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An Efficient Broadcast Scheduling Algorithm with Adaptive Performance
Requirements for Low Duty Cycle Sensor Networks
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Abstract Low duty cycle mode is widely employed in wireless sensor networks, such mode greatly reduces the
energy waste caused by idle listening. However, it brings many new challenges for broadcast problem in wireless
sensor networks. This paper mainly focuses on how to address the efficient broadcast scheduling problem for low
duty cycle sensor networks. Most of the existing works usually adopt the inefficient traditional broadcasting
transmission model, in which any local single-hop broadcast is realized by multiple unicasts. Actually, we can see
that even for low duty cycle networks, the broadcast nature of wireless media still offers potential chances to
improve the energy efficiency of broadcasting. This paper proposes a novel opportunistic broadcasting
transmission model, which can make full use of the inherent broadcast nature of wireless media to reduce the total
energy consumption for broadcasting. For single-hop cases, specifically, such model allows the sender to send the
beacon packet, which is a short control packet, to any of its receivers. The beacon packet will notify the receiver
of the deferred time of the wake-up slot, so that the receiver can opportunistically receive the broadcasting
message which is sent from the forwarder to some other node. For multiple-hop cases, such model adopts an
efficient pre-beacon scheme, which allows any forwarder to send the beacon packet to any of its receivers once
the forwarder receives a beacon packet.We find that the opportunistic broadcasting transmission model can reduce
the total energy consumption for broadcasting, but could increase the average end-to-end broadcasting delay.
Currently, many existing works have investigated the energy optimization problem for broadcasting under delay
constraints. However, it is usually unnecessary to require that the broadcast should be done within a bounded
delay for many real applications. More broadcasting applications focus on the tradeoff between delay and energy.
This paper defines a generalized broadcasting cost function, which can provide a flexible control on the tradeoff
between delay and energy, to adaptively meet various broadcasting performance requirements. In this paper, our
target problem is how to employ the opportunistic broadcasting transmission model to design an efficient
broadcasting schedule for low duty cycle wireless sensor networks, so that the broadcasting cost function is
minimized. First, we consider our target problem for single-hop cases, and propose an optimal solution in
polynomial time. Afterwards, we extend the solution for single-hop cases to multi-hop cases. Specifically, we first
define a constrained minimum cost single-hop broadcast problem, which is solvable in polynomial time by
adopting a dynamic programming algorithm, then extend it to our target problem for multi-hop cases and come up
with an efficient bottom-up solution. We can find that our solution can be available for applications with various
performance requirements by adjusting the tradeoff factor parameter in the broadcasting cost function. Further,
this paper discusses how to extend our solution to the general case where a few of the neighboring nodes could
have the identical working schedule. Simulation results show that our proposed solution always significantly

outperforms the other solutions for various low duty cycle network configurations.

Key words wireless sensor networks; low duty cycle; broadcast scheduling; adaptive performance
requirements; opportunistic broadcasting transmission model; bottom-up solution
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(2+5+8)/3=5, L REEIH AN E(a)=3*k*esH3*k*e!
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PRI A 2 BRI v T 7 3 A BE 5 SR A i R0 R A B B 7

(k=1), ok FoxT #EH B a & s
2, e Ml e 5y R AR — AN Hds B B v
FERER. WK 2R, GRKIEE v LR 5
B30 Beacon(v2) RIELLHEIRFZUHE vi, - HIG
I SR B 8 3% K 4h WIS BRI va DA AE IS B
1 ¥R e RIS B0 v, WU A v K 1R H O
7RG ST TR), B S7ZE N BERRIR 25 R d it 15
BB ERT B 8 Ml O AR IUR IE B e Bl
I v )R B B X R T, SPAT
W B 22 3 0 B (5+5+8)/3=6 , &L RE & H FEH
E(by=ete +2%k* e +3%k*ed, ot e Ml e 43 735
TN RIEFIE—A™ beacon I ELFTHAENI RE R . IE
WSCERBOI ik, 8 — R EA 133
i, M AMEHANCE 19 NI RKE, XEK
FAESLPRF ebre PMEARTIL /N T e (1. KU,
FATT DA IRAHE B AT B — A4S 1) FE N B
W B TR BT T R I S BB FE IR &1, BP E(a)-E(b)=
k*es~(es+e), —ERAKT 0. JLHZEX T Hk
HRERMIS A (BRI EFD s, BT o1,
ZEREREN G SR T RE. B 2b)ER T A
AW HERBUCHE )RR e, BRZEE vl
beacon % il € Beacon(vs) K 1K K i% 25 HE 18 B2 i &
{vi, v}, FEEB I B RA N EZICE v. T
IR, XM R T TR 15 21 (8+8+8)/3=8 1134 #k
FEIR VLK E(c)=2%(eP+e ")+ k*e+3%k*e, s 5L IT)
oA, ey N R R AR N
E(a)-E(c)=2*k*ed-2%(ep+e,y>E(a)- E(b)>0. Hi4E I
TSR, FRAVE Ty IR F8 7 s () R
BT TE], PTRES TR RS BRREIPEAE, (A2
A RE A LAPR4 ) B R 13 o AR MY . HE—2D 3,
AR LIS 240 T 258

EIE 1. WRAERPE Y T RN #HE
B, TR SRR Bl A R R R =
PDTMREAR . #Hea) g, | 3R REREA BT EAT Ll
P BTSSR CRIT RV 21 S AR S 50
RZ i

. AEEER—MEE T I DNREEM N A
FCE RS G, N TR G B THLS
SRR T — NS T KSR 2
AN-K MHERECE R FEAE M S, AR
DT EAS BT FRRE M S RERE:

E(M) = (N-K)*(e+e”)+K*k* e+ N*k*e,*
= N*(e+e’+ k*e, ) +K*( k*e (e +e,))

MR 2 1T 73 A AT ANAE SE PR b k*egd-(edb+e,”)— E 42

— KT 0 HEL FIEE N*(el+e+ik*e, ) th—sE i
—/NKF 0, Ik EnE 54 & K lIE
G, B, XEMRE) HA AR L aT Ll
RPE B2l A (R H57H B S &R D ok
ZlE . Bk, ENL T BRI, R
R FEE R B A 1 B R D R LT R AR
FERN

LR,

Hk, FRATAT LARILIENL 220 AL T
B 2 (1) HEIB R B R 2 SR /I T R R
¥, (HRMATRES TR 1 T35 R AR . ZA
ISR BAE T R S A RE RSP 2 ) G 3R A R
Z AR T — A RIS AU HE ) .

T ZBIE Y, AR T — N S i
HEIBHLI . HIEA AR R VHE S HEBRE vi—
HRER B B3 25 & 3% 1) beacon 2 il £ gl 1 LA
25 NI AR % beacon AL, TR A B4 F HL
WSk B BT AR R, A T A
TN R SOZAHEIR BT MR H O, DM RHER
B v FENCEN ) FE T S5 R 8 5 0 A i A ke 4
U A

3 ZEETE TNl AR T R

ZKH, RATERH E 3 Fros i —A fai B s e
M) 7R U B 22 Bk S TR T B2 ) A% s
B FEE 3 PR R R R e 4t
7 B RN IEIR 5.4, (H2
o R 2 DB s B (PR 400 B
799 B3 R TR THER ML L) # 7
Ko WE 3 Frax, sink 75 5 vo ¥ beacon ¥ ffil] £
Beacon(va) K IR R IE LB HEIR B {v1, va, va}, DAfE
e E R 1 BB AR 3 HY R B2
W va ) TAERTBR . HEIRB2SCE v — BIREIR B
vo ] beacon #EHI14L, BORF2 73 AIFERT R 4 FNE B 6
IR GBI vs T ve IRIEFE AL Beacon(v7),
RIS S B 5 A5 v IE SRR R S o R, IR
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W vs A2 7ERTBR 5 CHIREISR B vy I G
IR 4 AT 38 B I PR 8 2 1)) g4 il A
Beacon(vo) K IE 4G HEIR BN veo HHUL AT LRI,
K 3 PR iR 77 20, )R BT DABLE
INRESRAG 24 77 2UAE 2 B SR 3E T i ke (R %
B HITERTER 7, I B8 FHIS R 9 k% R 4 B
IR vas vr F v, LR AHEIR B2 3 T AH S 4
1B H QIR Bkl St B OX =R R
HED. B3 Py #6050k &7 A BRI F 2
JURRAEIR 7.8, [A) IS 2 SR/ ) RIS 2 i A
& (RIS 3.

T R LT R E T TR b, RATAMEK
W, BMEAEZ BRIEIE T RN e ey,
T (1) S5 e AR 2 2 B A D N 2 i = e b
MR, BDE P 1 8510 7E 2 BkiG T T 2 KR
BRI BRI, FRATTIR B Aok Al P R i 25 1)
HORZIE 2 B T iR REFE
3.3 [ElERdEA

IEWFESS 1A TR, A SCF B & e
T T & A B A ASE R AR R K S H B 5
MR B AR X B, 4558 — MR G=(V,
E), AT LLE AR B RRARA R AL

cost(Gy=DPI+J<EPI (0>0) )
H.rp DPI (Delay Performance Index) 1 EPI (Energy
Performance Index) 4377~ F T %1 i |~ # 28 18 14
REAN T R REFEMERE AL B, S 80K R — ML A
Fo BAR, i HIER A IE RS EONE, %
7 HREARY BR B RE 0 T R AR AR N R REFE Y Y
R FR it — A SR R ], AT 32 7 i A2 &%
IR RE TR K

XH, JATEAE )RR B K % E DPI.
58, FATH D)D" (vi) 73 27~ T HEH B sink
AL R B A BT A v PR S Sy 3 Sy S 35
PR b d5 0 o 30 iy ZE AR, TR A A R A R 2%
G=(V, E)ii &, ~T¥) #RaEiE nf Lo an s i1
TR

2. D) 2 D)+ (DE)-D'(v)

AVG,, =245 = (3)
e V1

o, 3 v IR sink 58, W DOi)=D"(v)=0; |V
FoRME G T SRS .

M@ PAMERI, 4578 —MERRSR ML G,
TG ERMEE—NTHREMS, Y D) M

(VAR E AL . BRI, P X FRE IR A
T RAd a3 2

Adelay = z (D(V,-)_D*(V,»)) 4)

BV FIT A1 Rt ) SEZ o i 38 i | 9 Vi USR0S AR R
B b e v 2 vty R 9 S Y B A L 3
M. Zf BRI, AR R (4)kZIE DPI. it
Ab, ARYEEEL 1, FRATETDME ) R B S AR T
RECRZ) ) EPIL

TEARSCH, BAVEN 2R B A 5 5
KM B RACAR LS &, DU R s MR
mpcie

Bl 1 (R/AMRINT HBEIRE) . A — MK
2 AR KRN S G=(V, E), W3t FHL& R 1%
BB T — N R B M, DAsMB IR
(T 3BARA BRI 2L

cost(G) = A, + 6 xc(M) ®)

Horfr c(M)Fon ] RER BE M b R B R H R
B REE B S AR O ok os — AR SR
RT 28, R BUEAE SR I8 2 AR e
FEIERE T R A H AR R 2 K o
ERERRE, R (5) P BB 1
VB AN A WY, (H 2 E W] LR S ™
FEIER AN FRREFEZ A BB R R . — B ZE )
MRZHECE (s S 8cE . TARRERRE,
fef¥A25) WhE)a, | R E R AR A MR
AN 46 R JBE v BT o A B B R A
SIEARTEAE —DEE RTER A, X EWRE R R
1l PR A U A Jot AT DA T 4 b 2 i )RR A IR
AT FRBEFEZ AR E B R R o FESKBRA,
FRATAT LUAR 4 24 5 9 45 (0 2 200 B 1% O 22 56 1k 4
96 B — 5 PR LT DR 2k 0 80 58 — AN 1K) ) 4 1k

4 HiRit

FEARAT R, BATPRECE T Iy fif ok b3k H b i)
Al Boe, BATR BB T K H AR R SRS —
AR, JF BAER] 1 ] BLAE 2 T
T NSRRI, 22, AT ey el T2
BRI T, SR T A ERR B EAEEE. &
Ja, AT T W %7 5 e B — R 1
O, B AR IR AR T m B AT AR A AR L
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PRI A 2 BRI v T 7 3 A BE 5 SR A i R0 R A B B 9

4.1 BRVBER TR 18

AT E e 25 18 ] gt vk BB R T R /MK
IV R Y Y s 2 IV A B AN A0
g, iR SR BORAN AR ST R RS B AT H

Z Rkt P . BATH Go(vi, (i, . v RSB
B AN RIEE vi I N A ERUCE (v, L v R

B dh, HddlcE (v, . v R DURIEE B
BT R AR E AR 3 3 U AT HEB, BRI d(vi, vi)<
d(vi, vi™") (1<j<N-1),

EX 1 ERRK) . 4E—MRBIM% Gy,

iy VDI R R dviv) < dvivi ) (1SFSN-1),
RIERE vi N RARTR F(vi)E SCNWT R —oe4
F(Vi) = <Sdelay (vi)’ Sinstant(vi) > (6)

HA, Sietay(vi) T Sinstand vi) 73 IR RN (vl ...,
vV R BT IR B I AR A T BB SR 1
£h. MBEFRIIE FOv), RIEFE viBSHES
Sinstand(vi) P EIITA T RURIE T HBH R, IFHXNESE
Sutetay(vi) F L — AN 1 v KIEFE | Beacon(v™)
DAHEIR 15 20 v (1) RV S 2SR ) 2247 50w 1) A
R, Hor,

v =arg min d(v,,v) (7)

instant

FERBEI AN 28 T, TR S bR B R T
X RIBE R R RN E . I, FBHE &
AN AT DA IR AR

BIRR 2 (H/MRMTRBE BRI - SE
B G(vi, (i, ..., vIVDIFFELIB A d(vi, vi)< d(vi,
v/t (1</SN-1), Qi AL 30 Fi AR d s AL
THRIES vi F R F(vi), VLR MERITR 1) 3%
(N/EEAE

cost(G) = 3 (DO = D" (V")) + x| Sy (1) ] ®)

He, | Sinstan(Vi) |%ﬂi\‘%/ﬁ\ Sinstant(Vi)':F| AR EE,
B 3% 9 B o i A B B0 T B

MWE 1. HELEE - DHRBEME G, v/, ...,
v IEELI A d(vi, vir) < d(vi, v (GSm=k-1), BT
Ji cost(vi, viZEoR 24 R 1%EH vi RRER RS F(v) =
< Saetay(vi), VA>EHREN AR . Hor

v/, k>j
Sdelay (vi) = {{ } . (9)
9, k=j

TR, cost(vi, viI{E AT LIRS 401 A 2 5 32
cET]

k-1
DA " vH+8, k> (10)
=j

I k)=
cost(vl. ,V )— m

s, k=

XHE, FAEH OPT(h)FR/RN1E BN Gy(vi,
Wi, oo, v BT R B ARAE e d(vi, V) <
dvi, vi*h) (1<j<k-1), JFRATAT LIS 240 T &5 18

EX 2. n 2 KR B AR T AR,

AEER. FAVER P(vi, (v, v RN 7]
WA 45 B B X 25 Go(vi, (i, v R I ER AL HE
W (RO #5328 ik 3 v iR i R o),
o d(vi, vi) < d(vipvit) (1<<k-1).

B F *(Vi):<S*delay(V[), S*mstanz(w)>IE11: ] @l P (vi,
Wil DB R . IR, T A v E
TERII B CE A S nstandvi) o K FAR R — MBI B
BUE v/ € STnsandvi) H j#k, TATH COST(v;

il DRI X T P(vi, v, v} R R R
WK <S detay(VIN{Vi,. .. i}, ST instand V)N Vi, vl Y >

FrAR B0 HANME: B COST(vi, {v/*,... vE}FE
A T PO o) R R
<ty (N B, S s A, v > B
FAREIR B ACHHE, FAERIL OPT() = COST(v,
il W FCOST (i vl Vi) BT OPT(R)JE 17
5P, (vily... Ay KRR A, W —5E 4 COST(v,
il vy T OPT() CBERIE P(vi, {vi',... v/}
BAARAED, X AZAFNUIR COST(vi, (i WiNAET
OPT(), JIXEF 181 P(vi,{vi,...,v/})— EAFAE T —
AN GF 1 R 3 DL A ) R TR R P,

i, ORI, OB S FRAT 2 BT RO R 5
HT P(vi, {(vi,... v/} (<k) #& P(vi,{vi',... . vf )

- 7] L, BRI ARG AT R ) R 2 PR B e L1 A A R 1
UEEE.

B 2 2 AT, FRATTAT LR H 8l #1772
Rl R FRATT T H 1) de AR BBk FR 1R . S
SR, OPT(k)WE — %€ & {cost(vi' vF), OPT(1)+cost(v?,
vih, OPT(2)+cost(vi, v¥), ..., OPT(k-1)+ cost(v¥, vi¥)}
W s MEL,  RIFRATTAT RAAS 2040 i a4 =X
OPT (k) = min{OPT(j 1)+ cost(v/ ,v)} an
b orPT(0)=0, H
|Zaerat ki

Dsum (Vij’vik ) J
0, k=j
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DRI, e N B T 98 T ) A SRSl i
HERAD PR I Sh AR L FRATE H AR 25K
fR AL OPT(N) VAL R B ) H R CRIA
BH N RS o B 1 VRARM R A T IRAN
PIBE (K e MA B R 1A B S

BiE 1 m/H BB R R R A
BN BB Gyvi, (v, ..., v}, FR d(vi, vH)< d(vi, viTh
(1</<N-1).
Bt AU HEAUNE OPTIN, BLACRIESH vi MR AR
IR F (v)=<S"detay(v), S instand(vi)>o

OPTI01=0 ;  S"4eiay(vi)=9 ;
Sinstand(vi) = N} 5 11 R v W E S — BRI R ICE
FORj=1to N

FORk=jto N

HRIER12)H5E DV, v 5

END
END\
FORk=1to N

A A R o

minCost = +oo ;
FOR j = 0 to k-1
IF OPTj1+ Dsum(vi*!, v€)+ 6 < minCost THEN
minCost = OPT[j1+ Dsun(vi*!, v¥)+ 6 ;
s[k1=7;
/* 5[kl =j %o~ OPTk] WIMERHET OPT] +
cost(vith, vy */

15. END
16. END
17. OPT(k] = minCost ;
18. END
19. k=s[N]:
20. FORj=N-1to 1
21. IF j == k THEN
22. S nstant(Vi) = S instand(vi) U {W} ;
23. k=s[K] ;
24, ELSE
25. S delay(Vi) = S detay(vi) U {v/} ;
26. END
27. END

—_ = = o= =
LD = o

R4 1, AT LMR R 5 A5 20~ (i
2550,

W 2. A EEABMLGE GO, (v, ..., v))
FH W2 dovi, vi) < dvi, v (1Sj<k-1), R

OPT(k)=OPT(t)y+cost(vi*' vy (1<t<k-1), WHE K i%k&
vi BRI ISR Fr (v, 749 5 v RIS S5 v b g
A BUR B E  RERRML, 25 =0 T AT AT A v
FE RIS s X T 1 <k-1 BB 0 R 35 8 (vt L
Vi E R R AR R

EIE 3. Bk 1 MR E AR OV, HH N
FoRWCE R .

EER. fEENE 1, AT e TR B E TR 1)
Dsum(vi, v (<K EFER], BILH OWNHI W/, v
X, Hod j<ko R TFR—AN, viXE, FRATAT EAE
M A12)7E OB TE N T DoV, v B, T
HFTA W Dum(vi, vi) (GSR)FT 75 B2 (1) 238 47 16 18] J2
ONY). BETK, Bk 147 T N GRS
(1) OPTIk] (ke{1,.. .NDME, WRIFEARQADHPH, XFT
B—~ OPTTK) KA 7R ZAE T O(N) IS a] . DRIt
TEFTA I Danm(vi, v <k EHIATHRE FIFEATE
OPTIK) (ke{1,....,N)IFEEZ& ON?). ttAh, FRATAT
VLR 25 5 s Rk BT OPTIR) AN s[k] (k€{1,...,N}),
BILFTEAL R ON) I T H T 1 v L &
WA, HIEATED, Bk 1 BB AT TR 3 B A
T DV, v GSROME MBS BT 35, RIS 1
(RIS [ 52 4 B O(NV?).

IEEE.

K, AR LT 1 — AN 5451 5k 1 B 5
%1 AT IR

255 — A H A BB 0 3 Go(vo, {wol, v, vod,
vot, vo'})s FeHE X L=10, t(vo)=0, t(w)=1, t(v?»)=2,
t(v®)=3, tw")=6, t(v’)=7, J BB T5=10.
MR B 1, FRATAT DMK R4S 31

OPT(1)= OPT(0)+ D, (vi,v})+10=10;

sum

OPT(2) = min{OPT(j~1)+ D, () +10}

=min{11,20}=11;
OPT(3) = min{OPT(j~1)+ D, (v} ,}) +10}
<Jj<

=min{13, 21, 21}=13;
OPT(4) = min{OPT(j 1)+ D, v, v})+10}
<j<

=min{22, 27, 24, 23}=22;
OPT(5) = min{OPT(j~1)+ D v, ) +10}
<j<

sum

= min{26, 30, 26, 24, 32}=24;

I H A% s(1)=s(2)=s(3)=s(4)=0, s(5)=3. HIEEIE
1 HH) 19-27 47, FATAT LA 2] S instand(vo)={vo, vo°} »
S detay(vo)={vo!, v, wo*} o R, FE1Z LBk X 25 41 1 E
Rk vo MBALEL R F (vo)=<{w!, v?, ve*}, {w,
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PRI A 2 BRI v T 7 3 A BE 5 SR A i R0 R A B B 11

w'}>, I HAF BB JEAMN N 24,
4.2 ZEIER T 1B

fE b=, AT T S BkIE T T 0 %A
FEia) @, SRMAESEPR, 2Bk #HAG 50 fE
LRV R . X B, BATHEE 1 T RAZ LT,
EExt Hobm i CHP A 1) $2 H— A s R e R
W2 k) HE R B

TEfRG H AR 82 /T, FRATTE S SORfg e —
A g/ MR BB R I R — Mk ), B2 SR
/IR BB R I R SRS TR X 1 ) R R AR
PR ZBEIE T

TEX 2(ARMERE). 45— M RBEMNZ Go(vi,
i, DI B dvivd) < dvivit) (1<SG<N-1),
T HAUEE— AN RUCE v, FATE SUETE Go(vi,
il v BRI ZTRAE BBV Jatn R YT
Kb

BOI) = {vi, vitl, . v (13)
Hrj<n<N.

EX 3 (ARERERE) . 4w — Rk
Gs(vi, {vi',... ™M) 3 H W & doviv)) < dvivith)
(1<jEN-1), SFFHPER AN ERCE v, CRE
LI HRAE A= {vi, vitl, ., < n< N), &
1158 UE LR AEIREEE T°(v) A

TA(Vi_/):{d(vij,vi”), ]:<n§N (14)

0, j=n

o) 3 (ARMER NN BB BRI . 4
E—NHRBEM 4 Go(vi, (v, ..., vV I HIE A d(vi,
V< d(vi, vi*) (1S/EN-1), B3 M EICE v
(1SN LRAE B, tnfr 3 T L& 20 3%
PR T IR vi R R RE F(vi), Lhi/IME
WK (@) Fron i) HEARMY BR K, RT3 2 AU
(1 29 AR FH ek 8 2 20 A — A1 R R U
LIRS AT . Heridvd, Rianfrfgdean=C (15) fr
TN B AL )

N
min Z (D(vzm ) - D* (vlm )) + 5X | Sinsttmt (vi) |

BOD  Span V) # 6 (15)

B S V) % ¢

ﬂ(viN) Sinstant (vi) # ¢

FRPRHL, WA TAE R —MEUECE v/ (1S/SN),
FA TR HLL AT FIIRB(vi) 2 SR v, vi, L vy
HE‘ ﬂ:‘jﬁ")ﬁ Vz'N ‘/[ZA‘}‘\'_'EE El_‘] Eﬂ‘*iq&%%ﬁ Sinstant(vi)l:':‘ ’ I)_I\IJ

TV R IEF vi R TR 2 e ks, R(15)
R LIRS HR L SRR, A1 S AR TE S P AR IR 7 1
NI 3 AN TR 2. kT I, (R 3 A
JR b2 [ 2 () — R a)

KE, BAVER P (v, (v v RN U T ]
Wl 25 EEEMZE Go(vi, Vit . VIO HIERE — T
P25 Gy(vi, Vi ..., v FEH B d(vi, vi) < d(vi, vi™)
(S<k-1=N-1), & 2 AR5 E Vi (1<<k) 7
G(vi, Wi, o, VY EHIZTRAIET BV, DT 5T
YL &0 TBIEF PRI i i1 KX 2 vi 7E T 2% Gy(vi,
Wi, o, V) LR T F(vi), PLRADETE Go(vi,
Wi, o VD LHTRICON R EL AR 1A
BONN, vitl, ., v (ISi<k) FABE D —1 T 5%
B B HI L R KA. Btig i, R e
wiFC (16D FrnHIm e 18

min 3 (DO) = D' (47)) 4 8% 5,0 (3|

m=1
ﬂ(vl]) {vl']’vl'Q""’vt'k} Sinsrant (vi) * ¢ (16)
ﬂ(vlg) {viz’vg""’vik} Sim‘tunt (Vi) # ¢

BOD) W S (V) # 4

BAVEH OPT* ()R /R P2 (viy {vil,... v
AR R R A . 24 k=N B, R
I FAE R — AR E v IS — EHvHN{,
Vit vy =B, TN PO (vi (it v B2 5
WrF IR 3, KA1 B ARE SRR OPT (V)1
(EWSE S PTAIN L7 W/ 811

SIFE 1. 45 A PO (v, (vl v L E AT
BT R P (v, (v, v (1Sj<k-1), R
FOi) T W P2 (v, (vih,.. i IFEA AT AT AR, e
—E WL A PO (vi, (0. VA HI AN AT AT M AR AE
T ML Govi, i, ..., vi}) LRS-

IEEA. ERXT I PO (v, (Vi v R IR —
NEUCE v (1<t<k), WRETE G(vi, (i, ..., v})
AR AR FIRAMv T (v, v, L vE RSN
i, vt L vy, TR AT FR Bvi) 1E T AL P S (v,
Wi, EDFRTERLI AR A (R 7 55 vk b e
FET- W P (vi, {vil,. . v B A 1 BRI 22 e % 42
B, FIEERGAHNVE vt vk B2 R A
SERT LA 2D WRETE G(vi, (v ..., vV} LHIZIR
1’Eﬂ§iﬁzﬂ(w’)5 {V[t, V/H, ey V,k’l}ﬁgi;%y‘jﬁ(wt)r I)_I\Uﬁ(
POHTERNER P> (vi, (i, vk ) O R L HAE

X F T B PO (i {vid,. . i) (1<j<k-1) R (R 4E
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BmoNERE v (1)), IR0 TE [ R P2 (v,

il iR — AN E AR AE R, B AE 7]
B P (vi, (il i) R R — AN L R A H
W, HAGHNWE, . vy =BvHN{VE . vE=p(v); Tl
FLVHTE R BT P> (vi, {vil,... i) R— DN ERLH
fE R B, W — & A BoHNW, v < BOi)
N, vk o X ERE X TAEE — DM RIE v
(1<t<)), WRBOGHNVE, v i R 2= DH —A
I HECE AR %A, WAEB(ON VY, .. v i —

SR DA — AN BN ECE A RS Bt
i, XTI P2 (v, {vil,. .. v ) AR — ANl 4R
%M (RN EABOHNYE, vl (1<) h#fZ /D
AU AT Fv), B2 misi2
5] /P (v, il VEDTEREAN T R v (1<) B
AT (RIS BHNWYE, vk (1<) TR R
A — SR RIS D
.
EIE 4. 0 3 g RA Bl T A E .
W . BB F () =<S " delay(Vi), S instand(vi)>FZ 7] 5
PO, i DRI SR . AR AR, X THAE
BRI BRICE v € Snsan(vi) B j#k, E AR

F'O)ET M Go(vi, (vil, ..., vi}) Lo f#, Bl
<S*delay(\/[) ﬂ{v,—l, ...,V/}, S*msmnt(w) ﬂ{v,—l, ...,V/}>y -

SESET R PO (vi, {vil,.. DI — AN ATAT AR, 3% 2 K]
NAHFAERBERE v (1<t<)): (1) FPEHTE 8L P
S, i, DR — AN L R AE I, T B(v)

NV vy =BOONVE, . vEY IR RS A8 P2 (v,
i, VDR PA (v, (0. i DTET v B R
AR LR AT, B2 YT R 2 0 & Po (v,
Vil VEDTETT R v B AR B PTAT Al — 5 i

JEF R PO (i, (0il,. v DPET 05 v IR
(2) FPOHTERI R P2 (vi, (V... vi}) R RE— TR

ZIRAE AL, W—%F v/ e poHNvL, ... viy, BT
CLA A v R B, R PO (v,
i, WIDTETT v BRSBTS B(VvHN
Wi R R — AR BRI D — e T BA
B o R R <S detar(vi) NV, v}, S instand(vi)
N, VIS AR T P (v, (. i D) R B AR

i, MRS TR P (viy (il v/} — SEAFAE— AN
YRR AT R F2(v)=<S" detay(vi), 8" instand(vi)>> HHE 5
1, Fo(v)— R P (v, {vi,.. vFDTEREA
VA v (1<) EIZIR S A, 3F BT L P (v,
Wil VI T s R RE<S detay(vi) N Vi, v}
U S detay(i), S instant(vi) Vv, v U S insiand viy>—

E R F o)L — AT, X5 Frv)d il
R B P 5, IXEERRE A PO (v, (0. V)
s A 158 93 R <S detay(vi) N {vi, o v}, S instand(vi) N
Wil > BT A PO (v, i) I ERAR
fift. DAL, el 3 R B T ES R B
HEEE.
B e 2 4 wTAT, FATTRIFE AT LR H )R 1
Ti R L A d /N BB R I . O T
TRAAER, FRATIEM 2 L— A B
v, FEHIE LB = (v}, tv0)=T"(*)=0.
EIR 5. OPT (k)M HE K R F PR

OPT*(k)= min {OPT"(j)+cost(v/",vF)} (17)
s <j<k-1

Her, oPT(0)=0, H
s =max{s € {0,.k—1} | d(V V) >T" ()}

B, RER, SRS e nE P
(Vi {vil,. . v LR TP BRI U o FRATTBACTS
KLVl R PO (v, (0. v BRI vE T — A
AR PRI ECE . T OPT () B A Je il 74544
B, Rt—%EH OPT (k)= OPT"(j)+cost(vi*!, vi¥).
W S LA R R, ) U VG — e
M0 B k-1 CRRIRHL, j=0 Ram M vt B w1 #1524
RWCE, RA v R ZECE D). X T EAEZAR
YERIE I B AR P (v (v, DT & A
—EAE— LR TEE N, J

OPT" (k)= mig{OPTA( J)+cost(v/™ v}y (18)
J €

He, AFEER{0,..,k—1} .

AR R — DN EUCE v (1S/<k-1), & (i) TE A
P (i, it ) R — AN TE R R A IR, T
SRIGIRR P2 (viy (v, VADTETT R v RIS 1 —
SE R LU A o Bk, FRATR 7 EH EH A A 8L
AR FATE S ve™ NEGE H BE B v Bl 1)
H AR A AR 198 P2 (vi, (v, .. v T A 3
HAE AT A, B s™=max{ s€{0,...k1} | d(v,
viPT (v)y CGXE, BATE X —A BB E v
PERWEETT i, IR HE A0 = (v, IREIRAOO)
LE 8 P (v, {vil,.. v R — % & — AN L R AE
FA3, IXAERT DU OR v — 8 R AFAE D A T 1 E
R e, BATEIEEO,... 13R05 it F =4 X
) 3 Sl BEAT 1 18«

1) 4 0<5j<s B, TR E 29 AE IR B(0vT)
R BT T S RIS RO v B vE 2 ), BT
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PRI A 2 BRI v T 7 3 A BE 5 SR A i R0 R A B B 13

v & RIS vk BT — AR RBP4 0, B
PLA(vE Yy — B ANAFAE R B2 i, At &, 7EIX
RS LR [ P2 (v, {vil,. . vAEDETT B v ERIZR
AN L. R, ZBUE X AR 4T,

2) Y s"<j<s | pvT) |8, BT v RN RIS
W, Py 2B 0H — AR, X Rk
FH XL M P2 (v, (v, vEDTET AT v B
AR KA —E AT LA . PRI, IZHUE X A2 AT AT
o

3) B s+ O |Sj<k-1 B, AR EAREEANTT A
vi! (j+lSlSk)E<Jg/‘JﬂiﬁzﬁﬁiﬁEHgﬁ PA(V[, vil,... vk
H— BN LI HRAE . Bk, A X (A
AT

ZE ERTR, RIAATHUETEREIA {s™, ..., k-1} .

IEEE.

AHMERIL, R RS v (1S/EN)
1L HRAE TR B TE SR v, vith, L vV IR R 1
B, DAl 3 R SEAY T R 2. BB, X TR R OPT
SO E, STHMERKREZ RN 0, WERRA7)E S5
i =(11).

K 4. OPT*(N)sRfforn il (N=15)
lgl 4 %%T#’l\ﬁﬂm% Gs(Vi, {V[I, ceey Vils})E@
WU % ’ ;H\: EF' Z/‘] EE ﬂf ﬁﬂ iﬁﬁ(v[:;):{v[:;, V[4, V[S, V[G} s
BORY=ve, vo, vil, v, v2, vil% , Bd={vE, v}
ﬂ(w”)={w12, Vi13, V[14} ’ J-JFH%XEM%W%‘ ViO E‘]%J
WAE R IAWO= (v}, X T H e MAE BB H v
(#0. 3+ 5. 8. 12), & LCHAHAERIEBVH={v/, ...,
vilsy o FRATT E bR 2R ME OPT(15) W18 S Fe 5 I )
AR REREE o AR E L S A, 1D Y 1<k<6 K,
KR OPT® (k)i HE s7=05 2) 24 7<k<9 K,
KR OPT ()W HEF =35 3) 24 10<k<14 I,
KR OPT ()i =85 4) K k=151, 3K
fit OPT (kI it s=12,
SR 2 TRAM R R 1 W fef B T e B 5 R ik HE
TR ML A S /M BB 4 1)

Bk 2 AR MESMRA BB HE R Rk
HiN: BBEER Gy(vi, (i, ..., v}, Fed d(vi, vi)< d(vi, vi*")

(IS/SN-1); BAFEUWE v (1SSN) I 29 R AE A 8
BN BILLIHIERESE T (v/).

it ST IHAME OPTING, LAKRIEF vi i) e e K
R F (0)=<S"detay(v), S instant(Vi)>o

1. OPTI0I=0; T °(v9)=0; «v)=0;

2. Suu(v)=0;

3. Sustandvi) =Y AR N S — AN BRI

4. FORj=1toN

5. FOR k=jto N

6. HRIERA L DoV, v ;

7. END

8. END\

9. FORk=1toN

10. minCost = +oo ;

11. s'=max{ s€{0,...k1} | d(v¢, vF)>T"(v?¥)};

12. FORj =5"to k-1

13. IF OPTTj1+ Dsum(vi*', v¥)+ 6 < minCost THEN

14. minCost = OPT[j1+ Dsum(vi™', v)+ 6 ;

15. slk1=7;

16. /% s[k] = j Fx OPT (R)IIME K A T OPT (j) +
cost(vitl, viF) */

17. END

18. END

19. OPTk] = minCost ;

20. END

21. k=s[N];

22. FORj=N-1to1

23. IF j == k THEN

24, S instant(vi) = S instand(vi) U {vi} ;

25. k=s[k] ;

26. ELSE

27. S detay(Vi) = S detay(vi) U {vi} ;

28. END

29. END

FRR, BATR BB IS s 53k 2 ¥ e 2
AR AN SR ) 22 BRI 46 o ANHER B
T BT AR 1) 22 Bk 0 2 ) 8 S s b o iy 2 AN s
B BRI SR AT BB SR A 1, B IR 2 o A
AN R ORI R T S A I ] e 20 e T L
RN R R R B R A
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Bl 5. BT WIERINN 2Bk R E] (L=10)

Bl 5 o 7 — AN AR TR A ) 2 Bk
2o, FEZAG]FH T AL ve KoK sink AT AL, H R UE
T 55 N N T AR S (vl vy R d(va,
Vd)<d(va, vd*") (1SjSM-1), 5L ve Rom — DI
R HNIRZ T R BT AR S (vl v B
W d(ve, vd) < d(ve, vd*™) (1SjEN-1). SR, ZM%%
W BT I R 20 R s — s 2 TR R
ER S, B 1) MR E T A v/ (£2) 1 5
POD= v, vy s 2) MAEE T A Vv TS
PON={vd,... vy WK 5 Jos, AN H Go(va,
Ve, o VD FT Go(ve, {vel, ..., vV RS BBk P 44
Beo X H, FRATRH B BTG T K, Rl
BAVIE T WK Go(ve, (v, ..., v KA 1) & P>
Ve, {vels oo, V&) FEEXTF NS Gi(va, {Vdl, ..., vd™})
KR PE (v (Voo v} o BB Fi(ve) = <
S deta(ve), S imstand(ve) =X 1 RE P (ve, {vel, ..., v}
FE 2 R R, IF HABGRAE L K ik
K F )P S vk (1<kSN)2 38— #E B
IR B o A T IR G KSR Fr (v (E 5
M2 A R, R E ve FEZE Go(va,
{val, o v ) FRCR T RV S B ] 2T R T
TEM S Go(ve, {ve, ..., v} H B — I ) RIS 22 i 3
V& RETT R BRI TE] CRFRR 7)o AHERIL, Bk
H Ve FEMZE Gy(va, {vd', ..., v} ) ISR #E 7 B IS
(B AT LA R =i o

1)1 R ve ELEE A BRI v 3 k) FRH S
ERT ve WSCEI T 4578 J2 IR B TE) S B B 35

2) R va AIHEIRBESCE ve KIE Beacon(va)
H i BRI RCE va i ) HRIE R, BERT ve g 2R
H O 1B 7H BB TR 2 vy 10 TAERTBR (B R 4)5

3) WA ve Al I HEIR B R ve BT vg K%
Beacon(ve), It H MBI EUE ve 5 R HEHE,
IEE v 2 HEIR B Q) FR I 2 TR 2 v 1) T
YERTBR CHTBR 6)5

LRI AEL, 72T N Go(ve, {va,..., v} T A
Ver VaMl ve CEI v v Fl vt =FH WA H—
ANNEPES U o Al iR, DR T R P (v,
Vol VMO, BFRTT A v (Bl ve) IIZIHRAE
I B(VA) = (v, v, va*y o —MEHLUE, B duin
Ror v B v IERRZEIR, B dpin=d(va2, v, T
IRB(VE) = (v} U (vES, ..., v} | d(v?, v) < dmin} o
B, BN U P (ve, {(va, ..., v )RS 2 {F
AIAS BT R ve B KRR F (va) = < S detay(Va),
S"instani(va) >> HHGAE AT LLAG 2 2 28 (1) i {F"(va) »
F'(vo)} o

XPT IR R 1 g s AR AR R a5 R i H
P2 Bk G, F-ATA] LLE Je R Dijkstra BIEEL
Bellman-Ford 57513 2] G _E#—FR LA sink 5 UM
(R R IR B AR T, SRJE ANl 5 ik, fEZ
PRARIEIR R T b B 1) b B — AN 20 B /MR
e b n BB T SR, B2 T ERrA KT R
PV RVLRERIS R N1k o AHERIN, FeT A EiR
AR R T DUARIE X T2 AR Bk 49 e
SKAREE A Rk, XA RN T d5 R A 3R B AT R
A RPN R R RRE v E, —E
H d(vi, vy = DW{)-D*(v), FHTT 5 v R vi L
PIRPI PRI o X, X T BB IR R AR T B
R —ANE sink 58 v, RAVEH PTw)RRNELE T
FRA R W T T EREE AR Ry, K
I8 CST(v)Rn'e A6 T b BBy [l i 114 4R
B HIE 3 VR AR 7 AR A B IR BT
fifp e MR Z B R A CEP AR 1)

BE3 AR s MU 2B R R

BN: AR S R BB IRER N 2 G=(V, E).

i W REARMNE OPT, ¥R #H%EA FList, LLJ FList

RN R R R SR

1. OPT=0; FList=Q; tempList=Q;

2. F|H Bellman-Ford Hi:18 2] G L —HRLL sink F5 51k
R B RSB IR B AR T

3. FORAEETIRviEV

4 IF %5 5l vifE T & He 57 5. THEN

5. isReady (vi) = false;

6. 1] TG FE IR T R v B AR 5 2O PR A R 4k

7 FList=FList U {v} ;

8 tempList = tempList U {vi} ;

9 ELSE

10. isReady (vi) = true;



WXELHRS No.16 IR /IASE: K &5 25 LbAR X ] n) B & N M BE 7 SR A s 280 38 R 15
1. /] WU FE TR T S v TN LR A A6 B A AH 5] A 8 B A AR AR = A A — A i 0
12 END T, TP FRA T 515 B B — Rk s .

13. END B E— BN G(vi, (Ve Vb, Ve, Vi, Ve

14. WHILE tempList + @
15. FOR HE &% K1 15 vi € tempList

16. IF ST = vFeCST(v)#H isReady(vi¥)==true THEN

17. count = |CST(vi)| ;

18. X TEE CST vy R — AN S 1T R
FH v REBOVH=F, . veem)

19. X T T M Gy(vi, CST(v) AT 5% 2 JFHAF 2T
AN E OPTIcount)UA B85 TR Fr(vi);

20. OPT=OPT+ OPT|count] ;

21. dwin=min { d(vi, V) | v € S"nstand(Vi) } ;

2. B(v) = {vi} U {v € CST(PT(v)) | d(PT(vi), v) >

d(P"(vi), vi) && d(vi, v) < dmin} ;

23. isReady (vi) = true ;

24. P15 55 vi NS tempList FREER;

25. END

26. END

27. END

4.3 [E)@Y R’

EW 3.1 WP (4) Brk, ASUER® TAE
B AR S MR AR TAERE, &
IRIX — BB TR 2 5K 5 2 EL I I 451 & =2 78
EEBAREWALLEN, ERSEH SRS H BN
NE 1T B A7 FE AR 2D 5843 (AR AR T s 2 o] B A AR R
TAERBERIRFRIE B . BRI RIEE v nt1 DRI
F o, vty IR HECE (o, L vy B AR
TAERE, B dovi, vi)=d(vi, vi*") (1<j<n-1) H. d(vi,
viN<d(vi, vi'Y), EAEREGT /T WA EE
B E()=2%k* e H(nt1)*k*ed; #5RIEE vi ¥
IR (v, ., v B R RS ) R 22 R
B vt B AR R, T A RS BN EE N
E(by=etn*e+i*ed Hnt+1)*k*ed, L, FATaI LA
RIHEIR n A~ HATH R TAE R RS R e () 3% 9
SFRYSCE (] B s >R 1) AL BEFE N 5 E(a)-E(b) = k*ey? -
(eb+n*el)e AMERIN, 4 HAAE TAE L BIAH <D
T R BUDET CRI n BN, E(a)-E(b) Y EE
WARRKT 011, Jo XT3k B8R 1 R H
MaE >, ZNHESEMEE . XEWREEX
FREFIRIGOL T B3 1 RO O . PR, FRATT4%
H B 3 ARAATT LLE 1 7T BEAA7E R 2D 38 75 FH AT
W5 1A B AR E AR R S L. X, FK

Vi), FLH d(vi, va)<d(vi, vi)=d(vi, ve)=d(vi, va)<d(vi,
ve)=d(vi, vy), FRATAT DK % B Bk X % 55 4 Hh o Al
Gy(vi, {vi', v2, v 3F Bl 2 d(vi, v/) < d(vi, vi*h)
(1</<2), X HREAD v (je{1,2,3}) TR — D ELTT
M, HAE T 24 BA M TR E SR
By Rl vil={va}s v={vs, ve, va} s vi={ve v}, FH
TE X t(viY=t(va), t(vA)=t(ve)=t(ve)=t(va), t(vid)=t(ve)=
Wvpo BE—HL, —ANEBIT S e OAHER R
BRI ) Y HACSZ R T mih L E
B SEBR s AR HER RS (BB ) .
ERERERRZ, Shwadv)THEE—MLE T 245K
B B B B WA ) R 001 RN R s — IR R B
e BbAh, X TARE RN A/ vE G, RAT
€ X DV, vEYFIE N«
D, (vl.j,vfk ) = z z d(v, vl.k)

m=j vey" ( 19)
k-1
=2 (V! [xd ("))

m=j

Lo v 27 RE A 0 v RS B SERBR T R AL

o

el

WME 3. X TAERE RS Go(vi, (il ),
i RERNAT s vAE R IER vi BRI R RS F(v)
FAHEIRBCE , T F (v)— 58 ¥ v T SEbry
U R 2452 AT ek [) R4 58 2] (7] — A BRI 24
HI AR

5 PERENEIE

K, AT B A SR SR I E R AT
AERE ATV Num AR IR AR T R b 3 51 M &
FE—~ 100 2K*100 K F IE J5 2 W80 X sk g, o
sink 17 AL FAZ MR I X IR 0o FIR, RITER
TR AR R R R AR S B — S AR RS B AN
L-1 ANHEARET B AR, B AR s S 7 B AT Hh A
EH ORI R TARRE. XE, RO
RIEE PR roK e BRAERERITE H, BATRE
Num=800, L=200, r~=15, =200, J H i K
U5 WA BT 20 S B S R -F¥E . did
SER R, FRATTE B A S EURE I R L HBLADL SRR
G o5 2 L I 2 3 550, BV 2% AR AR 9 sz B A
AN TR A 8 B2 AR 2D 350 40 (R A AR 1 i 2 ) A
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A F ) AR .

FEASLI, BATRER AR (1 = s & 2™
8 8 2 7 VEAE N R DT VAR IR TR AT T 4R H 1)
JEE 1R b Ry N 22 B R R S 1k

1) ZER LR % T5 3R FEHEIR I B IR
PLoeskms, o5 2 —HREL sink T UNAR A SR T
IRERAERT, SRJ5 sink 7 R ELIRITE B TR B AR
32 B AL L I L2 R R SC B — R R T T A
77 HEAT T HE B A . FEZTTET, TR
WﬂmﬁﬂmWHEW%

78 Z: G TR
4%%%%% g, é%ﬁﬁ FRLL sink ¥ 25ONHR
M) B 6 ZE IR B AR, AR5 M sink 15 ST SR E 12 8¢
B SE IR AR B T AR MR R HEAT R T B
Ko X T B AEIR B AR R b AT R — AR 0 R Bk Y
2% Gyvi, i, vy, = dv, v)<d(vi, vith
(1<i<N-1), WR AR JEH B K FH vl
D(v)-D* (W) KT 85T dvi, vy, W v 2875
i, v BT R S BRI T A IR 2 v 1R —
oA VR B S A AR BRI, v 2 R
W (i, v ) R S B A TR 4R 2 B
W v ) TAERBR . Hem)ih i, X T 5k 18 1R
TR BRI E AN R, HAERECT R RA—A
xﬁﬁﬁﬁWHEW%

3) AT 7 i %R R
Jef3H— ﬁumwmﬁﬁmmm%LE% S IPZS
J&i M sink 1 ST AR U & Z R A IR BR AR TR T
MR R IEAT ) 36T B G o KT B B IR B A
J:E‘J{f%’&#/l\)%%lziyEMég Gs(v,-, {V[l,...,vl })7 /\':F'
d(vi, vi)<d(vi, vi*Y) (1S<N-1), ¥R A v — B s
I"HEEEER XA N RRERIE: R
M@D@%mmw,wﬁﬁﬂﬁﬁﬂ%TMV%
VA BEARAL 1P RN T IR 2, T DLEBER S 1
R KR WIER D(vi)-D*(v)=d(vi, vi), T
vi 2B R N IR R SR S T 4 IR
2 v B R ARV R R A TARR R 2R d(v,
vi)<D()-D*(vi)<d(vi, v"), WM 2 d(vi, vF) <
D(vi)-D"(vi) A AT M v — 8 & — DT e
PR B, Hh) g, MR vi Bl (v, ... v}
W — AN B 0 Y R IR R — KT
D(vi)-D*(vi)o XH, FRATH DS(vi) 7= T & 1 4
IBEICEIES, B DS(v) ={vFe (v, ... . vV} | d(vi,vi)
< D()-D'(v))}. 3E X K=|DS(vi)|, FtHH OPT(k)F
INFBEEINZE Go(vi, (v, ..., vEDTE CLET D(v)-D*(vi){E

*E

HI# 2 d(vi, vH<D)-D*(vi)<d(vi, v
R EAAE, B, 2 kK+1 i,
OPT (k)

= min{cost(v!,v}), mm «{OPT(])ch*ost(v’+1 v}

O LIE N

éh&uw,mmmqmmMuo%wﬂﬂMHﬁ
2K f#E OPT(N), 0 LR FH A& HIRI 0 77 123K A o

R ) = R 3 v VR o SR A
A& —wrREREARAE, XE, RAEREM
H R ) b 8 B MR 2 B 18 8 B % 5 X L RR
o O HLB R R R B AT LU . e, BRATE
YA T AU DR O R RASE L PAS [R] ) 6 1% i 75 K
M3m5e. R 1ERT MoM{ETE 0 3 1 2 (A1 AR 1LR
S TTIE AR 2 A . AR 1 A
RIL, 2 0<o<1 B, AT H I E R R E AR M
M U8 FE 53 R A SRR S 1R E 5 R A R TR R 1
s /MR FE 7 vE— R B B/ M iRARNME, I
Hog iz /N TR A B T R e R AR o 18 B2 B iy ok
) FEARNE, XY 0<6<1 B ReFEVERETE)

FA T A EEE LN, REIRYERE T TR
PR
R 1 Ho7E 0 B 1 Z BRI HBAMAIELER
6=0.1 6=03 6=0.5 6=0.7 6=0.9
TR 77.6 233.1 387.5 543.8 698.3
AT RIOEE | 030754 | 1038463 | 1066281 | 1001839 | 1022112
AR T AL 77.6 233.1 387.5 543.8 698.3
MR BE
RRELE69 77.6 233.1 387.5 543.8 698.3
AMRA R

Bl 6. IR vs. BRI F6 (1<5<20)
K 6 JEoR 7 MoRIMELE 1 B 20 2 (A28 AL A = Fif
R TTIEIT AR R LL B . DEA, RATTIRH Y
H R 1) b S5 N 1 FE 7 3 2 98 B S SR AR 2 1A
FET7 VAR E T 1) N (0 s A A 2 7 V8 B S 4
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PRI A 2 BRI v T 7 3 A BE 5 SR A i R0 R A B B 17

A PERE . B 6 IRATRBL, AR H )
EPEIE i PIRFS iR TR el = RV G N DR S AN
AROTIREE T 1%, XN 1<0<20 i, [ #4400
BRECRE A IR TERE S 2 E T, REFETEREHURE S
i ERE MR, 2R A T T i F MR IR
FETTIERY, sink 7 AT HE 2 R FL AR 2 400 55 kK
J R SRR 1], X R EUX LR T
S F AR 8] 1) B A A i L A R B AR L3R AT )
P FE R LI T B — 8 AR LI, AT 345 fo
E IR P AR R I T Ui B R B AR AT R T
o R L AT W] e 5 R AR AR UM TR 2R — E 1)
2, 10 E T e /M TR B T3 92 U2 S x
REL S 35 A AR i AR i 1 ) S R Bk X 4 AT AR AL
WA, fEHJEIEIR AR LR — MR E
SE IR R R I R 2 0 B AE 1) B SR S R ) 2%
O 48R B A — e e R AR, BT B R S AR B
TR (1) L7 52 R PR e B b, BRI A R
RERZI BN . AR, BATAIZ 1<o<6 I}, K
TR 5 3240 S 3B A0 e R BE 07 325 B A 3 <+ TR ) 4
BE: 20>6 I, FATHITNEH B T 1B 56 L
Jiid, FEH IR RRAL S S b O PR i 1
e XARRFE Y 1<0<6 B R HERETE ) B B
HOoPROR 5 S, T Z0>6 I, [ HEA Bk

AR TS, AR R 5
FEFERIE, JF HBEE O B InReAETEREAE ) HR
AR R B AL ARG, FRATT PR R ik
8 T IEIR A RERE AU IEAL, DR R R B LU SE IR
WA EETTEERRIVERE . FRE, 3% 2 HiRoR 73K
IRk e+ B T T R REAEE S 7 i

2 Yo 1 B 20 Z BB B M AVEE R

0=2 0=6 =10 0=14 0=18

H 01 T AE
FEPLSE A
e L f
AMCA

104284.6 | 103678 | 109608.9 | 106578.5 | 106837.9

1518.9 4232.6 6669.4 8994.3 111923

Bl 7. R vs. BUETIR T (20 <6 <400)

Bl 7 IR T 24 20<0<400 B &R 7 v I BE B
o BATATLAE 2, B T BAECRAETE L,
BT TTIEMIR IS J LR T TR R AR o AHER
L, BEAESE I, FRATTH T7 A X T R L 5
VA EE TR BRI A AEA G 0, R FRATT 0 7 2%
YN RN ) V5 Vi = N o R D e 2 = S o D
IVERE, X2 PR A OME AN T3 2 A8 45 5e #E 1 R
BETE ST A B, B ITERFEREILT
B T B M R B

FER R, BAVIRAE 7 HE— LS50 (B £
. TAFEREE R AR RE UK Y SUBAE 12D X%
Mo RE R . B 8 R T AES=200 MITE LT
2 00 2% H T R B R AR AR AR 5 T I P e
P, FRATPTRARIL, Toie Mg b iy sl (R
W26 3 FE D) el A4k, FRATIHE H 1) B R ) b ) 8/
A IR FE 7 VR & UM 7 24 B 4R 2 R R 3R 15
BORHIPEREAR 3

Bl 8. AT vs. T RIECR Num
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9. JURRARAN vs. TARVH LRI L

K9 Jos 19 R B RN T 05 iR RE Y
SR FAN T B BE A A R 5 J JIA J5E L Ry 1 Jn CE
WA TR, IR AL BT i T R I
IR B TRE, R RN TR E
IBEAEN ERER DR R AR TS,
IR A S T BE 592 B SR ) ) FR AR 32 Bk T R
U RO, i RSO R B B S B T
2 IR B AIROZ D o 1) 5 1% =) 8 S B 0 b b i AT
BT R . R, BATEIN T B TR T
BEFEILSGIREE, H RO L 2REE L (38 i
LEMEIC R, XA T REARIL S R ) R A =
EERT R 4 1 e 2 ) R B e B R EE IR AR G,
1139 5 2 8] (A1 380 o ) s B MR A IR B AS BB L 1)
R LYK . K 9 RAKERIL, iy
R S AR A, AR A JE 1 B A R
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in recent years. Existing works have verified that idle listening

is the main source of energy waste in sensor networks with low
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traffics. To reduce the energy waste caused by idle listening,
sensor networks usually work with low duty cycle mode, where
each node periodlically changes its state between working state
and sleeping state. Such mode greatly improves the energy
efficiency, however, brings many new challenges, especially for
broadcasting applications. Low duty cycle mode would disable
the inherent broadcast nature of wireless media, any local
single-hop broadcast could be realized by multiple unicasts,
which is energy inefficient. Thus, how to design an energy
efficient broadcast scheduling algorithm for low duty cycle
WSNs is a challenging issue. Many existing works have
investigated such issue in the past few years. In practice, delay
and energy are both important to the network performance and
they both should be considered. Currently, many existing works
have investigated the energy optimization problem for
broadcasting under delay constraints. However, it is usually
unnecessary to require that the broadcast should be done within
a bounded delay for many real applications. More broadcasting
applications focus on the tradeoff between delay and energy.
On the other hand, the existing works almost do not consider
the improvement of the broadcasting transmission model.
Specifically, they almost utilize the inefficient traditional
broadcasting transmission model, which does not make full use
of the inherent broadcast nature of wireless media. Actually, we
can see that even for low duty cycle networks, the broadcast
nature of wireless media still offers potential chances to
improve the energy efficiency of broadcasting at the cost of the
increase of average broadcasting delay, which can provide a
flexible control on the tradeoff between delay performance and
energy performance. In this paper, we come up with a novel
opportunistic broadcasting transmission model that makes full
use of the broadcast nature of wireless media, and defines a
generalized broadcasting cost function that characterizes the
tradeoff between delay performance and energy performance.
This paper aims to employ the opportunistic broadcasting
transmission model to design an efficient broadcasting schedule
strategy, so that the broadcasting cost function is minimized. To

this end, we first define a constrained minimum cost single-hop

broadcast problem, which is solvable in polynomial time by
adopting a dynamic programming algorithm. Then, we extend
it to our target problem and present an efficient bottom-up
solution. For broadcast problem in low duty cycle WSNs, our
research group has previously published many papers in several
international journals and conferences, such as ACM
Transactions on Sensor Networks, Computer Communications,
IEEE MASS, IEEE Globecom.
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