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Abstract: . In"application I;yer multicast (ALM) tree, when a parent node quits or fails, all its descendent nodes
must adjust their })ositions, which causes the interruptions of multicast connections. This problem is called stability
problem of ALM trees, and it may affect the continuity of multicast data transmission and then degrade user
experience seriously. This paper first analyzes the stability problem of ALM trees and proposes the instantaneous
stability degree model (ISDM). An approach which takes advantage of the statistical properties of members’
join-leave behaviors is proposed to estimate the relative leave probability of member nodes in ISDM. Then,
real-time transmission is one of the important aspects of ALM and one major objective of the ALM-based real-time
transmissions is to determine multicast tree so as to guarantee the lower delay. This paper proposes the DDSD (the
degree-and delay-bounded maximum instantaneous stability degree ALM tree) problem based on the/ISDM. The
DDSD problem is proved to be NP-Hard and an approximation algorithm (i.e‘ DDSD-H) is proposed to solve it. In
addition, three heuristic policies are presented for the algorithm. Fil‘lally} the simulation results demonstrate the
validity of the proposed algorithms and the comparison in the performa;lce of the three heuristic policies is made.

Key words:  application layer multicast (ALM); stgbili\fy; instantaneous stability degree model (ISDM); spanning

tree algorithm; heuristic policy
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Table 1 Summary of problem models for ALM Bpan}mg ‘tree algorlthms
*1 &fﬁ%éﬂ&%iﬁf\ﬁﬁ&ﬁ’ﬂ i IR Y 3 45

i
.

Problem model Problem description
DBMM Degree-Bounded minimum spanning tree problem
MDDBST(MDDL)!"*"*!  Minimum diameter, degree-bounded spanning tree
BDRBST(LDBR)!'>"? Bounded diameter, residual-balanced spanning tree

BDRFBST!'? ‘Bounded diameter, residual fraction-balanced spanning tree
MDM!! s Minimum delay multicast
DCMD!! Degree-Constrained, minimum delay spanning tree for node-and-edge-weighted directed graph
DEMST!®! Delay-Constrained minimum spanning tree
DCMA!' Delay-Constrained multicast algorithm
ODscp!'® Optimal delay constrained shortest path multicast routing

ARSCE 1 ATER Y ISDM AL I 45 tH T — Bl PP Al 12488 2 v =5 ASORFNT 28 TP R 28 1) 5 R 588 2 T ISDM AR Y
P& H RE AL 3R 52 B 1) e K B A5 A B ) I )2 A 3% A J i) 1) AR I ——DDSD(the  degree-and delay-bounded
maximum instantaneous stability degree ALM tree), - iiF B i% [l # J& T NP-Hard 1) @. 25 3 75 #& i sk fi# DDSD i)
UL DDSD-H,IF45 TN H T EVEN 3 MR R U284 198 47 B8 80 70 i LR AR SO ER B |t
HE kAR PR S 5 WRE T — P TAE.
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W h p(vi), 5 WAL 4R 5 2 Nance (T, Vi), TS R0V 4 52 52 M W 32 P o (Vi) R o 5500 R
P(v)= Z pP(v) 2

Vi €Nance (T,vi)
TEIR 1. N JZ ALER B IR 251 0 10 52 5 R 2 R A8 T2 1) 52 53 0 1 a0 R3] S A
E A AR N T 2 A B TV, E) Y s AR B V()= V1V, . Voo,V 3 BB T 1Y vy e V(T) ARG 125 T4
APV, HAE WA PR 5 AR 5 52 ST R AT 70 90 2 Nance (T, Vi) A Naese(T, Vi), 12 19 1 14 52 52 W0 R BE 2 D Pa(vi).
[ B BB 2L R 4 o 25 A 1 R 52 5 i A 2 A Dl Po(T), U
R.(T)= ZP V)= z 2 P() =2 P(%) | Ny (T,V) | = E(An(T)) 3)

i=1 Vi €Ngnee (T,V}) i=1

T LA, 125 B A » \ \‘ O
1.3 A% FF I A AL }

M52 2 R Z 2, BAR P 700 s B T AR S il 2 Bl LI Tﬁﬁ%@fgﬁﬁﬁﬁ@ﬁﬁﬁﬂ?ﬁ%tﬂ%ﬂ %’*f P41
AR, 85 R ALE 28 1 R 4K S (session-on-time) 1 ﬁi&m*é}ﬁ(logm\mal dlstrlbutlon)[3 ST GG [l — A Ry

Uk 30 T R B, DK 204 e 5 A I Iﬂiﬁcﬁi,ﬁ‘ﬁ(}‘ﬁﬁ?,ﬁﬂﬁ S 2 I AR Xt R R < 2 Y 55’]?“%’2
I [F] 452 6L IF, )" ' AL 5 8 1) T o Téﬁﬁ'ﬁ%%ﬁﬂ‘]#ﬁ%ﬁﬂ‘l‘lﬂ&ﬁﬂﬂ‘ E R ITALER A (4 T REVE BN 2 IS
FEASCRI LY 5 B’Jf&ﬁlﬂ]frfﬁﬁ*ﬁﬁ%ﬂ SR 2R 2 B T AR SORs BT AL S AR

'S Table 2 symbols and terms defined in the paper

s R 2 AICEXM LI S AR
. Symbols Meanings
T Random variable for the length of multicast session-on-time
t Variable of multicast session-on-time
t; A time point of multicast session-on-time
f(x) Probability density function (PDF) for lognormal distribution
F(x) Cumulative distribution function (CDF) for lognormal distribution
LP(t) Relative leave probability, when the multicast session-on-time is t
AT Update interval, the length of time domains

FH T 715 A AE 2R ] 1R T R MK S000E 25 4 A, BT LU ﬁj\%ﬁﬁiﬂzﬁyﬂawﬁiﬁéﬂaﬁﬂrﬂE’Jiﬁ%@\?’;&&i&f(t)
1B A g BF )70 ) L (@) R R G s, o B IE 2 5L K 1) ATE 1(b)ﬁ3\ jzf(t)ﬂlF(t) K, K%
BIUAE K 1=5.19,0=1.441°).

~(n(®)-p)’ \ ‘\ -
1 \ | P J

f(t)— wor o’ (C))
—an(x) m
F®) \5— j ®)
0.0045, 0.0045 1
5 00040 5. 0.0040 |
Z,0.003 Z  0.0035]
£ 010030 25 00030
> 0.0025 E 5 0.0025]
= 0.0020 EZ 0.0020]
s 0.0015 S8 0.0015]
e}
S 0.0010 S 0.0010]
A~ 0.0005 S 0.0005 |
0.0000 b P ——— 000000 oo
0 200 400 600 800 1000 0 400 800 1200 1600 2000
Session on time (s) Session on time (s)
(a) PDF (b) CDF
Fig.1 PDF and CDF of lognormal distribution with £=5.19 and o=1.44
B ORS00 (1=5.19,0=1.44) (¥ 55 1 o HIORT R AR 20 A1 b 1
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[toot,tn)u[tnstos 1), o El FR Eo=0, % DX W] oAy 25 FFABE 26 5 37 () B AT (update interval). 15 715 £ (1) 249 5 £E 2 1 18] e, H.
mmoW%ﬂanWMﬁmﬁmzﬁLmuFm<T<mgj”fwm Ft,,)-F() . R35H T 8

O RER 23 SE 7 ) RS 2 B 10 A I TR] X 1) PR AR X 25 T RBE 3 DAl &5 28
Table 3 Estimated relative leave probability of different update intervals and time domains

3 ANIA] S JT ML A B[] o A IS T X 8] 55 A 0T 85 O A PP Ak 45 2R &\
\

Y

Relative leave probability (-107)
[to,t)  [tit)  [tts)  [tsta) [tats) [tste) [tety)  [tats)  [ts,te)  [to,tio)
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120 3899 1901 1056 672 463 336 254 . 198 158" 128
240 5800 1728 799 452 286 194 39 103 79 62
360 6856 1471 610 322 194 127 & 63 47 36
480 7528 1251 480 242 140 89 60 43 31 23
600 7990 1075 388 188 106 66 44 30 22 16
900 8 686 767 248 I}Z © 36 23 16 11 8
1200 9 065 576 N\ 7 22 14 9 6 5
1 800 9453 360 X 19 11 6 4 3 2
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AE T 125 R %6 Sk A X 19 R
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AR B GRS s 2L FERREYT e e P A 2L s 1) S 3R (R AR P ALK AR ) Ay T
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LI IR 1 S5 R 2 5 S, TR 7 R3O AR B I B 001 T 2414 B (delay-
and degree-bounded maximum instantaneous stability degree multicast tree, % FX DDSD),1Z% [A] & & LA -

FEX T(DDSDREIE). 4k 5¢ 4 1 B G(V,E) X T BT £ve V. p(v)(p(v) [0, N % H et AU AT #6774
e Onax (V) (Oimax (V) €N EE 7R 1271 550 18 85 K B B A, (V) 2 s 121 A IR A BB A8 38 5 T4 R il e e Ec(e) % ikl b
AL R IR A(A eR) A 45 58 R SE IR b 5 SR 2 LR S AT AR ORI T:(1) 15 sise VIR TR S 2, VA firfr 1y
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DDSD-H ﬁ?ﬂi*ﬁﬁ? FRJhE A H30 40 45 W 0 R B0 ) 5 SR

CPPQ: M % 5215 s L 56 2% B\ %) (priority queue of candidate parents).’t g 3% T ZH4% B v ml LLGI BT 1) 15
ﬁﬂ‘]qﬁ)ﬁ,lﬁ)@lftfﬂ IRTP=E 3 CHNER IS VAN 8 AL S s LTI

Delay[v]: v s 4 B IR B4 8 i s 17 AR o 2 20 78 B JHC At 5 A 71 iR B OB R 127 B 3R 4 T T A
FIZAT R B AR b S 1 IR AT A S AR N AN T W AL R AT AR 2 .

PTA[V]: i 15 [ 52 5% W HE 28 (probability of to be affected)¥4H. & iC % 7 ALIBM h & AT M1 715 SALE 1)
AL, MR AR D AT RO BT R AR b AN T R (R G AR TS SRR T ) AR 5 T A 2 2 AL

Degree[v]: 7 s B (degree) B 4. &1k T & MEL LT O EMA N T RN H.

INPQ:AF NN s I 58 4% B\ % (priority queue of joining nodes).'tic. 3% T A 44 AN B 241 37604 o 5 21, BA %1
PP 4 R AR OC B (B REAT U S G HE e J 1 R A B T AR T T RS e xS AN (R (P LB 3.2 7).
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CTQ,JTQ,TQ: I I BA 5] (temple queue) L .
ExtractHead(Q): M 2: - # 3£ FAS1 Q ¥ 15 4> o 28, BA A1 FLR o 3 AR TS 1 4.
DDSD-H HE TR HliA ] 2 Fros.
DDSD-H Algorithm
Input: G(V,E)
Edge Delay: c(u,v) for u,veV
Node Proprieties: Delay ¢(v), maximum degree dmax(V)
and Relative Leave Probability p(v) for any veV
Root Node: seV (suppose that dpax(V)=1)
Up-Bound for Delay of Multicast Tree: A
Heuristic Policy: HP
Output: T(V,E"). § \
Procedure: # \
(1) T=0; CPPQ=C. \ -
(2) V(T)<s; Degree[]=0. 3 i
(3) INPQ<«V(G)«{s}, sort the nodes of INPQ by HP. ,
(4) CPPQ<«s, Delay[s]=0, PTA[S]=p(S). \‘ ‘\ -
(5) CTQ=CPPQ, JTQ=JNPQ, TQ=C. \ - .
(6) while INPQ=TQ do (7)~(24)

(@) TQ=INPQ. \‘ -
(8) CTQ=CPPQ. \
) while CTQ=@ do (10)~(24) \
(10) v« ExtractHead(CTQ).
(11) . JTQ=JINPQ. ¢
(12) while JTQ=2 do (13)~(24)
W(13) ¥ ¥ u<«ExtractHead(JTQ).
(19 if Delay[u]+c(u,v) << A then (15)~(24)
Y 15) V(T)<v.
(16) E'<e(u,v).
a7 if dpax(V)=1 then (18)~(21)
(18) JNPQ—vV. //remove v from JNPQ and move forward the nodes behind it
(19) Delay[v]=Delay[u]+c(u,v)+c(u).
(20) PTA[V]=PTA[u]+p(v).
(21) CPPQ<«vV. //insert Vv into CPPQ by non-decreasing PTA
(22) Degree[u]=Degree[u]+1.
(23) if dnax(U)-Degree[u]==0 then (24) \
(24) CPPQ—u. //remove u from CPPQ and move forward the nodes behind it \
(25) if INPQ== then \ 2 ®
(26)  return T(V,E"). | >

(27) else return FAILURE. b

Fig.2 Pseudo-Code of DDSD-H lgoi‘th&' -
4 2 , DDSD-H SAH Py feas

HEHAT S B (1) ARG 5 &5 @}Ef‘ﬁ@iﬂﬁﬁ%é s AN ALHE BRI E 5T RIBA S

-

CPPQ v 5 3 4547 15 40 A\ 31 0\ Figli (41 56 ZBA FRINPQ #1545 0 s (133 0 A 3L 45 2557 6 1 52 56 i A
A A 55 (2) ﬁﬁ?l‘ﬂﬁ%{% 6~24 A7} SRR CPPQ H I e L1157 B 52 5% W R 5 /) 1)
TR S LA INPQ B D S % 4% 100 A S0 S 38 0 0 el A AR o AR D 032 7 9 e, S SR A7 I AL de K
S 3 PR A UK 2 e ) AN LA T (58 15~24 AT RPN i M B K EA N LK IR A 2] CPPQ
JEM INPQ R %14 (5 18~21 47 ) W R BT K052 15 AT AR EW Sk 0, UL 2E A CPPQ o IR {47
24 A7 }5(3) SRR (3 25~27 AT} SRR A PTG DL — Bl BT AT 1 S AR g N B o RIS i 5 — R
TEATYIRAT F 23 4T KR AN BV v RIVERVE R W VR RIS IR 24 3 Ffe(1) BT 1 s R e R R PR 2 )
TIVI-1;2) $ER E SR A<A'(BBEAEAH B GE VE ZR IR O N [ B /M IEIR Y A);(3) SRR 3RAG 42 Ja Jee AL
fife F o JAUEAT (L) PR (2) 22 T A B3 0 D5 DR (3) A B BT 1 B R B PR 1, B0 3 g 0 e 2 )
ORI i LA RE 3R A5 4 Jm) S DL A
32 BARAKRE

JA B SRS HP 52 SCT S35 INPQ BAFI K4 st it HE 7 77 5K . DDSD-H SEEIEAT 3 i e 2SR, B4 2
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FEDRSE 15 R X 8 FF M AR A0 S0 A0 2355 2 1 S TR X 8 R 1) JR R ARG 24 i INPQ BAAI B2 4 1, ]
X3 PR AR S A
%R 1(DPH). Vi,jeN, if 1 <i<j<I, then dya(INPQ[i])=dpnac INPQ[]]).
T SR O PR ASE R IR Y R S BT AR T BT I A B N SR AR s AR AR I N 2 AL AR A I Y
RO TR 2R 05 52 52 Y R0 R A /AN, DT 45 380 W90 288 6 e 8 vy () B 3 (S 2 1 SR L 5 1 )R R K (degree
priority heuristic, [ X DPH) ¥ 3 A4 AR 76 A ST o DPH S X L 56 2 BAF1 INPQ H 11 i 42 FE B K 88 BR ol
{E B HES.
%R 2(LPPH). VijeN, if 1<i<j<I, then p(INPQ[i])=p(INPQ[j]).
M,éﬂ%ﬂﬁjﬁﬁg‘%mﬂﬁ5ﬁﬁﬁ"]%ﬁﬁﬁiﬁ?%’E‘J'T%J\%,ﬁ.ﬂﬂ,ﬁﬁ%$|§4ﬁ,ﬁﬁiﬁEl’*]*r?)fg\ﬁﬂ’ B\ﬁiﬁﬂﬁﬁﬁ"]
AET 15 AR 24, JU) HE A B8 £ 52 5% WA 15 R 25 ) ST S AT, DT A 9 285 At 5 A v 1) A R P X (L2 3 s A 0
B T 5 10 3 % 2 (relative leave probability priority heuristic, i #k LPRH) A4 I AH ek o 7% LPPH
G ST LB INPQ H 1715 m 2 URE KT 88 ok 236 A8 B F HE 41
Rs 3(DLPH). Vi jeN, if 1<i<j<I, then DLPR(INPQJi] )>DL‘PR(J\APQ[j]) .
Mg 1 FISENE 2 o3 Ak s 2 Ay 5V$ﬂﬁ)5*ﬁxi%ﬁﬂﬁ$,ﬁiﬁkﬁ SE AR RE LR 2 LK WY F R . e, S
3 R GRS 2 FET 05 FE UM 6 3 FF AR K 1) )7 & 2\(degree and relative leave probability priority heuristic, i #R DLPH)
SEWE . DLPH 5w DL 5w B 5*ﬁﬂ%ﬁﬁiﬁﬁ\ﬁ(rauo of degree and relative leave probability, {# FRDLPR){E 4
I 2 BA B INPQAHE I (13 , BT WV € V(G), DEPR (V) =g (V)/p(V). £ 4% 33 h  DLPH S 6 INPQ 15 i 4%
W DLRP{EFF RS, &
33 FEERER
5% )5 47 HTDDSD-HFVE 1 I 258 B 42 Pk PAT X FAE VRS IR 2 1~5 47 75 223 BOn (B O(1); P TS I 55 6~24 1T2H
3 JEWhileEER 4 R 505 52, W AN EAGFE {35 6~24 4T } AT B IREE V-1, 1 IR IR FE {35 9~24 AT } ML N JE AR R {6
12~24 47 AL BIR G BL T $AT (1 B O (V=130 3R F A 24 N AT A SO 0 b (0 D 1 10 58 21 4T 75 ZEREAT
EC AR B A 1 VR O(log,| V). R L, AT Dh T 565 6~24 47 1 22 () I 16 4 OV - loga V) A AT Dh i 1 5 25~27 47 1R tH
SRVA I 5 B HO 1R O(1). 7T WL, DDSD-HAL I (1 1 7] 52 24 18 4 O(|V[*-log,|V|). DDSD-H v 1) 2% [Fﬂ4§%\§:ﬁ*ﬁif}”
A7 58 4 PR AU, MO 23 ) 52 2% 2 5 O(IVP).

\ ! -

4 HEEETH e
o T LG DDSD-H $3: 5 7 2 5322 (91 g, 2 195 L T DDSD-H g‘?ﬁfBO SREM TO 5% AESIL BO 5

TR T SR 1Y 42 e O BRI B P e 27 5”‘):1&/@#%4‘ RN AL B R REOCE R (9501 RS D AR
HEB e R BE S/ AR LA ) IE(EHTU@QPJ; )AL SEIL TO SR, 1 A 1Y w2 EE@EHJMJ&F”W?

HEZ R MR 45 A ﬁbu)&ﬂ%ﬂ* AR AL M0 P AR L HE A T A IR AR A DA AL L
4
4.1 KWHE

411 iEITHE

%%Iﬁ‘yﬂﬁI"JJN%E‘J%ﬁﬁ$}{¢1ﬁﬁ%§OMNeT++(object modular network testbed in C++)P" %4 1L 3% 2
F A1 2 AT B AR K 2% 15 TF I — Ffr 9 A R AR 5 A T R 47 28 T HL AT BLIE 4T F Linux f1 Windwos 55 £ AP
£ .OMNeT++1: L f F] B FHE 5 :NED(network topology description)FC++. i & I A5 id B 45 45 b, o /T LLsg
SR, BRI R 4%, 5 # PATNEDE 55 8 LA
412 JRZMSH I

55 3CHR[22]28 00,12 92 56 48 T GT-ITM ¥ 0 25 1 258 23172 26 3L T transit-stub B B () W BE R0 2% 4 41 3% 9 45 th
4 040 A% 1 887 SR B3R AT 4 A transit X 38, B A transit X 8T 10 M transit 7 2, B transit 15 5 S 4 4 stub
X A5, B A stub X 3 XA 25 A stub B R A 380 P 7 5K 40 B RE B O 2 07 2K FH Waxman B 8, H 2 500y

3
|
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a=0.6,=0.7 transit-transitf transit-stub%y) B4 % 4L I8 25 5] BEALHUE T 1ms~55ms. 5> stubds 4 1) 49) BE 4 1 4238
KIS RENIHI T Ims~10ms. 2 5 N T 4186 19 LU sl BB ) 2 B stubi B 4%, AL 5 e 4% 2 18] 19 42)
PRSI GE IR P S BENLILIR T 1ms~5ms.7Ei8 1T DDSD-HEL % 2 BT, 14 56 /1 Floyd-Warshal 5 : P41 84T &0 8K 11 28
R A PR S R 5 T A% R 5 AR AT T ML s ) P43 e 6 A K 3 14 56 4 T Tl EIG(V,E).
4.1.3 71 R OR BE B I

ABBE B R AR 35 K PR O (V) IR A BEESC X ] (2,611 PR 32320 90 A
4.1.4 RN A R

5 SCHRITT00 5250 7 2 B0, FRA TR 195 553 000 0 N 1) 200 il AT, TIRE F6L P 1340 50 43 A JL S 8505 B i T=3600s,
M1 8 AN 1T RS 15 44 25 0 1) A= o A BI04 6 0T 28 o0 A, 3L B 800 B 0 125,19, 0= 1.441L T LU AT NAN 1Y 2 5
K5 N J 2R 438 B S N ) A N LR AR 11 P R B H T, HLT A P BRI () 1Y S I\ A St
TR 4 U, 2 574 15080 H 49 90N =500,N,=1000,N5=1500 FIN,=20004 i A 5 5 Rl 14 5 6 it t=1
800s,3 600s,5 400s,7 200s,9 000s,10 800sF1 12 600sk} %I 38 1 ] Eéﬂﬁ‘ﬂf\ -
415 B TR 8 \ * -

ARSI W EAT 2 360s. A\ ™)
4.6 SR TR B A‘
B BERZ R TAR $5 /) A AL B ) AEE SR DT, WU S5 565 v S5 KB B 3R PR 82 5 D4 A= DT(8>1). AR DTHY,

A IR DCMD-HEE S DOMDIEL /71955 18 T 348 45 £ BRI, K E 240 3 7 T 3228 10 /1 3
J2 4114 1 A2 0 T DOMID- FUB 5 2 — T Bk I8 6 R A9 DCMID il 51 7 5 B0 A5 S 4 T P
S5y ol B T S=+oo, B RSB AR AE AR 2 5050 ¥ DDSD-FR AL g s A FEE 52 I (1) 552k I 25 iz i A b 15
TR A SR A SEARAE S B N P £ B B S (A T AR 5y P B SO RE S AT 1 1 2 A S AR d
KWk A FEE BE IE, A SRR B 60 1.35.
4.1.7 PiECSERAIH

te4¢ DDSD-H Sk A AN BRI RS 60 K 5 BO SLVERT TO SV 3 (1 W T 2 2L 45 W 6 52 52 0 19 i 80 H
S B N I A RS BE S5 U7 T R A RE LS DDSD-H 534 3 Fl i A USRS 1 55 DCMD-H 5032 A 2 ) 41 4%
IR T 1hT A e A S B N EPﬁuﬁiﬁﬁéﬁiﬁﬁ&ﬁﬂl@fﬁjﬂdEéﬂ%EWJ‘@%%M%%‘E%’%%%;I:tﬁ‘&
DDSD-H SR 4 M0 AR DL 2 i e 2 S mes 0 21L $8  52 36 s 250 RO BRI 5 At

P87 TR I 0 A 30 T A R P 0 5 2 20 B0 015 3 A 2 o) S 1 2 0 200 1 0 52 1 6 R,
S 6 02 7 U2 200 8 o 7 B A7 LR ()L =
42 KRR o o

FRATE S5 U T AEAS R BB S IR A% B0 T Ei*\lj)bSD-H SO 3 MR R HEms 1 i B AR S 20 0 2 7s h
DDSD-DPH,DDSD-LPPH il DDSD-LPDH)j BO #.%. TO &k, DCMD-H Sk 43 /) B 2 4L %A A 9%
il 2004 R 110 5 B B AL 2 A0 A0 T A Bt 55 2008 B DDA O 3 4 2t 4 ANLIR
FRYAER L TRIN 201

Table 4 Number of nodes in ALM system for different total numbers and session moments

R4 AT RSB AL R G A A R AL 20 I 21 (107 5

1 800s 3 600s 5400s 7 200s 9 000s 10 800s 12 600s
N;=500 79 109 48 31 23 18 15
N,=1000 159 217 96 63 46 36 29
N3;=1500 238 326 144 95 70 55 44
N4=2000 318 436 192 127 93 72 59

TV AT 3k 4 FhEEIkAER 4 S LLIE S0 I 20038 T2 AL 3Rk 7 (80 L, JRATTRR 5 AL R 4
H >4 500,1 000,1 500,2 000 [¥]ZH 4% & 4t (I 4 3% 2157 5 &y Session 1~Session 4.1 3 F1P 4 43 M Ge 1 T ik & Fi
SR 3 B ZEL AR A 52 5 R T A 0 0 B R I A RS L 5 R R W, A B R A 3 P LR AR ) 2 S e T B
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300 2 R AN 2 e R R I A 120 mp 9 s B H R 8 2 T 0 K, e 2 TR AR

Expected number of
affected nodes

Expected number of
affected nodes

45 4.5
—+—DDSD-DPH —%—DDSD-DPH
4.0r —v—DDSD-LPPH | - 4.0r1 ——DDSD-LPPH
350 —A— DDSD-LPDH S 35t —A— DDSD-LPDH ]
I ——BO 28 | —9—BO ]
2.5 E3g 25}, -H g
23 %
2.0 xm S8 2.0f 7
L3 g P X =¥
1.0 : : : : : : 1.0% ‘ ‘ ‘ ‘ : ‘
1800 3600 5400 7200 9000 10800 12600 1800 3600 5400 7200 9000 10800 11§00
Time (s) Time (s) *
(a) N=500 (b) N=1000 \ - .
5.0 5.0 3 s
45} —+—DDSD-DPH i 45! —+—DDSD-DPH il
40! —<— DDSD-LPPH g‘a 400 —<— DDSD-LPPH
. —A— DDSD-LPDH 5 2 . —4&— DDSD-LPDH
357 —6—BO nos 3.5 —6—BO 1
3.0} —a— g B 30 —&—T0 1
25 DCMD- b s = mmi
2.0} s &: 2.0t
LS e o (I = =
1.0 ‘ : ‘ ‘ : ‘ 1.0% ] : ‘ : ] ‘
1800, 3600 5400 200 9000 10800 12600 1800 3600 5400 7200 9000 10800 12600
h 3 Time (s) Time (s)
L] ¢) N= =
N=1500 d) N=2000

Fig.3 Expected number of affected nodes under different algorithms with 5=+oo

3 BPEE T IR R R H R AE (5~+o0)

1.00 1.00
0.98 4 1
0.98 1€
8 0.96F ] 8
= 094} 1 = 096} ‘\
= —<—DDSD- LPPIT = —<—DDSD-LPPH
< 0.92 | —&— DDSD-LPDH b= —4A— DDSD-LPDH .
& 090l —oBO - | a "% ——BO
2 090 270 '" 2 —=—T0
0.88| —©— DCMD-H ‘ =] 0.92 DCMD-H =
1800 3600 5400 7200 9000 10800 12600 1800 3?00 ¥40¢ 7200 9000 10800 12600
Time (s) ’ - Time (s)
e, \ »
(a) N=500 n \ (b) N=1000
1.00 o 1.00
0.99 4 ] 0.99¢ ]
2 098" i 8
> 97| —+—DDSD-DPH s 09 % ppsp-pPH
2 /[ —=—DDSD-LPPH 2 )97 —7—DDSD-LPPH
% 0.96| —=—DDSD-LPDH < —&— DDSD-LPDH
A —6—BO A —6—BO
4@ 095 —=—T10 2 09 _5 10
0.9 DCMD-H ‘ : 0.9 DCMD-H ‘ :
1800 3600 5400 7200 9000 10800 12600 1800 3600 5400 7200 9000 10800 12600
Time (s) Time (s)
(c) N=1500 (d) N=2000
Fig.4 Instantaneous stability degree under different algorithms with 6=+
B 4 RN B SR E FE (5=+0)
FH I 3 A7

(1) AEALRRB ) 52 5 0y

© PR

RAEFST T

R H YA 75 1, DDSD-H 1) 3 B & U T JeAt 553%,F H TO SHikA T
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BO 5%, DCMD-H 53 B T 25 i Aee P i) 8, D8] e 63 7 T (0 1k e e 25

(2) 7£ DDSD-H 1 3 Fl s & X2+, DDSD-LPDH %34 84 WAL T- DDSD-DPH, [A] B}, & 8% i L. T- DDSD-
LPPH 323X 1t ) DDSD-H 53 4% 18 B AR T 25 T MR 255 /N (1715 R E AT 6 106 938 8 O 18 B S R A1 A e %
SRAT T 1o (1 W A R 2 T SR R 8 235 2% LK T P R 38 08 o A B A 28R

(3) DDSD-DPH Hl TO 5L I BEAH .38 — 2P Hb, M R G b 11 A8 H % 2 1), DDSD-DPH H.y:m& £ T TO 5.
T 24 B G b A8 H B/ I, DDSD-DPH VLIS 2 T TO 532,

5 LLER T A PSR R 3 1) I P T2 4 R AR AR S AR TR P . i I T L, DCMID-H. 8503 8 AR T FE A
SR T AR 5 R AR R PERE ZE 3 AN K78 DDSD 1) 3 s & A\ %, DDSD-LPPH 1 DDSD-LPDH 5% 4%
1) R FH 2 20 75 R )R S 38 3 A AH ], = AT 1 O T DDSD-DPH i A% 4B 38 1 R AH X o 22 1) S TO §f SR L AT
LEAA R IR T MR R TR R T EMN S AME T &AW E‘Jén}%ffﬁélféﬂﬁﬁﬁ?ﬁﬁéﬁrﬁ SGNIE
T BT (07 B AR /N, e 2 IRAR. ) B R 9 A O 52 56 204 mT 41, DDSD-LPDH ﬁ%*’dﬁiﬁ‘]&ﬂ%&éﬁ%m FRA% ZE IR
32 DCMD-H $3k 1) 1.28 15~2.09 £, I8 s, Al 165 I 42 5256 b i) 5&\% %‘1.\_5. g

>

1650 - : : ‘ ‘ ‘ ‘ 1900
B ) Y T losce
E 14001 £ 165
2 : & 1400
T 11508 3
3 g 1150 5
o 900y 2 900, —~— DDSD-LPD
S g | ——BO
E 6501 £ 650 —=—TO
s 0 DCMD-H p= DCMD-H ‘ ‘ ‘
1800 3600 5400 7200 9000 10800 12600 1800 3600 5400 7200 9000 10800 12600
Time (s) Time (s)
(a) N=500 (b) N=1000
2150
g £ 19001
z Z 1650/ \\ =
[5} -
S < 14007 +DDSD
2 v £ 1150 —v—DDSD-LPPH
= —&— DDSD-LPDH = —&— DDSD-LPDH
& 9000 o po & 900 o po
5 650 —=—TO 5 650 —=—TO
= 400l DCMD-H ‘ ‘ ‘ = 400l DCMD-H ‘ ‘ ‘
1800 3600 5400 7200 9000 10800 12600 \ “= L 1800 3600 5400 7200 9000 10800 12600
Time (s) \ ‘\ Time (s)
(c)N=1500 . (d) N=2000
N a3
‘Fig.S "Tree delay under different algorithms with &=+co
" ’ Bl 5 &M BT IR IR (5=+)

BT BO ‘ﬁ?ﬁu TO HyR AR LA % e A G SR B 441 [l 5, IR b 24 S o0 1.35 B, AT LR T 3 Fls &N
%M1 DCMD-H SE 1 VEfe. B 6 R 7 43 5 LU AE T 8 b S5 M) 3 1 B FH )23 20 38 A% 7 I A8 e vk U T PR P e B
K 6 F 7 W . ,DDSD-LPDH #HI DDSD-LPPH % i%{kT- DDSD-DPH,ii DDSD-LPDH 5 % W& 5 A8 T
DDSD-LPPH 53 704t i B @ PE AL U5 1,3 s i UEEAIE T DCMD-H Hik 54 LRI 6. B 7 Al
3¢ B 4 AT TR TR REIR,3 A i e xSV A I AR R I T T 1R B AT T T B AL 5=1.35 I, IE R
HRIL ARV SR TUCIR HH 1) 17 0L
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4.0 45
" —+—DDSD-DPH a0 —+—DDSD-DPH |
s 3.5¢ ——DDSD-LPPH 1 ° . —v— DDSD-LPPH
;é_o.; 30l —A— DDSD-LPDH é% 3.50 —A— DDSD-LPDH
E 2 DCMD-H E 2 500 DCMD-H
g5 25) {4 E3
= 8 S & 95
52 200 | 887
g% : > 25 20
[sa) 1.5F 8] 1.5¢ il
1oL : : : : : : 1.0b : : : ‘ ‘ :
1800 3600 5400 7200 9000 10800 12600 1800 3600 5400 7200 9000 10800 12600
Time (s) Time (s)
(a) N=500 (b) N=1000
45 5.0
—+—DDSD-DPH —%—DDSD-DPH
5 4.0f —~—DDSD-LPPH 1 5 43| ——DDSD-LPPH |
5% —A— DDSD-LPDH 58 40t —A— DDSD-LPDH-|
- 35 ] oS 5
g2 DCMD-H £ DCMD-H
5 = 5 = 3.5
g 30 3
23 25 30 ]
gg 23 SE 55
o= gVS 2.5¢ |
8 g W%
s 2.0t ’\‘ P 80 0 7
15 : : : : : ‘ 15k : : : : : :
1800 3600 5400 7200+ 9000 1080\ 12600 1800 3600 5400 7200 9000 10800 12600
Time (s) § Time (s)
|
4(c) N=1500 (d) N=2000
Fig.6 Expected number of affected nodes under different algorithms with 6=1.35
Kl 6 &R By ni 8 B EAE(5~1.35)
1.000 1.000
—+—DDSD-DPH —%—DDSD-DPH
o 0.975 —<—DDSD-LPPH 1 ° —<—DDSD-LPPH |
g —4— DDSD-LPDH g 0.980 —A DDSD-LPDH
= 0950} DCMD-H 1 s DCMD-H
— — E
= =z 0.960
S 0925 105
2 0,900 2 0.940f
0.875 . ‘ ‘ ‘ ‘ ‘ = 0.920 ‘ ‘ ‘ ]
1800 3600 5400 7200 9000 10800 12600 1800 3600 §400' 7200 9000 10800 12600
Time (s) ]ﬁ(s)
(a) N=500 (b) N=1000
1.000 \ ogrs”
—+—DDSD-DPH
. 0.99 —%—DDSD-LPPH |, 0.970], 1
2 0980T —4—DDSD-LPDH | &
s DCMD-H S 0965} ,
2 0970t =
« < 0960} —#+—DDSD-DPH ,
~ 0960 a —<—DDSD-LPPH
2 0.950] @ 0.955 —&— DDSD-LPDH $
DCMD-H
40 L. ‘ ‘ ‘ ‘ ‘ 2 0.950L ‘ ‘ ‘ ‘ ‘ 2
1800 3600 5400 7200 9000 10800 12600 1800 3600 5400 7200 9000 10800 12600
Time (s) Time (s)
(c) N=1500 (d) N=2000

Fig.7 Instantaneous stability degree under different algorithms with 6=1.35
7 BRI TSR E B (551.35)
H1_F A S50 7 41, DDSD-H - 532Kyt 1 2L 3 H AT B0 A R A A2 R T BB A ARl S i g 3 1) 2L 476 0 A
A2 3 o3 UL R TP RS E B, BRATTNS 5 AL 2 U (10 R AR W B AT T STk e R A A A R i R
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oh 9T A BB N 3 ZH 5% W I S A7 ] ISR % 1 t=1800s,3600s,5400s,7200s,9000s, 10800s F1 12600s I Z1
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