10K 1K
4 368 368 420 510 530 480 14.3% -5.8% 10K 10K 1K
5 368 368 400 470 470 450 12.5% -4.3% 10K 10K 1K
6 368 368 400 430 430 430 7.5% 0% 10K 10K 1K
7 368 368 402 510 520 460 14.4% -9.8% 10K 10K 1K
8 368 368 400 470 470 450 12.5% -4.2% 10K 10K 1K
9 368 368 398 450 450 450 13.1% 0% 10K 10K 1K
10 368 368 398 450 450 440 10.5% 2.2% 10K 10K 1K
11 368 368 400 450 450 440 10.0% 2.2% 10K 10K 1K
12 368 368 400 470 470 440 10.0% -6.4% 10K 10K 1K
13 368 368 400 490 470 450 12.5% -4.3% 10K 10K 1K
14 368 368 401 470 470 430 7.23% -8.5% 10K 10K 1K
15 368 368 418 450 450 450 7.65% 0% 10K 10K 1K
16 368 368 400 510 510 460 15.0% -9.8% 10K 10K 1K
17 368 368 400 490 510 460 15.0% -6.1% 10K 10K 1K
18 368 368 400 430 430 430 7.5% 0% 10K 10K 1K
19 368 368 400 450 450 450 12.5% 0% 10K 10K 1K
20 368 368 400 470 470 450 12.5% -4.3% 10K 10K 1K
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[# 5] A#Z3: M = 50, |E| = 90, K| = 13, wgt = 1

Lower bound Upper Bound CPU Time(Seconds)

No Gap Ratio

HRM | EHRM | Final HRM | EHRM | Heuristic HRM | EHRM | Heuristic
1 592 592 608 732 718 673 10.7% -6.3% 10K 10K 1K
2 592 592 606 703 703 680 12.2% -3.3% 10K 10K 1K
3 592 592 611 712 691 678 10.9% -1.9% 10K 10K 1K
4 592 592 603 782 694 664 10.1% -4.3% 10K 10K 1K
5 592 592 603 708 721 678 12.4% -42% 10K 10K 1K
6 592 592 605 698 702 688 13.7% -1.4% 10K 10K 1K
7 592 592 615 792 700 684 11.2% -2.3% 10K 10K 1K
8 592 592 604 697 698 685 13.4% -1.7% 10K 10K 1K
9 592 592 603 692 707 670 11.1% -32% 10K 10K 1K
10 592 592 605 696 692 678 12.1% -2.0% 10K 10K 1K
11 592 592 609 698 713 678 11.3% -2.9% 10K 10K 1K
12 592 592 603 701 693 685 13.6% -1.1% 10K 10K 1K
13 592 592 613 694 704 690 12.5% -0.6% 10K 10K 1K
14 592 592 607 738 730 674 11.0% -7.6% 10K 10K 1K
15 592 592 608 693 706 690 13.5% -0.4% 10K 10K 1K
16 592 592 605 692 719 678 12.1% -2.0% 10K 10K 1K
17 592 592 611 693 717 685 12.1% -1.1% 10K 10K 1K
18 592 592 608 705 701 680 11.8% -2.9% 10K 10K 1K
19 592 592 609 699 702 679 11.5% -2.9% 10K 10K 1K
20 592 592 606 692 699 662 9.24% -4.3% 10K 10K 1K

[ 6] d¥Zd3k M = 50, |E| = 90, |K] = 13, wgt = 20
Lower bound Upper Bound CPU Time(Seconds)

No - — Gap Ratio —

HRM | EHRM | Final HRM EHRM Heuristic HRM | EHRM | Heuristic
1 592 592 616 690 690 680 10.3% -1.5% 10K 10K 1K
2 592 592 612 810 820 700 14.3% -13% 10K 10K 1K
3 592 592 613 900 690 690 12.5% 0% 10K 10K 1K
4 592 592 618 880 690 680 10.0% -1.4% 10K 10K 1K
5 592 592 614 720 810 700 14.0% -2.7% 10K 10K 1K
6 592 592 609 720 840 700 14.9% -2.7% 10K 10K 1K
7 592 592 617 690 690 690 11.8% 0% 10K 10K 1K
8 592 592 612 740 690 690 12.7% 0% 10K 10K 1K
9 592 592 612 740 780 670 9.47% -9.5% 10K 10K 1K
10 592 592 614 690 700 690 12.3% 0% 10K 10K 1K
11 592 592 641 860 890 690 7.64% -19% 10K 10K 1K
12 592 592 612 970 690 690 12.7% 0% 10K 10K 1K
13 592 592 612 730 730 690 12.7% -5.4% 10K 10K 1K
14 592 592 606 690 710 690 13.8% 0% 10K 10K 1K
15 592 592 607 720 720 700 15.3% -2.7% 10K 10K 1K
16 592 592 614 690 690 690 12.3% 0% 10K 10K 1K
17 592 592 613 700 700 690 12.5% -1.4% 10K 10K 1K
18 592 592 618 790 690 690 11.6% 0% 10K 10K 1K
19 592 592 614 690 690 690 12.3% 0% 10K 10K 1K
20 592 592 613 690 750 680 10.9% -1.5% 10K 10K 1K
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# 1~ & 69 Ratio’ ghofl theh vl Ay 19 40
aopstol Lheblich. 13 4ol AEEE 7} Eol ekl
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BR|(N| = 20, |E| = 30, K] = 5)01 ¥ 13} & 29] Ratio
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e A e
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glEo] ¥ F2 siE WAt Aotk 53], wer = 20
¢l Aol = CPLEX7} 10,000% 53t 2= 7Hd &2 3f
urk felaE ehuelo] 2 oyl BRHeE 4%7)
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