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Abstract: Long sleeping time of nodes in a low-duty-cycle sensor network will increase data enquiry latency. How to

schedule wakeup time of different nodes in the network to minimize the latency is a combinatorial optimization problem. A

distributed circular pipeline scheduling algorithm is proposed, by which enquiry data can be transmitted without long wait.

Analyses show that the algorithm achieves not only lower latency,but also longer network lifetime.

Key words: low-duty-cycle sensor networks ;distributed algorithm ;circular pipeline work scheduling ;data enquiry

1 3|§

& 5 25 Fe A% )% ™ ( Low-Duty-Cycle Sensor Networks,
LDC-SN) ST AF: t B — PR BG4 A R M 4,
ST AT A 1 W 00 B B AT 55 AR LDC-SN oy Ay
FUOR M &7 25 EE R AL, B 5 508 A A9 AR B ) &)
O3 R 2R [ Y JR, R TR T me A [a] R
TG4 =1,2, - om) ABE, T s R AEH A 1 AN [A] s
HRRR AT AR FLA I E] 24 40 T B IRAR S PTIRAR o5
25 L, R AR T AR Y B ) A A SR T o5 A B
BN F a5 T 10% , B : 1/m < 0. 1. fi§ 7 25 L AL 75
FUTE TR 43 I [] Ak 5 i MROIR 2, kA 1 R 2% Hh R 3 48

Wik H 57:2017-05-09 ;4 [l F 441 :2017-11-06 s STAE A - 2 91 4%

AEAYZS PRMTUT (idle listening ) 4845, HEAE R K HE 4 45 45
4 A ]

(ELR BT A R B 2 2 B30 00 4 1 3 1 114 o
AT 5 Z TR0 RS 9 1% i SR s . LA 1 2 9, A7 A
3N RLAB, CBRBCEN BN T=10,77 51 A, B,
C M RRIN 20 73 500 1,58, 73 B ¢, 65, . AR
TR A T EE A A B A — AR LA 1Y R CL Y
SATE ¢ PR RO e HURE BB BE IR A5 fr, A
TR B TE o5 MERRS A REAE B B Rk 45 B, AR R N 1]
4 AN TR] AT [RI AR B IE | o e A 7E Y A B AR AR 8L
AL L C R, B AR Bs B C 75 2245 77 3
[ 5TC. dr & 1 (a) FATATAF B, IE 10 K dls 12 fiy A—B

AT H  HER QR34 (No. 61562005, No. 61363067 ) ;)T [ SR Bl 22 3£ 4> ( No. 2015GXNSFAA139286) ;2015 4F ) 78 &5 4% B} 2 1 R W 5T 0

H (No. KY2015YB486)



07 M AR = AR R A U PRRIK R AR IR B 5 1733

—C Y R TR IE R J2 7 A~ I ] 00, T B 1) K 14 i C
—BA MIFEEAED 13 N E] 50, DU B AL i 5 2L
AEBR I AR E] L 20 AN (8] B G, FE 38, ARk AE R 935
T A, — SRR N ¢ -0, + T

N T IR AL e IR A R > AR R MR AR K
LRIRRE ™ (07 N E R A SR AL i . TR K 2%
YAIRE AR e £ i A 0 A AR 1 S i
UCFPHES I 433 A~ UK 1 B8 70 B 39 M 19 119 1 2 Ay
[0ty st (AT Y ARV B , 203 14 DO 03
HMEEERE. XA BE LT L K& ARl b, — M55
SEMUE S ESGHAT N —AME S5 IR , IR miA44. 51U
BB R E TR L T AGE AT A e ¢, WK, 3T A
B AEISZ] ¢, BEAC, 1Y 50 € AE o WA, IXFE A A ¢, 1213
Bl e UREAE ¢, K IA% B, B W] LATE ¢ KR4S C X
B T B i A—B—C RYSER AT LAS/D 3] 2 A4S A]
B0, N 1(0) FiR.

(a) BEHLIA

OO0

(b) TR

(o) BRI K LE A
PELT o /NI 2 7% 28

B, DA IR K £ J3E S 2825 1 o i) (Y R0 Ak
HEANTE A AU B R A I (AR 39 5 A ) R C R
AR, M L C AR ARG PR (S AR [ 19 55
A) A B BARIE [ B L i A—B—C ul LATE 2 A
IR E] BTN S8 B, (R 2 A i) 45 SRR [T, 2 o) i 1
CoB—A WITFEFES 18 AN [A] LT, B A i) 7 2
AEBR (¥ BN E] 2Ry 20 AN i) 55T, 33K 5574 a5 B A BT BE i
ZE AR —HER).

N T EPGXA R, F A TAERE T BRI K
PARE 38 1o T — AR PRI AR AT X1 1 B £ 3.
BN A>B—CoD—A BFF, A 15 ¢, BK,B 78 ¢, B2
K, CAE ¢y WK, D 7E ¢, B, AR BBl A i ] LAAE
10 AR E] R ICHLAESE A, ANTET 1 (c) Firm.

S, SR SR ER 2 T (A Sk S AT H
PR BRI ER AR, — A LA R, AN S

fifRke. CA 1Y LR FEER AR th R R A, 2K 1 2%
H 1 AT B0 T WO A M 2% 4 FME SR AT T
LA o BRI 320 BRSO T BURE AN R 2
KB, A EPEASER. HUAh, O 1 TAERA %5 IR IR it
2 B RRE KT, B 5 S BUR AR Y Y SR B A
PN RE S VRS oo T A (15 2 - s [

TEASSC, FRATTHR H — A~ 23 A 2 B BRI /K 28 2 35
1 DCPS( Distributed Circular Pipeline Scheduling) , 15 &Y
i3 O AR HE T 15 828 TRk e o8 UM . vk el
RE KT e LI B 4 1 A5 B0 A 0 e B 82 A B
12, B e FE M 28 T i — 4% i e S 7K 3 i 1 i 4
B PRIR A PR AR , S T T 53 L B A2 B0 st ) e it g
2, HAFI T B/ N EE A RE IR . I AR B Y s AT R
P 2R B A TS5 , AN G FE /S RE R AL T, FEiE
SIFTAN B S B AR A AR IR REIR |, JF HLBE
B ARATA 1 I 2465 £ i J) 30, 3 FEL ) 286 A i o] 30 s ) 5%
HER— A1 BT BRI SR T[]

2 AXIME

I, T 204 30 20 TA/EXT LDC-SN Hh it 7k & 3 )3
FEIRE. AR T A T Ao B ) B 42 326 8 S ML) B34 25 340
TR A4 2 20 SRR R K 28 3 3 R BRI O K 2%
2.1 KMERAKLAE

LDC-SN i K 25 8 Ji£ (1 BF 50 3 08 T 1) A 190 4%
PR 0 O R 8132 ) T2 R T A IE R 2% 7 2%
RIGFTR T SR 209 15 BEOSIENR | W T AE K 9 4% 2
L. AELJE: BRI 3 5 5 0 2 A4 5 ) ) A 4R
/M.

RMAC" % 31| 1 2 p5 [ i A 5 1) Fr/ N AEE 3R 7] L
PR T — A F B J2 6 b 15 B0 T K 4R 9 7 . P-
MAC™ TEFF AN h 15 5 00 S0 e, J I 2% v 1) i A 45 5
IR BT Sink RN R A S5 5%, B BB 10 T A S 2%
s, L k.

DSDF'" ,RMPS"™ I OPS™ % f& T A~ n 42 3 5 % %L
PR AEIR I RZ R, 17 5 O S0 A% 0 B 45 B 86 o o v 1)
PR

GCKN'™ e s R %) LDC-SN 8, 32 1 T4t
X 3t PR ph A K R 1 0. DC-MAC™ 2% 1 4 x4k
TR A IR 28 R Tt /K 2R A B GRE. FIT T 2R AL SR I 25
FILE P28 6 1 52 B R TR 6 I 2%, L« 3 B 7
% S A BRI T 4.

MobiBone """ £ | JH % 2l Sink 8 $i 4 (4 25 TG
LRAL AR R Bt T — 1 38 L 1 8 35 1 e {5
ALK HR 9 A T AR O G M R 20, DA T R
ORI 15 3% 285 8h Sink B 280 (A48 58 0. 2485 8h Sink



1734 H, +

EE 2018 4

PR A5 B RN AN A1 AL AE SR A 2 I 4% Hh A 25 R Y
2.2 IRRFEKLIEE

CP RSB — A XU A A TR T R T
A rp Uk, Ty AN . 1 S A SR BRAR K
LRIHEE , PDC " S it R Rl A o B 45 v h T e
BN SR R RS 70 Z A2 FR EFHBEA %
JE TR A Y RO EE A A A BB AR AR, B e 1Y
A BE A AR AR A SR

AT ARAFBARAAEIR , ADC ™ SR T —Fhh &S 3
IRERTRBE T 8, 1 AT AR SRR AR A ) B 2 0 AR
B e 14 o v 5 2 AT B P k. (HORE SRR A B AR
LDC-SN HARMESZ B, Ky LDC-SN HLE 75 454> A J 19
T R R B — UK.

ADCC ™ U JABRAE 15 15 B B3k 10 A9 B SR TR BE 15 00 o
23 L. A AT DIRYE A S RERKF, iR R f 2
F14 TG R 14 241

3 REGEEE

B M n AT, E TR E— > M =
M BIETTIR IS T R AR AR v, IS DR . I
B2 AT v, Mo, Z AR CEE B /N T3 88 T v, AT
I AE— 2Rl R (o, v, ). BIA 1 R R 2% mT AR
BR—ATAE G(V,E) V= 1o, 0,00, | BT R
A E N REEE R S O T AR BT,
ABRSE PO 2% F 4 A 10 %5 B2 L DRIE A B A 9 i T A A
A M FRARBE AR X FRRIBE 0 W 45, FoAT] i 0% AT
DA 32f % BE 491 14175 D0 A 6 A2 S B 22

WU T OE3F TAE, T i m AWFREIRIC e, 1,
sy, ARG T R BELE HE R 1A IR ) R G Hh g R (AR
O FURE WG ] ), T A R A P ) D) 2 A AR 2. 1Y
2N ROR U 2P AR AR S, AN 2 A% 1 42 )R ()
A ARRENTATLIS A 28 fE BT R E 2. 41
A FTAT AR 408 4 i i R £ B[R], 5 T LA 40
A PR T [ P AR 2 105 S0 45 408 . (ELI: , 119 A
AELE B O % L M LIS ] A 2 AOR o .
4 FEigit
4.1 EXEH

T, LA R A o, S o K R 45 TR R R
Oy AT TR BE R o, B T R YO, KL Z IR
IR BRIE R B2 R R L v, BIH AR AL 0, £
R[] v, BYRUR] RS FRAR A ) AR T ST AR R
SRR R K P B LR AR B AR b 3 SO A
o U R IR AR B AR B, DL o, R R %A
(9 R BEA TR K E R

4.2 EHixigit

SR 58 4 43 A 2 52 B, 3 3ok T A ) A 3% 2k
S OMER ST 55 AHR, 1 B3 T b 3R TR AT T 1Y
A, AT R 3 AP BR (I 3 2 IR B AR AL
AR L) |, o3 B HEA Tl A
4.2.1 MNBHE

TEIX— L BR A DA ) Y AR A v, Pl 5 M)
25T R A T E K R B R, AT AT
PVHIGE B O3 v, M/ NE B L | e w in fb— 2y
RBHC Hoh v, wakeup = 0 R BT (O 1T BOA RGE B
C Y e [ 1 221 5 0, level = oo FEHIY A HT A L E A
CHER Y Elm e ks, FEh sy aCw
JEWCL, W R0, R 5T — D& A Query (v, L,
v,). B A v, BN B Query (v, Ly, v,) B,
EATH AN B CRER TR T L+ 1 AR, Wi
v, L o, RELATE /D ERECRE o, I v, 5 B O 2K L,
W L+ 1R G/) T — B E R Query (v, L;,v,).
W B — HERE, R TR 1SR E S ER.
4.2.2 IRREEHE

TEX— YR Al B AR o, B R R — A R,
T 2 Z e o, BYASAAAS HS AT GE A 00 B AR, 7648 2t
SO L L 281w O T DR R W ) Wt -9 | AN 2

W HAR A 0, BETE B AR E R IERE 2 12
/N H gt e 11 s v, Ao, T 0, HFFEHRIL
TR A% R B 1 5/ i 0 05 L T 2k %
B BOR R A 25 R 25 A C W5 485 50, R Bk
REd e 1 v, 1N G 4k, TR IR Z Y v, 7E AT IR,
HH v, T % —/ 14 & inpath(v,,v,. Successor,v,. Prede-
cessor) A v, Fl v,. AL =T A v, YLB|— inpath ( v,
v,,0,) THE B ST BRI L v, RERAAREES Q,
VR 5 T 9K 5 4. o, B Q BT R H AR B KT
FEELAME FHEA. AR 00,0, 2 0, BOARE(ER A o
H Q WA B 1 QTVRT 1A, WHE v;,0, 8w, A Q
HOMBR. XA AT DS AT REQRIIE v, B G AN EE RO &7
PEAR BT SV e B AT R B 4k, 0 BRI B AR L
T AT R R MR Q1 =1 WIJCIE MR , 332 PR A B
Q ThME— Y R B v, A AT AT HI K RS 4R R
Al DL

Wi v, = =v,  UiB v, 52 v, BT AET 530, W) v, 4k2E
PEFRIZ U AL B fe i e 9 S8 Jm A O Je k. 2R v, 2
PEAE B E AT R W E AT RE A 2 DR YK — D RAE
JEUEAR I 5 1) 4% i 1 J5 4k, — A SR AR 2 U s 1
AL 4 R I 4. PRI, g 4T 2 A 4kER 0ok B k. 1
PESEUG  AREE) # inpath T B W2R v, = =0, YiB] o,
Ko, BT, 0, J2 v, H9JG k. o, 065505 A B, F 0
ARG — B FRIE AR B 5 . SRS v, SRR R 2



07 M AR = AR R A U PRRIK R AR IR B 5 1735

YR SRR L RE i fi ey 1) S8 e VS i, 4 58 U Ak 2
IR inpath i 5. X — R — B AL, H 2 ESE v, BN
A AL
4.2.3 HRKZKXAE

TE LT R, R B AR B R R AR T
HO R4k G, A v, TFiG 38 2 224 [0 e B2 1Y i
Z\. AR PR R SEEES ,v, B A O MR (R 1,
SRIGT #—1~1H B dutycycle (v,. Successor,v,. wakeup )
HATE O 4R R QR — M =5 5, el E)
H3K & KA dutycycle (v, , v, wakeup ) 14 B, WA W B O
MO EWE TR Z). iR, W3 A C 2 i
AN E A A A T R e 2. A SR i
H . Me i 1 B 2028 v,. wakeup = (v, wakeup +1) mod T.
RIG, LT # — 4~ 18 B dutycycle (v,. Successor, v,.
wakeup )l 4 C 1Y G467 ml. X — B HEFSL H
FEHJE v, #IF) dutyeycle (v, JUje wakeup ) Y4 8. X U B
A AR L S L T M 2 B A R
5 (FEXK

VB BURY Y 26 M I /K 26 B2 550k RMPS | OPS HIER
RIK LM L CP PDC ADCC 2R 5 AT 5 12
TR L.
5.1 &EFER

AT TE n =100,200,300,400 F1 500 f77 5 5
B R i IR PERE , A5 R A 2 .

400+

3504

300

250+
2
;E)ZOOA
<}
150
100+

504

0 100 200 300 400 500
T B
F2  #EIER

M 2 AT LAF #, DCPS 45 T H5/INIRER. 3% 2
HEAGTE TR BRI AR A 0 AR, 0 I K SR B
RERTH A B 45
5.2 MEEHEE

FRAT14BIHE n =100,200,300,400 F1 500 [ X 2%
ISR 1 D 28 A i J B, 5 SR ] 3 .

JE 3 FTLAE F, DCPS 3545 1 br HoAth 58 125 0 i 1Y
o £ A= i JE ). 33k J2 R A, DCPS FE A4 8 A 1) B8 AR ), 10
SePk L RE I K = W SO, PR BB YT R

—=— DCPS
9000 —eo— CP
—A— RMPS
J —v- OPS
8500 —e—PDC
—4 ADCC
4 8000
&
=
% 75004
g =
+ 7000
F
E 6500
60007 v—v\v/
5500 . . " . ;
100 200 300 400 500
RS T
3 R4 A E
R B 22 VR a0
6 =h

FEARSL B XA ot 2 A2 S I A5 0 g A1 0L 1)
B AR HER. $2 T — A 2 IR K 28R
JET M, REAS 1 £ RE LK B0 1Y i — AR K
ST BRALIN A ) B A, SRS AT AR b AT K
LR BE. 7 Hr R A AU RE PRI S8 BB A 30, 1 L
HAT B 28 4= i A 401

S & 30k

(1] SREEA, o K N . O AL I M 4 vh 3 T 2 Lo

PeBI R AL 95 23 A XAk I O7 vk B T AR 4R, 2016, 44
(11) 2773 -2779.
GUO Li-li, GAO Fei, SUN Zhi-guo. Multi-level quantiza-
tion scheme for distributed maximum likelihood estimation
in wireless sensor networks [ J]. Acta Electronica Sinica,
2016,44(11) ;2773 —=2779. (in Chinese)

[2] Peng Guo, Nirvana Meratnia, Paul J] M Havinga, Hongbo
Jiang, Kui Zhang. OPS: Opportunistic pipeline scheduling
in long-strip wireless sensor networks with unreliable links
[J]. Wireless Networks,2015,21(5) :1669 — 1682.

[3] Yongle Cao, Shuo Guo, Tian He. Robust multi-pipeline
scheduling in low-duty-cycle wireless sensor networks
[ A]. 31st IEEE International Conference on Computer
Communications| C]. Piscataway ; IEEE Press,2012.361 —
369.

[4] Qing Cao,Tarek Abdelzaher, Tian He,John Stankovic. To-
wards optimal sleep scheduling in sensor networks for rare-
event detection[ A ]. Fourth International Symposium on In-
formation Processing in Sensor Networks[ C]. New York:
ACM Press,2005.20 - 27.

[5] Shu Du, Amit Kumar Saha, David B Johnson. RMAC: A
routing-enhanced duty-cycle MAC protocol for wireless

sensor networks [ A |. 26th IEEE International Conference



1736 B F

b 2018 4

(6]

[7]

(8]

(9]

on Computer Communications [ C |. Piscataway; IEEE
Press,2007. 1478 — 1486.

Fei Tong, Wan Tang,Rong Xie, Lei Shu,et al. P-MAC: A
cross-layer duty cycle MAC protocol towards pipelining for
wireless sensor networks [ A ]. 2011 IEEE International
Conference on Communications [ C ]. Piscataway; IEEE
Press,2011.1 -5.

Yu Gu,Tian He. Dynamic switching-based data forwarding
for low-duty-cycle wireless sensor networks [ J]. IEEE
Transactions on Mobile Computing, 2011, 10 (12) . 1741
-1754.

Chunsheng Zhu, Laurence T Yang, et al. Sleep scheduling
for geographic routing in duty-cycled mobile sensor net-
works [ J ]. IEEE Transactions on Industrial Electronics,
2014,61(11) :6346 - 6355.

Fei Tong,Lei Zheng ,Maryam Ahmadi,Mingming Ni, Jian-
ping Pan. Modeling and analyzing duty-cycling pipelined-
scheduling MAC for linear sensor networks [ J ]. IEEE
Transactions on Vehicular Technology,2016,65 (4 ) ;2608
-2620.

[10] Kui Zhang, Eyuel D Ayele, Nirvana Meratnia, Paul J] M

Havinga, Peng Guo, Youxin Wu. MobiBone: An energy-
efficient and adaptive network protocol to support short
rendezvous between static and mobile wireless sensor

nodes[ A].2017 International Conference on Computing,

EE T

WO L 1980 R4 TR . ML
WRFE A BEE 5 T A TCEk Al ik P 4.

E-mail ; jiangchan@ gxu. edu. ¢n

[11]

[12]

[13]

[14]

Networking and Communications [ C |. Piscataway : IEEE
Press,2017.1 -17.

Jia Li,Song Min Kim, Tian He. Circular pipelining: Mini-
mizing round-trip delay in low-duty-cycle wireless net-
works[ A]. 2014 IEEE 22nd International Conference on
Network Protocols| C]. Piscataway ; IEEE Press,2014. 421
—-432.

Fei Tong, Ruonan Zhang, Jianping Pan. One handshake
can achieve more: An energy-efficient, practical pipelined
data collection for duty-cycled sensor networks[ J]. [EEE
Sensors Journal ,2016,16(9) ;3308 —3322.

Fei Tong,Jianping Pan. ADC: An adaptive data collection
protocol with free addressing and dynamic duty-cycling for
sensor networks [ J ]. Mobile Networks and Applications
2017,12(4) .1 -12.

Zhuangbin Chen, Anfeng Li,Zhetao Li, Young-june Choi,
Jie Li. Distributed duty cycle control for delay improve-
ment in wireless sensor networks [ J ]. Peer-to-Peer Net-
working and Applications,2017,10(3) ;559 -578.

[15] Long Cheng, Yu Gu, Tian He, Jianwei Niu. Dynamic

switching-based reliable flooding in low-duty-cycle wire-
less sensor networks| A ]. 32nd IEEE International Con-
ference on Computer Communications [ C ]. Piscataway ;
IEEE Press,2013. 1393 - 1401.

FMR 51957 AT T T,
AL W07 A AT ARG Tk M 4.



