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Two Phase Heuristic Algorithm for Mean Delay constrained
Capacitated Minimum Spanning Tree Problem

Yong-Jin Lee'

ABSTRACT

This study deals with the DCMST (Delay constrained Capacitated Minimum Spanning Tree) problem applied in the topological design of
local networks or finding several communication paths from root node. While the traditional CMST problem has only the traffic capacity
constraint served by a port of root node, the DCMST problem has the additional mean delay constraint of network. The DCMST problem
consists of finding a set of spanning trees to link end-nodes to the root node satisfying the traffic requirements at end-nodes and the required
mean delay of network. The objective function of problem is to minimize the total link cost. This paper presents two-phased heuristic algorithm,
which consists of node exchange, and node shift algorithm based on the trade-off criterions, and mean delay algorithm. Actual computational
experience and performance analysis show that the proposed algorithm can produce better solution than the existing algorithm for the CMST

problem to consider the mean delay constraint in terms of cost.

FINE : E&2X dH(Topological Design), CMST(Capacitated Minimum Spanning Tree), DCMST(Delay Constrained Capacita-
ted Minimum Spanning Tree), #2IA& Y|/ (Heuristic Algorithm)
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where R; specifies single tree, x,;, = 0 or 1
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where R; specifies single tree, x; = 0 or 1
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H 4L Aastes P97 Ad gg)E(MDA : mean_delay_algo
rithm)S EE o2 o443ttt DCMST ¢nalEe AA 3
He (a9 3z 2k

1. Execute the initial algorithm
2. Phase 1 : Execute node exchange algorithm
(call mean_delay_algorithm)
If it is impossible to extend for all spanning trees,
then goto 4.
else
Phase 2 : Execute node shift algorithm
(call mean_delay_algorithm )
3. If node set is changed, goto 2
4. Algorithm is terminated

(12! 3) DCMST g1e|&e| X8 A

2.3.1 =& u# daE
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o] ol A EJEE AT E RE 9 =& 9 E
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if subl # sub2 and MZ( o 07 + g, — g < MAX
and 2 qnt ;g < MAX,
me node(sub2) (10)
ks; = edge(subl) + edge(sub2) — d
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ks{, = — 00
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Algorithm : node exchange algorithm (NEA)
input : Icnt, kent (p), node (p), path (p) obtained in the initial

algorithm
output : NEW.s, lent, kent (p), node (p), cost (p), path (p)
variable : flag /* flag = 1 ; (initialization), flag = 0 ; (otherwise) */
process -
step 1 :/* initialization */
@ flag < 1;
using path(p) (p = 1, 2, -, lent),

mean_delay_algorithm( ) ;
@ NEWeost — Daow 3 /* initial total cost */

step 2: /* trade-off (ksi) computation */

) for node pair G, j) G < j, WV, P
if (i € node(p)) subl « p;if (j € node(p))
sub2 «— p;

) using equation(10), compute ks; ;
@ if (ks; < 0 V(i J), algorithm is terminated ;
@ sort ks; with descending order ;

step 3 © /* new topology generation */




while( ksj > 0) {
@ for node pair (i, j) with the largest ks; (i, j),
/* node exchange */
if G € node (p)) subl « p;if (j € node (p))
subZ2 « p;
node (subl) < node (subl) U j;
node (subl) < node (subl) - i;
node (sub2) < node (sub2) U i;
node (sub2) < node (sub2) - j;
@ for node (subl) and node (sub2),
by applying MST algorithm, find path (subl)
and path (sub2) ;
@ using path (subl) and path (sub2),
flag = 0,
mean_delay_algorithm() ;
@ /* total cost comparison */
if (Deost = NEWeost) { /* node restoration */
node (subl) < node (subl) U i,
node (subl) < node (subl) ~ j ;
node (sub2) < node (sub2) U j;
node (sub2) < node (sub2) -
ks < -0 ; repeat step 3;}
else {
NEWcost < Deost 5
ksy < -0 ; goto step 2; }
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Algorithm : mean_delay_algorithm (MDA)
/* link capacity allocation and total cost computation algorithm */
input : path(p) obtained in NEA or NSA
output : Deest, Tk
variable : flag /* flag = 1 ; (initialization), flag = 0 ; (otherwise) */
temp : vector to save link set (path(p)) on MSTs
process :
{
step 1 1 /x traffic flow computation */

if {(flag == 1) temp < path(p), p = 1, 2, -, lent
else temp < path(p) p = subl, sub2
for temp,

Ay — 2q; [for i€ node(p) corvesponding io temp ;]

step 2: /* link capacity allocation and mean delay time
computation */

for temp {
2 dAid/
Cie— "t 11 1 = ]
# v Delay da,d,
1
T,
* (#Ce — 40)

step 3. /* total cost computation */
if (flag == 1) {
cost(p) — gdckdk (V k = path(p)) ;

lent

Dot 21 cost(p) ;
=

else {
cost(subl) — Zk:dckd,, (k € path(subl)) ;

cost(sub2) « ;dckd,, (k€ path(sub2)) ;

lent

Dot < p cost(p) + cost(subl)
p=1, p*subl . sul
+ cost(sub2) ;

}

step 4 : /* control to NEA(or NSA) */
return(Deost) ;
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if subl + sub2 and am+q; S MAX,
me node{subl)

ks’z/' = di;' = @ oax (12)

(12X = == 7 £3% 28d Ef subl# =E |
7} #?’} 2 B sub27t 2R % 2] Ay
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Algorithm : node shift algorithm (NSA)
input : NEWe, lent, kent (p), cost (p), node (p), path (p) obtained
in NEA
output : NEWeey, lent, kent (p), cost (p), node (p), path (p)
variable : flag
process .
step 1 : /* check whether node shift is possible */
if Vp, > ¢, = MAX, algorithm is terminated ;

J € node(p)

else flag < 0,

step 2 /* trade-off (ks'j) computation */
@ for node pair i, ) (i < j, Y, ),
if (i € node(p)) subl < p;if (§ € nodelp))
sub2 < p;
@ using Eq. (12), compute ks’ ;
@ if (ks'y = 0) V(i j), algorithm is terminated ;
@ sort ks'y with ascending order ;

step 3 : /* new topology generation */
while( ks'y < 0) {
(D for node pair (i, j) with the smallest ks';,
/* node shift */
if (i € node(p)) subl < p;if (j € nodel(p))
sub2 « p;
kent (subl) < kent (subl) + 1,
; node (subl) < node (subl) U j;
! kent (sub2) < kent (sub2) - 1
‘ node (sub2) < node (sub2) - j ;
@ same as step 3, @ in NEA
@ same as step 3, @ in NEA
@ /* total cost comparison */
if Deost = NEWoos) { /* node restoration */
kent (subl) « kent (subl) - 1,
node (subl) < node (subl) ~ j;
kent (sub2) < kent (sub2) - 1
node (sub2) < node (sub2) U j;
ks'i < | repeat step 3; }

else {
NEWes < Deost i+ /* set the reduced cost to
new total cost */
ks’ < © ;go to step 2}

(38 7 == ol g1e

o

3. DCMST ¢12l5e] 43 3 45 24

3.1 DCMST ¢12|&e| M
Lemma 1: DCMST ¢uelZ9] v 24z Om’olch
(%) WEd AZEHe= 2219 dolHES d;, ksu, ks';
=1 . n;j =1 - o0 olth me %ha~4
NEA, NSA, MDAY 2z} EM]OM H2e e yo]
1 278 4ngde dEy ERE 94 0m) 019_:?.
DC MST ¢ze&e A4 vry 2gss Om)elt. Wl

Lemma 2 : 3¢ A9 dueF MDA A7 £3== Om)
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F9) AME EFE o] &3l A A Mg uEF 9
T3871 1M DCMST &gl &9 MDATHS 4 &3}
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A H32 & nolnE MDA Adtsjol &= ©af
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—
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A 73 AL 20 dnEEe] Fy A7k
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t}. @k Maximum{O(nlogn), O(m)] = O(n‘logn)olth. W

Lemma 4 : 3t4e] Egfe] & # & #Ho =247 MAX
2 Agse DCMST duelde Azt 545
= O(n‘logn)elth.
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F(MDA)Y EFEE OM)ol2& step 19 Bk On)

olt} step 29014 ksyt V(,j)i € node(subl), j € node

(sub2) ; subl + sub2)el thal] AT T Hehgiz 1/2n

-MAX)(n + MAX - DolB2 A7 Balxi= Omd)elth step

32 Hoto A Hd ksy METE MDAS step 28 b

B Fgsiof gk WA, Do A A7 Ondolth Qo



g

[

AME 2y Wstg Efle x= gew MST ¢18Es
Hg3hd g Aled MST ¢ E15]9 Al Bz
O - log E)ol3 E= oA]9 7|42 sparse graph®] %-$-9l
£ MAXe°]3, complete graph®] 3$ol+ 1/2MAX(MAX
+Dojth. 28y Ao ksy MHF MST dueEs wsg
Szt MAXSH MAX'S A40lB2 A B4EE On)
o] dth @A MDAE 2709 W3lg Egdy Fgsn
2 AdHolof 3t HA9 AU AFE 2MAXolth H
9] A% F ks AFHE MDAZE wtEE 4 glemzg
A B EE Om)olth. mehsd NEAS step 39 HA A
7 BEREE Maximum[O(n’), O@?), 0(m)] = Om)elch
o] 5 E NEAY AHA Azt BExEE Maximumlstep 19]
EA% step 29 BERAE step 39 E#AE] = Maximum[O
(n), 0", Om)] = O(H)olTh, FUE WHYOR wE oF
FRHAEFNSAY A BRE 9A On’el @ 28
2 DCMST ¢aal&e] Al 43 A7e 27is) dagd
o] A8 AJ7h+NEA A8 Al7h+NSA A8 A7 = Maximam
[O(nlogn), O(n%), O(n®] = O(n’logn)elt}. [ |

32 A& of

DCMST &1e39] A8 #Ae Msiy] Y ==2n)
12, 4 == EdY a7 g =1;1=1 -,
12), shte] 2E |48 F e Ad EFRMAX)L 3
A3t vEYAY HFE A A7HDelay)S 1msdd A&
nE gt FFE HA dol(I/we 1000 Y E/HZlol i He
Z 98 d9} G 242 12 3} o] W) FE M2l (o)
. Ag WMEH 2T A Y (symmetric) 2 <E 1>
211l

(E 1) HE| HER~

0 1 2 3 4 5 6 7 8 9 10 11 12
41 )

40 2

31 17 18

24 19 19 8

17 28 28 14 9

23 23 21 23 16 20

11 45 44 30 26 17 31

7 48 47 38 31 24 29 13

20 57 56 42 38 28 42 12 18

22 63 61 53 46 39 42 25 15 22

29 69 69 55 50 42 52 26 23 15 17

31 73 72 61 55 47 53 32 24 24 11 12

© 00 1 S U o W N

—_ =
—_— o

—
[y

HA, 27|18 duES A& (29 88 den, 1
2y Efe x= JFS (1,23}, (4,56} {7,9), {8}
{10, 11, 12}o]c}. ©}A] NEAY step 1, @14 MDAE &
dtol HA vl &E AN <#E 2>8 dErh

Ao AliZtnt EcHE 20| MStzls AMd B2l BN 20 REIAE L12|E 373

(3% 9) NEAS| EEZX|(H|Z : 155)

(B 2 =70 Wi XA 22|52 HEE 2

. lambda | capacity |delay time
tree(p) | cost(p}| path(p) | link cost M |(Cr: Mbps)| (Ty : ms)
0-10 220 30 46 022
1 450 | 10-12 11.0 20 38 027
12-11 120 1.0 26 0.38
2 7.0 0-8 7.0 1.0 26 038
0-7 110 2.0 38 0.27
3 20 7-9 120 1.0 26 0.38
0-5 170 30 46 0.22
4 420 5-4 9.0 20 38 0.27
4-6 16.0 1.0 26 0.38
0-3 310 30 46 0.22
5 50.0 3-1 17.0 20 38 0.27
1-2 20 1.0 26 0.38
VIEYA Hi XA Azt 1 ms
A =8 11670

o]Al, NEAY] step 2914 M2 o & Egd £3 == %
G,pol M Efol=-2 X ks; = edge(subl) + edge
(sub2) - dy& ALre. A7]A, edge(subl)2 =& i7} &
28 2y EF suble = FolAH FEZAY Hd A
7], edge(sub2)= == j7} 249 A9y Ef sub2¢] =
E FdA FEARY HDAT, dje == % (G, j) Aol
B3 dfo|tl o E B9, ks, E AMNEHTY WA 29
27q EY w= HPdA wE lo] £&d ~¥Y E
29 A9l subl = 1, =& 47} A£E Ay Egle] A<l
sub2 = 28 &A%Y U802 edge(subl) = min{dy, do,
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dos} = min{4l, 40, 31} = 313} edge(sub2) = min{dy, ds, ds)
= min{24, 17, 23} = 17&¢ 73vh w2bA, ksiy = 31 + 17
- 19 = 2971 9} FUF 2oy Ede) 458 & (|,
el tafiAs ~o2 T ofd 4o AAd Egel=
X mlEH A (ks <E 3> 2k

(H 3D X7| ks EERIA

1 2 3 4 5 6 7 8 9 10 11 12
1 -00
2 -0 -0
3 |-0 -0 -00
4129 29 40 -»
5120 20 34 -o -
6] % 21 B -o -0 o0
71-3 -2 12 2 11 -3 -«
8114 15 24 17 24 19 29 -
9 /-5 -14 0 -10 0 -14 - 24 -0
0y-0 8 0 -7 0 -3 8 3 11 -«
(-6 -16 -2 -11 -3 -13 8 30 18 -0 -
121-20 -19 8 -16 8 -14 1 29 9 -co -0 -0
BolM AL & e Adetd w= 4 3 )] e kssq

= 400t} kB 33 & 42 n@Ed Ady Efy w=
JEe {1,2,4}, {3,56), (7.9}, (8}, {10,11,12}7} "¢} &
g == A% (1,249 {3,560 MST ¥nglEe 24
3 Fol NEAY step 3, @A mean_delay_algorithm
TEe HA HEE AEE 1710 A4 o] & 27
el m el 1678 Fog Ady Ef wz NS
A ddidiE #dd o 7MY & Efol=-92E g
H ksgo = 38& deth old Hog duyEe AL A

£33 A= (29 9) 2 <FE 49 B

(E 4) NEA2F NSA2|

link | lambda | capacity | delay time
tree(p) |cost(p) | path(p) cost (M) | (Cx : Mbps) | (Tk : ms)
0-10 | 220 30 46 022
1 450 | 10-12 11.0 20 38 027
12-11 120 1.0 2.6 0.33
2 7.0 0-8 7.0 10 26 0.38
0-7 11.0 20 38 0.27
3 20 7-9 12.0 1.0 26 0.38
0-5 170 30 46 022
4 340 5-4 9.0 20 38 0.27
4-3 80 1.0 26 0.38
0-6 230 30 46 0.22
5 46.0 6-2 210 20 38 027
2-1 20 1.0 26 0.38
HESZY Hi AH A1 ms
A WE 01560

NSAE A &3t Hl8& 1552 NEASH $YsA%, NEA
o] == g9 M 5ola o1 Jge {1,268}, {3,4,5), {7,

9}, {8}, {10,11,12)<)¥) w8, NSAY w= 3t 4=
4o]i 1 [ {1,2,6), {3,4,5), {789}, (10,11, 12}o] v},
ad (28 104 FENMY ox] $7F 591 o] fi= I
g {789} MST ¢u2lEg 488 43 (0-8), (0-7-9)
22 /el MST7F fojx]7] dfolt} mwaba = 7 §ol
HAEHAL o]5 o838t thA] NEAE H&4atw u|go]
15191 (2" 1D <E 5>7F dojAy, BE Ady Eg
p = 12344 el o o4 849 & glemz a3
glFo) Fad)

(38 1) F Ho NEAY EEZX|(HIR - 151)

(B 5) F B NEAS] df

. lambda | capacity |delay time
tree(p) |cost(p)| path(p) |link cost &) | (Ch: Mbps)| (T, - ms)
0-8 70 3.0 48 0.21
1 330 8-10 150 2.0 39 0.6
10-12 11.0 1.0 2.8 0.36
2 0-7 11.0 30 48 0.21
380 7-9 120 20 39 0.26
9-11 15.0 10 23 0.36
0-5 170 3.0 48 0.21
3 34.0 5-4 9.0 20 39 0.26
4-3 80 1.0 28 0.36
0-6 230 30 48 0.21
4 46.0 6-2 210 20 39 0.26
2-1 20 1.0 28 0.36
WENRe] HF Ad Azt ms
HA v& 1510




T XA A2t EchE 80| Motaeles &

33 AlEajold

DCMST «xnd&s Hrketr] & == HEE x =
[0, 100], v = [0, 100} AtolellX Y £E(uniform distribu-
tion) 2 ¢ HAE L, deHe FFrt Afe 4 (13)
S AHgE & A9 Y = HE (xy, v), (X2, y2)
o di&l, 7 FHE Atole A=lE

d;= 1| (\/ (21— x9) + (3 — )% +0.5) I x100 (13)

oz AHodi Ay AAE HL(dy)SE LTI, 2 F
< Aoz spA g
E xx9 g wal eI FuH)7t FEO, 0 $
Ashs AL TCE, AEG0, 5009 A8t AL TER 3
olAl A4 4 (exponential random number)E X, #A

YES IS F7 By v &L vZa 3,

1
1-U

x =31 In( ) (14)
v

oltt. 4 (14)elX Us +7¢ [0, 11904 df EEE 3l&
& ypeltt 4 (14)E o] $3HE HHE AHEsld nrje
Zol4 Y43 (poisson random number)E WA A T, 1 Zt
L 4 =xoMY Efig g0z %tk ve 10, 20,
30, 40, 50, n 30, 50, 70& AH&3tx, AW EHFHMAX)
& AEHA A Lo g F Hd gelMRH n4 7
A& AH&Egd. AHE o) FORTRAN-773 C 4199
I A AL PColtt A (15)E 2718 gxeFd o3
RAE Efd @ Ad duydEFe HE3e d& AdH
v]go] izt DCMST &1elgEe F7EE FARY 4
(15 A VICMSTI= 2718 ¢x2Ed H# de 2y
& w]golm, VIDCMSTIE DCMST &1 Zd o3t g
o]},

VICMST]) — VIDCMST]

SV = VICMST]

% 100 (15)

TC % TE HZEd diz] A EHo|H& a8t 4 (15
o digt Hol g AAE HYF ol <& 6> e}
lth FolAM REo] HFAEL TC H2EY 77 Ao
45%, TE Hl2E9 L7t AU 56%2 TE H2ES 7
$7v 2ok satA vEldn ok AA AEHeldY #
& A|7+2 9 Lemma 4elA oln ZWE ulrp g
2718 dnFe #8 ATE 12 #& 9 TC HEESQ
7A%7} 14~254, TE HAEQ H$7 1.2~2.030]At} o]
PollE 2718 daelEe A¥ Aol ¥ Joen=z
NEA, NSA, MDA%e] HA A8 A7k 242k 04~154(TC),
02~1.03TE)°] #vh. webA Lemma 4elA S Azt
BHze Algeole F8 Alzte] ZAIEE & 4 gith
FE Hd ERHMAX)Y 71  =E=59 Fvbe dH7

Iid E2| EH 2EHA RBElAE YalE 375

g0 obFd %S FA Edu vk oY AH2ZRH
DCMST #Ale =24, Hd Edg aeja I3 Hl§ of
Exst & Aole] #AHE fredr|rt oleR g & &
et

(E 6 Zch BUE

L B v 10 20 0 40 50
30 - 053 181 103 234
TC 50 018 © 445 181 117 262
0 122 178 232 18 20
30 - 094 18 224 220
TE 50 018 559 23 24 515
) 100 123 167 27 379
4. 1 E

2 AfoME ZEC £33 JF A AnY AL =
& WEHEN FE xSg¥E 29 RSSS gues
Ha v g9 20 E AFe dx duEe AN
th AgE dnzze 7]Ee CMST &A1Y Aot 270
P7 A A A% 2AE Frtste] 8% DOMST &
Ag A8 2 R A BFEE 7122 CMST #l
Atz duEH o =& 0@ ¥ = o|F9 2t
g B3 agdez e AdE U 9 dugdE
g Aol U 2 HA B4l FEHYeH, ANgHolA
A% wzd GAZ ol ANY HE T AU ¢
2L 28 YEYAY Ed EZZA HA Hors A
A o BN P 2HE T wSERY BREAA
EU HEN2E HZE 3= d HEd 4 o) gdo=
o AFoME £38 EEZ2AE A 499 ¢34
Zo] 7lyjgrt,

3Robe A

gn2d
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