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Convergence analysis of multiple constrained routing-based
ant colony optimization algorithm and its application
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Abstract: To deal with the routing problem of the multiple-constrain quality-of-service(QoS) in wireless ad hoc net-
works, we propose an improved ant-colony-optimization(ACO) algorithm in combination of QoS requirements. In this
algorithm, QoS requirements are simplified, only the major effects from network factors are considered, thus facilitating
the algorithm applications. The convergence of the algorithm is proved theoretically. The information pheromone of the
conventional ACO is improved to make the algorithm converge both locally and globally under a general convergence con-
dition we developed. This work may provide a foundation for further theoretical studies on the multiple-constrain QoS of
ACO.
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1 5] (Introduction)

IR SV 2 1992 4F & KA %2 # Colorni A,
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ME ) R 228 FHAZ 7 ok T AT R 1) A2 R IR I
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2 WAL 5 ¥:(Ant colony optimization al-
gorithm)

2.1 QoS%y W Fei& N FF pR H(Constriction of QoS
and applicability degree function)

QoS HH 1) B (1) 2 fm) FH 7 4 44 s 380 3 1) e 45
JUE CRAE. B 5T & 48 A A 5 48 IB (delay) SE B
¥l Fli(delay-jitter) 717 % (bandwidth). Z i % ( packet-
loss)Fl 7% F (cost)5%:, 1X L4 [R5 M) il T QoS i ki 1n] /it
BRI LA IRAT

W 28 B R R IR EIG = |V, B, Hrp: V&
TR ST AR, BRI BERR AR, s € VA
W, u e VRIZE L X TAE ke C E, & X4F
JE P LR pR Hidelay(e), P 4% 4E It i — /MNP TE
W9 2% b AL S~ 320 B 5 I I A 4E 38 4} 3)) eK £ delay-
jitter(e), M 4% £l 50 & FR TP A% iy i [a] 1 K A A2 4k, LA
AN BRI T 00 2 AL B T R DR A
7 9 PR $ibandwidth(e), W4 4% (177 56 A Jak /D> vty 1) 3y 1E
IR IR 255 9 HH ek Bl cost(e), 87 I 245 ik i 11T 16
W X FAERME T fin € V, e X4Fh g, 4
N FE IS bR $dalay(n)« 9% FH B8 Bllcost(n) % K bR
Hipacket-loss(n)F 4k I £} 21 o £ delay-jitter(n), TP
FEAL LIS RE AT AT REIIN g 25 2R 5 5, R 222k
I R R A4S B0 32 B B B 40 3, IR T 45 0 W
2RI, AE 2% b TR R L R AT, SR AR Y R

D e/ L BIR E BRSSPI R
KHISAN LR G AT
delay(Pr(s,u)) =
>, delay(e)+ >

e€Pr(s,u) n€Pr(s,u)
cost(Pr(s,u)) =
> cost(e)+ >

e€Pr(s,u) n€ Pr(s,u)

bandwidth(Pr(s,u)) =
min {bandwidth(e)}, e € Pr(s,u), 3
delay-jitter(Pr(s,u)) =

> delay-jitter(e) +

e€Pr(s,u)

>°  delay-jitter(n), 4)

nePr(s,u)

delay(n), (1)

cost(n), (2)

packet-loss(Pr(s,u)) =
1— JI packet-loss(n). &)

n€Pr(s,u)

1) SEIZR:
delay(Pr(s,u)) < AD;

2) i SE L
bandwidth(Pr(s,u)) > AB;

3) JERFELSHZTR:
delay-jitter(Pr(s,u)) < AJ,;

4) EEERLN:
packet-loss(Pr(s,u)) < AP;

5) LW 2 R A& A cost(Pr(s,u))i
/N,
V) ZR 456 ) 3 I R
F,, = a® [delay(Pr(s,u)) — AD] +
bd [delay-jitter(Pr(s,u)) — AJ] +
c® [packet-loss(Pr(s,u)) — AP].  (6)

AD,AB,AJ, AP 7~ P 45 55 R [ E I | 217 55 o 4E
I EL S EALRLR, a, b, c43 50 I SEZ L SEIR
P L0 A T R 29 A 3E NS e A b T B
8 (o) WIETT R AL, Mo < OB, &(z) = 1; &0,
D(x) = r, r € (0,1)Z [ PIBEALEL XFE, 2% i
AN AR HEAS QoS LTINS, 5t HrBR TR E A8 51 AR S
SR R 19 2 EAT RG], B 25 AN AL Y 8 29 TR i
. IXRE, LI ALAK ) R e A R AR 29 AR AL )
SO 3 A7 338 I 5 R B8, 12 B b KA HLAR S e /N
% £H, B A A2 QoS 2 AR 4 A S DL .

2.2 R B 9w 2 W TH(Program design of ant

colony algorithm)
A H b3 B H L, 5538 N JE PR B TR R R AR

YT EG = |V, E|, & 56 #3755 11QoS
ZNARTTRE, MK G = |V, E| AL %2
WA A B, BN Brbandwidth(Pr(s, u)) <
ABJI. AR5 4 LR JUAE BRK AR QoSISUIE 5L i F
I i

Step 1 & XU FILESSE:

W1 UG AL 25 A5 05 HI(delay, delay-jitter, packet-
loss, cost) I HUE, Y1461k 555512 () [delay, delay-jitter,
bandwidth, cost] HU{E, 45 I AR &A1 AD, AB,
AJ, APWIH:

& XARFLAG BRI E T (t) = muls, ©AT;; =
0, R MG AR Y55 AL

Step 2 & lisa, %, Hlisag(k = 1,2,---,m; m
hy WSS B, PR AR S RIS B A K, S sR R
lisa, KM FI4L, WsPIUGEs = 1; K mi(E E T lisay
KN 151;
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Step 3 Jx B H UL T IR H Bllisa, 51 K # H
T, sIE BRI

of A O T T 208), BT AR R

alp) .l
T ) - (t)ﬁ , Vg € allowedy,

pfj = > Tha)- U (t) (8

s€allowed
0, oAt
3 17, (6) =2 FREN Z0(d, 7)i8 B AF B 3= W,
allowed, = {0,1,--- ,n— 1}H Ll Ik —

EX"?@‘ = 1/dij7 dljﬂéaﬁztk@%dﬁﬁ\jZ]fﬂ 1) 2.
QRN ARG B, B30 BE UL BE AR 2
P, Ha >0, 6 > 0. A5 BRI £ 77 5,
T 0554 A Blisay, 2 s 41,

Step 4 {55 5L 3R 9 BT HEAR ).

75 F WORE S AR Y QoS In) LN, — A5 B &
P QoS &R

1) Je s ST

XF T2k s, i R i (i, ), HAE B =R
JET (4, 7)R4s 2

Ti;(t+n) = (1—p)-7;(t) + A1y, )

H: pAfE RERERBESHO < p < 1, A&
INARUAERR P AT, § EIE R E, QNS
5.

_ @

ATij = fk = Q1 - Fy. (10)

fs)HIEX:
f(s)=Q by =
Q- {a® [delay(Pr(s,u)) — AD] +
bd[delay-jitter(Pr(s,u))—AJ] +
cP[packet-loss(Pr(s,u))—AP]}. (11)
g SIS, A A P R AR A P ek
FEH CHERAL.
Fr R AR ORI 1, 2 SR A R AR B, A
SLERIRE
2) AR
8 IR Dl 58 IR AR i, B Y

Tii(t+n) = (1—=N) - 7(t) + A7y, (12)
B IASP . o
Q-

AT = cost(Pr(s,u))’ (13)

/?\,\

_ Q2
9(s) = cost(Pr(s,u))’

Hi: 0 < X < 1, cost(Pr(s, u)) &5k i ik £
IR AR Pr (s, u) ERE 2] Q2 W RE. ZHp,
MDA ZTBE e — AN T LR E, LAk 5015 B 3= 1 o R
2.

Step 5 HIRIE B KIEAAL:

R GEk Bt KIEACUCEUR iy H fe A6 2 1 %
7 MNEE L) PP, 1 B E R R A
Mk
3 HkK st 4 Hr(Convergence analysis of

algorithm)

SIE 1 fEe,h, N TAREYL BERESAT,
H L T < Tij S Tmaxs o

f(s) g(s)

Tmax = max(77 )\ )7

f(s) = Q1 - {a® [delay(Pr(s,u)) — AD] +
b® [delay-jitter(Pr(s,u)) — AJ] +
c® [packet-loss(Pr(s,u)) — AP]}.

D(x) M IE T R AL,

1, z <
@(m):{ 7x\0)

(14)

, r e (0,1),
r, x> 0. (0.1)

o(s) = —2
cost(Pr(s,u))
UE FEWCRERZE, HBCHE SR D B2 5(8)~
(AHFF
fls) =
Q1 - {a [delay (Py(s,u)) — AD] +
b® [delay-jitter(Pr(s,u)) — AJ] +
c® [packet-loss(Pr(s,u)) — AP]},

Q2
96) = ot Pr(o )

S I AL A2 M s, 0 AR 3R

1) 49Uk MR Z i e, ;, B F IR B2 H b
BN, AR A A DE

{m = (1= p)r(0), t — o0, Ar; — 0,

Tij = Tmin-

%%%nﬁ)ﬁ‘iﬁfﬁﬂiﬂmm-
5 3= AT R s . R4 o)
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7(1) = (1 = p)7(0) + f(s), T(t) =
7(2) = (1= p)r(1) + f(s) = (1=X)'7(0) + ( A)'Q(s) + (1= A)'g(s)+
(1= p)*7(0) + (1 = PF(s) + F() =gl 5ol =
L=27O) +A-AQl)+ 32 (1~ N g(s).

T(t) = (1= p)'7(0) + (1= p)" " f(s) +
(L=p)2f(s)+ -+ fls) =

(1 - p)'r(0) + z (1— o)~ (5).
7(0) R IT () FIRTLRIRAS;
() = (1= p)'7(0) + 3 (1= p)' i f(s). (15)

1=

[

1t — oo,

Ty () = lim 7;(1) = pf(S)

f(s) = Q1 - {a® [delay(Pr(s, u)) — AD]
b® [delay-jitter(Pr(s,u)) — AJ]
c® [packet-loss(Pr(s,u)) — AP]

1
+
+
.

3) Wik it ilie,;, ey, € s, WHNZEIA L)
{5 L 2 RS S AT AR R, B A R (12)
(1)

Je B NI G A e T (6) R an R
7ii(t) = (1= p)'7(0) + (1 — )t Yf(s)+

(L=p)"2f(s)+--+ f(s) =
(1—p)'r (0)+;( p) T f(s).

é\
Qs) = X2 (1 p)' £, (16)

W7 R

TZ]() (1_ ) ()"‘Q()

B L AN BRI BTG E, 20
7(0) = 7i;(t) = (1 = p)'7(0) + Q(5),
(1) =1 =N)7(0) +9(s) =
1= N[~ p)'7(0) +Q(s)] + 9(5) =
1=X)(1=p)'7(0) + (1 = N)Q(s) + g(s),
A7) +9(s) =
(1=2) p)'T(0) + (1= X)*Q(s) +
(1 =X)g(s) +g(s),

1
1

1—
1—

HARI6Q(s) = 3 (1 — p)' f(s) A LA

T'(t) =

(1 =X2)7(0) + (1 = N)'Q(s)+
(1=N)"tg(s)+ (1 A)'2g(s)+- - +g(s)=
(} A)'T(0) + (1= A)'Q(s)+
R -

(=N 7O+ (A=A 2, (1=p)" " f(s)+
(1=A)""g(s),
Horpr (0)FonaRAs s () AT IR, B
7i5(t) =

(1—=XN)'r(0)+ (1

umﬁ

NS (1)

=1

> (1= 0 7g(s). amn

(s) +

Mt — oo,

7o () = lim 7' (t) =
Jim (1= 7(O)+(1 = A 3 (1-p) 7
(13 g(5) = 96,

_ Q2
;H\:EPQ(S) = m, JH:,

A P B3R SL AT 45, X T E B T,
Tmin g Tij < Tmax-

HEEe.

EE 1 Bep(t) Wt 20 N IBCH ST
FINER, YT EYe > 0, p(t) > 1 — efliir; Ht — oo
I tlim p(t) = 1.

WE AT CREA A E, BRI )5, 5
TR BER B R DU Bp(t) Ating 2 P IBURR A9
FIRBARMRIINER, Ve > 0, Bfip(t) > 1 — ellior;

15 BRI AN, ST S AE B R, (1), B T <
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Tij g Tmaxs %%pmln%%§§‘1ﬁ‘r§%Tﬂjﬁ$, I)_I\IJ
Tonin * 1ij
Pmin = J >

Tiva (8) * T (0 F 71 - 155(2)
kieij ,k};ﬁ]
7-r(rylyin i nrﬁnin

(7 = D)7 (1) - T (8) +7 5230 (1) - T (£)
Xﬂ‘/EE/%‘/J\ Egpmin» i/}jﬁp 2 pminﬁ?’f‘n

>0

1I%HT?UtHTH’J7lﬁ}E?Ep Pl >0, HT Mt 7
or KB, SRe T B — AN S L, W) I ds A0 i 1) Ak
Hp(t)H

p(t)=1-(1-p)" (18)
Ve > 0, [t K, H
p(t) > 1—¢
FrLA, 24t — ooltf
tlim (1—p)=0.
AN (18)
tlim p(t) = 1.
UE5E.
EE2 s NRIRBRRITTEE, Ve, € 555 s, M

R LERAL TR, Ven € sn, LRGBS
é}tﬁ;ﬁﬁﬁ{/\%{t): yjﬁﬂcl < Tij-

UE KBS N — 7 AU O, AT Ay O BLR 34
5oL

1) Vey ¢ si, Hep € s, M T ey € si, flifn;,; <
N VILRACIS, V135 = 10, TkIEFEe, FIHEZ R0, 13
th

Tkl = Tmin-
2) Ve € siem & Sns gc‘xaait(lanr%:
7ij(t) = (1= p)'7(0 )+E(1— p)' " f(s).

At — oo, T7¥(t) = lim 7;; =

lim i, = 2 £(s),

7(5) = Q1 - {a® [delay (Py(s,u)) — AD] +
bd [delay-jitter(Pr(s,u)) — AJ] +

APJ}.

=

c® [packet-loss(Pr(s,u)) —
3) Vei; € i, e € s, T A7) T

P() = (1= A)7(0) + (1— ) (1 —

i=1

() + 3 (1 - A g(s),

i=1

FFLL, it — oo, ™ (t) = lim 7/, = %g(s)’
9(s) =

Q2
cost(Pr(s,u))’
tH L B3R OLAT 43, B 75 = it = Tonin.

i
EE 3 s NI ITTEE, Ve, € s, 5o N

A RALE £ TE I, Ve € s, Uity = min{——L,
%}Hﬂ», E‘xﬁﬂ-j = Tl

UE - A — IR BRI T UG, TRad — B
I to 5, H R A8 T mAUUm ot =15 B & 1
n, e firoo s BAE B =D, H 2> 2 &S
B Tonin M 1E.

1) Wy kes itk
0 5) 5

Tt +1)=

dilie;;, £iVei; € sy e & Sp, T

Tij

(1=p)'r(0) + > (1=p)"~"f(s)=

@
~ HM“
(——

[

(1=p)'7(0)+ > (1—=p)'f(s) >
t'(1—p) "V f(s).

1Mk, 1) EIE B AN

lng/

T (t + ') = max { Tmin, (1 — M) Topax }
m = min(pmina )\min)-
?'UW, ﬁﬂ'j > Tminﬁ‘zj.
Tij(t) > ’Tkl(t), /D\%
t/(]' - p)(tlil)f(s) > (]' - p)tTmax-
1E SR st #evh,
1
Tmax = ;f(8)7
/ 1
t(1—p)" "V f(s) > (1 - p)t;f(S),
ps TPy
p
2) ﬂgﬂl)‘(ké’éﬁlﬂ €ij» V(B” € S;, e € Sy, maXEE
KA7)THH:
T/ij (t + t/) =
(1=XN'7(0)+ (1 =N ;(1 —p) 7 f(s) +
t .
S0 (s) =
(L=N'7(0)+ (1 =N (1 —p) ' ()+

[

1=
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S - A)g (), P ) g(5) > (1= 2)
i=1 1 s p
f(s) = Q1 - {a® [delay(Pr(s,u)) — AD] + A R, Toax = Xg(s)’ s AWNTIES
b® [delay-jitter(Pr(s,u)) — AJ] + v - v
c® [packet-loss(Pr(s,u)) — AP]}. A "
. PRI, B R O AT A5
o t t —min{l_p 71_)\}
F(s) >0, (1=X)" 3 (1= p)~"f(s) > 0 o R
i=1
IFEEE,
L) t o R
TLt+t) > (1 AI7(0) + 3 (1= N)tig(s), 4 SE5{h H.(Experiment simulation)
=1 4.1 M40+ B (Network topology figure)
Tt +t) > (1 - N Vg(s).

FE 4 JR S, 7 () 55 Jd AL 8523 A — BT 43
7yt + 1) > 7 (2), B

5[2,0,0.00001,2]

Sy Ut B B P RE, ST 4% 4 B, AR SR
FH LTI 25 755 550 PRy W 2% 45 Ha R 700 9k A7 52 56 47 B,
K 1.

6[3,1,0.000001,4]

/Q [4,1,110,3]

6
Q\[4,0,70,1] 7[4,1,0.000001,3]

4] 1102708 [6.5,80 4] 42704
7
4[2,1,0.0001,6 o
16[4,1,0. 000001 3] 17[2 0,0.000001,5]
[9,6,120,7] 7 [1,0,70,4]
. [18,5,50,7]
3, [103.90.7] [132100 14]
/ 251505 [6,0.80.11] 8[2,3,0.000001,1]
13[10,1 000001 2] [1,3,100,13] [6,0,40,3]
(11,1,110,4—{ 14 T
21,110 19] 14[2,1,0.000001,10] 15[1,3,0.00001,5]
3[3,1,0.000001,2] [11,2,100,7]
" [1,1,90,3]

[10,3,70,2] (10, 1 ,90,1] [13,6,90,15]

1[2,3, O 000001,1]

2[1,3,0.0001,3]

[10,2, 11&1 3,120,7]

2[4,2,0.000001,2] [10,3,110,4]
[11,0,120,2]

1[6,1,

K1

Fig. 1 Network

HRAREAN T 5 F (delay, delay-jitter, packet-loss,
cost) & 7, I JT R 4 AR Y R REIR | FEIR
13l F R R, 54510 H[delay, delay-jitter,
bandwidth, cost] %7, Forh )70 3 73 AR BE 2%
IR IR F} ) IRy 5 N 2 .

4.2 LK H S B E (Parameter setting of ex-
periment algorithm)

FEIFSL P, BLAD = 58, AJ = 20, AP =
0.001, AB = 70. 4 T B uES 56 AR, X HAH 2t

9[1,1,0.000001,3]
[6,1,70,2]

[8,2,50,16]

[8,2,90,1]

10[2,1,0.0000001,1]
0.0001,7]

W2 b i

topology structure

AT T A i BRSO A A S 1 B AR,
Je R 2R G000 Al 58 1K) 22 5K (bandwith(Pr (s, u)) >
AB)fii 1 1 £ ¥ 4h K11, B T144-5, 10-12, 16—
V7R L, #3280 112, T 110 51 56 5040 440 e Pl 205
7930, YA L, H I RS, QoS KU E AL &
Ha,b, IR, FEARLRH, ®Ea=b=c=1,
HIFE AL QoS BN, 2% 1 2 FH ek M 1y il 29 1 H.

25 531 B AN 36 AL QoS 12 JiF 1) 9 4% 1 b, L.
E25175.
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WHES R E: o, B, p, A, TEE S HU I 42 2
ML S (107 R E e LA, IR B
J S BRI BB AR AR LR A S 56 45 R 2 KT 104K
U6 P PR, URE RN 20, 35 4R400K, I A AR

5[2,0,0.00001,2]

[4,1,110,3]

BN R e a5 . AR e HAE B T S i . &
NIE )RR EE

a=1, =2, p=0.3,

A=0.9, 7 =80, Q1 = Q2 = 1000.

6[3,1,0.000001,4]
6

[10,2,70,8]
4[2,1,0.000,6]

[9,6,120,7]

16[4,1,0.000001,3]

[7.3,80,7] [10,3,90,7]

13[10,1,0.00001,2]
[11,1,110,4]

[14,1,110,19]
3[3,1,0.000001,2]
A
[10,3,70,2]

[11,2,100,7]
[10,1,90,1]
\
112,3,0.000001,1]

[2,3,120,5]

14[2,1,0.000001,10]

[4,0,70,1] 7[4,1,0.000001,3]
[6,5,80,4]
[14,2,70.,4]
17[2,0,0.000001,5]

[1,0,70,4]

[13,2,100,14]

[6,0,80,11] [2,3,0.000001,1]

[1,3,100,13] 15 [6,0,40,3]

15[1,3,0.00001,5]
[1,1,90,3]
[13,6,90,15]

12[1,3,0.0001,3]

[10,2,110,5] [11,3,120,7] 9[1,1,0.000001,3]
[6,1,70.2]
2[4,2,0.000001,2] [10,3,110,4]
[11,0,120.2] [8,2,90,1]

10[2,1,0.0000001,1]

1[6,1,0.0001,7]

W2t T AL 44

Fig.2 Network topology facilitation structure

K 2

5[2,0,0.00001,2]

[4,1,110,3]

6[3,1,0.000001,4]

[4,0,70,1]

7[4,1,0.000001,3]

[10,2,70,8] [6.5.80,4]
4[2,1,0.0001,6 [14,2,70,4] 1.0.70.4
[ : 16[4.1,0.000001.3] 17[2,0,0.000001,5] [1.0,704]
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Fig. 3 Routing finding of ant colony optimization algorithm
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