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Abstract: Data gathering is the basic function of the sensor networks. However, the existing gathering schemes
are almost based on the architecture with a static base station which results in the quick death of nodes around the
base station. The reason is that the sensor nodes located near a base station have to relay data for a large part of the
network and thus deplete their batteries very quickly. This paper discusses how to use the mobile base station for
data gathering with load-balancing. A data gathering scheme MADG (movement-assisted data gathering), which
makes use of the mobile base station for data collection, is presented. In this scheme, the base station moves in a
stationary annularity area exploited for data buffering. The gathered data are firstly forwarded into the buffering
area and then collected by the mobile base station. It is theoretically proved that the location \/ERIZ away from
the center is the optimal location for minimizing the energy consumption for transmitting data and that there exists a
location which can make the maximal node load minimize. This paper then considers the optimum location jointing
the energy consumption and load-balancing based on above analyses. Compared with the static base station scheme
and the existing mobile base station scheme, MADG reduces the load by over 95% and 80%, respectively.

Key words: sensor network; mobile base station; data gathering; load-balancing; network lifetime

H OE KBERERLRERBENLHG—NER R IA A EIE M EAE X KRR T #E she) M 44
M FEASER BT S d T 0 A NN B PTA R 8 fmbik S, R A P44 68 A9 KRB 50 4o T A1) B 45 3h skl
GBI RGA R R IR T — AR R A B A sk VB 38 M SR 4942 X (movement-assisted data gathering, T #&
MADG), € ¥ K 3E 4% 3) R 3Rk B A% F R, & e H 8038 8 RAABRERB|E o+ RN, ARG ELEH o4 F AT
FABIE AR TR A2 BR BEAIED 0 2R/ 2 BB B AR Y FHEN T A E— A R s B 4T
RAF &R ER MM A T BB R R 58RI A 01 P HT 09 B 5E A 3 RIR R A fm R B 45 RA9A 3% 3k

« Supported by the Key Program of the National Natural Science Foundation of China under Grant No.60533110 (¥ 5 [ Sk R} 2 3 4> 5
FT5 H ); the Harbin Institute of Technology Foundation of China under Grant No.HIT 2002.74 (% /R 5 Tl K241 3 4)
Received 2006-03-10; Accepted 2006-07-26

© ik

HAFIIFEF http:/ www. jos. org. cn




2236 Journal of Software #f+3 4% Vol.18, No.9, September 2007

BRI R AR RAZE AR T P SR K 013K, FF BB T BABAE S A TR o 69 8 A€, 20 5t B & AR b Aw
Rl & TAE 695k K M 2% 5 241K 95%F= 80%1A L.

KR B AB MR SE BIBICE KT W& B R

hE%SES: TP393 XRKFRIRED: A

TG 25 A% S35 W 2% 1) 2L Ty B & ) JRI 10 IR B A5 R 1B AT SR SR RN B0, 06 JR R 81 1 B30 U 326 30 5 ol 1 AT g —
A5 (1 b 7 T2 s (0 A A B, DR e, e A U A P A R T S A % o R AR 3
PRI 50 IR) LA e 18) S5 s S AR 0 A1 i ol A 9 L 0 ) S, Rl o R 1900 sl 7 I 28 ) 1) B A 4 48,
J A9 DR 5% A P O 00, AN AL ARG T DR 8% 1 7 ek i 0 L 3K S8 4 s B RO AT, AT gk 2D T I 4% 1) o

h T Sl ) L AR A8 AR DA LR s A — R Rl A S TR 2 T RV U AR B R R D TR
SR )N A KT TV AN B AR AR b i e £ ST ) R 2R 5 ONEE Bl v 4k Sk S FH R TR Y R B g, dn S
FR [3], 3% b 7 v W LAA 2880 A K I 245 11%) 54 i, AFL 87 80 A 1 487 I A SR A 05 2 =0 38 1o A% ) ik il m DA ST A7 T 2675
U B B TR RS B R (kAR v A7 B v sl e T RN IR Y R A5 b R AR AR A R R DL B R EAT T
7. Lol \ 4R WY T A8 3h 3 3t SR BEAT S35, 9 LA A S 3l 9 5 190 4% A LA 2 2 S £ PR A8 B S s

AT SCHR[A]00 )8 &3 H T — AR sh BB I EE AE R MADG(movement-assisted data gathering).iZ%
FEAC Lk I H I 30, 37588 3 10k B2 v AT B0 W AR . 5 SCHR (414 ), 45 SCR 55 0 B8 30 X 38 1 Ky %
DX, T 5 J50HE W o R AR A B B G P DX PN AR R S S RS Bl IR R R R AT B B R AT 8 T RE A A 2k
Sl A% B A, 12 S WG [ ] 2% 1 1) B304 A e R v ) e Y R R 47 8T Lk 7, MADG AT L[] B S R T R O
By IR B A A A ) UK B0 110 B e i 4.

ASCH 1 1eE B H ETA OCEHE R AT SO B, HO X S8 T AR AT 8 B VPR 5 2 48 H AR ST A 1 R 8%
FEE TR R 1) A IR MADG AR B v FIPE BE X MoK 2E 28 3 40 FR 1 A1 1 18, T8 I 28 o DX Aoy g 3 AR HI090: i e 1) 1)
BSR4 T4 SR IG 45 R R R SCIN Sk

1 #HHXIE

HH W 2 A SRS I 4% (1 5 AT 55 0 7 W IR0 0T 9 000 5 Rl [ s 0 55 0, T A SRR YT R I 4 )
SR AR TE SR T Bk 1A B DA B B TA B 1) 16 4% A 24 R 00 8 A £ SR I, ol ik 2 Bk 1y o g 3l R 3% EL
SR 5] A 3 A it Sy R FD B e AR 2 I AL A Y RS, WS A T 4 B I B 42 0 AT % i LEACHT),
HEEDUVHIDEE G S8 19 4% 43 J 5 T 1%, 224 J e B B0308 I 7 5 A2 38 B Sk, o 7 Sk e I 2 B il AR T 33K 2 5 5
LE U 0 A i Jo o v 82 20 3k sl 0 BB )1 0, S B0 84 R f P Tl B Bl HL Aty AR 22

T G 33K — ) A4 T Y A e B I il Ao 97 T T 36 S A R DN R AR A g X 4% 9 3 o AE AN TR AR
L SCRR[ATPE A A0 BT T 3K — 1) 0, R R T — AN B B b RD S B Sl AR 4 A A R OK IR B 4 BT i R 3
Sl A5 M RS By, 3 P 7 2 R SRR SE T i 160 1 5 CAR ] R D) % A £ 9 B AT R 2 A A SCHIR[9, 10 1R
T R BB 3 1 7 3 5K B KA R 48 25 iy (B S [ 1) 2 3 S T 4/ s 3l % 30y 1) SR 70 A DAy 4 M 90 ) i O, 4k 80
F B LA Bl R Ry 2 15 B

PR B 3 B 2 Sk i A (A R 4 s e me 8k 1 Dy o e S A A IR PR S, B S
BNFIAZ T F AT I, AR I B (1 B A% S o L vk Shah It &s A3 10 T #0d 52 1 (data mules) A% =0, 280 3|
HHE (071 25 S B R AR OK, AT mules®S B 2L B I I EHE AL S 4 mules, 2R S5 timules 78 5 B R 7
B I 20 e A X 3 A A T T 1) S AR A AR B ) T I AR I B I AR i B B 5 2 B
A7 SR [12,13]

AR WangUH Hy TR Bl r 4k 16 5 5 R WAC B2 K500 (S X, L e Rl 2 1 S AN 10, 5T 4 A £ S it
(P2 P ) 1A v 240 A R T (0 R 3, B AT 1 BBk A/ 10 0 R0 ) 500 I 7 2 A i s v 44 05 4R )5 Fh
HR KT R LR AR i A B S P 7 A I 5 ) N R RN A R il R LYY ) S, T R T 4% L3 ) S

© PEBREBAIHTUR  hupy/www. jos. org. en



& FARRE MG B RSB SR R ALK 2237

(Bl 77 925 L RE AT PR S 00 245 3 i (4 i), I HL Pk S i AR 801 A ) LA SR A7 AE.

ASSCAR Ao A RTAE SR T RS 3l bl S A O AR St 5 AT T AR AN ), A & 7 AT PR T4 7 5K (Bl %
T RIVES B kil ), 50 K B0 e i 0 R DX SR T i ol £ 122 XN s 1 I i Wi Sk ke ot DR e X b 7 T IS
SCHFHRET A IR S0 A0 2 0 9K Sl (K B O R AR, A SCIRT I 5 B8 T S 3T 47 R KA A% el e v ) BE S R IR
et 3 3l g DIE PR A8 B DX, 2 Y A SRR o -4 1 8 e s

2 MEIEEL R 5 @A

ATt MADG JIT 5 T 1) 9 48 155 R RIS AR PR 8 5 SR 3,41 28 1BA, A ST A T N /A% SRR 25 T 45 4 o DL &
R pIARA S A BERL 3 AR 7 — AR08 RO TS XA, e R0 2 O I 87 ff B A7 5 18 M o, Lt 2 AT
W A5 AV ERAEAE A D — S R BN AT IR v X HL r<<RUITAT 1Y 251 LA TIA: (R 4025 A 35 3 A% S B33
BEAN R T AR A AR A e AN R A B S AL R A O O A B DA R X S AR RBRAT R AR A%
IR TR 5 27T A B RO B R 220 S I AR e T V.

A5 3l 67 T 12 P9 28 DX 3 PN, 47 Bt SO T U B R e R BV B DAk A TG R A 5 SOk [ ] AR
(75,4 load, #7517 SN SO I FE (9 BEE. load , 287 19 £ nTE — B It 16 ) Fr 7 280 R0 . 45 B 37 B0
et T3 BEACRE 1 N &, 76— BRI I A, by T 0 0% P 735 00 00 A 6 30 0 T 28 B I R VR FE R R A B -
9T B M A R, T AR A, N B e SR S R RS B SR AR &5 S FRATT I B R I A TS R
) 5 W6 R ik F SR AT N BT e K SR gt /N, [T, B8 4 80 1) Rl A% e R e ) e R R A kL TR
i, ) 85 w] BAE Ak

Minimize load, = mgi‘(M(M,R) (1)

Eq (M.R) @)
Constraints: M constraints, R constraints.
TXHL M AN R 43 Sl i R il (14 8% 2l SR W R A 04 8 R SR AR S0 B B SR 1 TR BRuh e AT A AL B B K
LA i 808 7 A ol DA AR ST SR R 1) ) AL SRR (415840 AH AN [R] 2 I L ) 5 | N T 55 4h— AN A
3, VB A 00 BRI FE oy AR SCAS L5 184 10 1 703, T L3 20 2% 1 0 6 A i ik Rt v S5 1) B0 B, AN
[IE Y IREE=N=4S

3 BEhinBIaIIRIE MADG
31 #ABHE

A 3 s 20y 1R B e S e B SR ASE 00 380 110 el 42 A% i (2 0 10 77 5Q) 4 AN 12 A2 3 A7 L () 8 il DU 7
2R AR A I A R A T S T NAR K IR R 2 MADG 52 4 5 7% 2y 1Y) 5k oty >k e e B0HE WO B 1) A [R] 1
7, MADG AN R G0 2 K08 (K 1 e B4 5 Bl R AT 00, 10 A2 1 S0 4 Bl A% 30— N 5 [0 DXy BT TR
N G DX il 4 12 DS A SR (BT RS 31y, O ELAE RS 20 1 2 o R 122 DI A G A (10 B Wi Sl ok

FEMADGHT, Z2 11X I — A A2 A Ry, M2 0 R (1 [ 2, 21 V] 1.(2) P 9 5% DX S8 P 73, 2k i At 12 DX 3k g Jo 393 1
Mo AS Bl (B 5l 4 5 T LUK A 7 7 28 08 2 ). 229 e 8 ol J e i 2R e e A B G o X, S A s 4R e
TAE AN ) BEPA, 9 2% A AR AT o] 07 2 08 LAAH () (Kt 5 5 A i, DRk, O 17 38 20 7 8P 6 I, — s &
X B P SIS 2 R0 T o R A A T 3 0% o X 224 O 4 R vy I B A 24 i 3 B AR T A i 8 G o X
S XA, T b i i L B A 1) 2% o XA i A R BT AT $0 2878 20 3t 3 A A LY e DAL Kl SRS )
BT E ) B LG BB Rl AT AR A 1R BE SE A

Bk E MADG s e T

(1) Hla AR5 b AR T2 A i 2N E R R XA

(2) Bl [ 52 1) DAk A B Bl HEAE RS B Pl S i

© PEBREBAIHTUR  hupy/www. jos. org. en



2238 Journal of Software 3kfF34% Vol.18, No.9, September 2007

(3) BEaRLH &% 18 T GUMCT RS R E
(4) MADG ] LA [ e 5245 S B 5 ) S A 0 2 0 5 1 i
(5) W AEIR AT b5t B KBS o 28 o X Jo K3 B 23

(a) Sketch map of MADG (b) The model of energy consumption
(2) MADG RiE K (b) BEFETHTREAY

Fig.1 MADG and the model of energy consumption
1 MADG K fekeor Hrasisd

3.2 ZFMXIIAE

A K T B R R AR I R R O R T o PR o X P A7 T R RN 470 T Ak ) e B AR R L AR
Ja AT IX LT 45 th R b R A A7
321 HEm/REAESIIX

FH T H0 T 2 1 S A i B0 2% v DX v R b, % o XS (1 3 PR R e S A i 1 RE R FE LA T R 0 AT,
BB X B R —A5 P40 LR 1(0) R, PR e S B T L s ILE.

I 1. MG X (LT R IR O V2R 2 b IR A o B RE .

E WA B 1(b) 7, R XA T (500 LA, K1 bt A T 44 DX 5 1) 2 i 92, R0 92, 195 30 4, 0 Sl o A5 R0 o B
KT LI DSl /N T LA DX 38 B T r>>R, R, 2% b X AT AT AU e — MR 2 B X 380 &1 () i HY T i X 38 1)
HO R T 90 AEBE G x5 D dx R B B b HRIE A d 0N — /N BERS R, T I P B IX Q3K — X 3 I 1) T
AN 2xd Oxdxx p. BT T IR T 8B 28 i DX P 5 A i o B L AT Bk Q, L R B R0 1) 7 Il A K
B T 2 AE v 25 T R 45 op AR AN Y AR QIR B EE AL (x—L)/r AR B A R AR IR Ol A, T8 4 B R 38 43 1)
PGB X I RERE A 2x0d Gdxx (X—L)/rxAeh T V6L R A RE o H A 1

[ LR [ 02“(2xp/15(x ~L)/1)dgdx =2npAe/r [ LR X(x — L)dx =npAe(2R°-3R2L+L%)/3r 3)
[T = 20 A VAR R L L AR R W= BN i 2 A=t
[:] ;“(2xme(L ~X)/ )6 = 2mpie /v x [ X(L - X)dx =mpAel*/3r )
DL ok, 5 P B0 A B 6 FE b mp Ae(2R®—-3RZL+2L3)/3r, A 54 f) A i B A 5 2 B A (L) = —3RL+2L B 75 8 /s
{H.F(L)1E L= v2R/ 2 I AR 5 /M. L

A8 A LA BCHE A S () REFEN AR, I8 2 I TR IR BE VRV FE RN [ AL A T B e X AL B AR AL I 1
W R=10,p=1,1=1,&=1.

AR 5 T L, SR O 8 IRV A 2 L= V2R 2 (1[5 A L T 46 B A i Sk (1) B R I e A1 3k
PE 2R 1248 Sk 20X 137 B L R S R B B/, T AR — 5 AR AN Y 5 10 B ik 3 B DR DL A 7
3.2.2 W A HT 4 AR FEAE BB 3.2.3 LA H S IO A R 2 v X A



B Zik FAERENSG Y AR BB A S Yo BAB I RAR X 2239

2200

y

=
)
S
S

1400
1000¢--
600
200

Total energ

0 2 4 6 8 10
L (distance from the center)

Fig.2 Total energy varies with the location of buffer
Bl 2 RREFERH ZE b XA AR A 1

322 m/PMMUERKAEZEMNX

AR U AT 328 6 2 1 DX M8 A8 10 2% o R e K it M B B 2 AR AR — AN R e X A5 0 2
(1) 5 K A7 3 b /M.

TEIR 2. AFAE—ANGEIP KA B AL A 4% b 0 B K B BB/, I HAZAL B 5 ACER SR ) o(BAA7 B REHE)
Tk

TIE B 5 40 AT 190 0% DX 35l A T s P G X G 20 AT T R R e B Ll e B IR K
FLI X S5k 92, Pl 3(@) T s; 58 2 B A £E L2 P9 IR X 35 92, 1 P 3(0) T 7~ e - F- 920 9 14 8, el - 0000 2
TG S R AR A ) 2 e DX 11, DL 0 T 15 990 AL T S50 A B 30 [ DR e, AT ) T A Y SRR [4145 HE 1) 68
HrAB A, 4 B 3(a) i 7. IRt 36 F AT — AN B [0 P 88 D A 4 in, 283 e P38 f ik
(S, +S,)ple < L(R*—dH e .

S,p nr?
Horh, p=2arcsin(r/d), Sy A B H R 2B 1R 38, S A A e DR 5k PR T s T, B 000 440 PR B 284 4 S5 TT 2 L SR [4).

S R 9B b T T S R AR A i, B 1) S B R A ] 3(b) T, 4T n IR R Sk
_(S,+S,)pde  ApeB(d+r)?i2 CE

S,p (B +r)2/2-pd%12)p  r?+2dr

F1 58 (5)FI A (6) I LA 1, load /& d ff 406k b 54, 1 load ? W12 o 1 638 b 50 H. load:; A1 load? 431 ¢ d=R
R d=0 FHIRAE BN 2A, IR, load? A1 load? 746 i 2k 4 SR M AT I BEAEAS T L7, HL O<L'<R.ATLLMT 2,34 d<L’
i, load? > load? ;24 d>L'H, load? < load? .[Kl it 1T L, 428 b I BT L F, 190 44 oo 1 55 K e i /A T B,
i = (5) FI =0 (6) T 4, L" 5 r FI R K. O

load} = Ae (5)

(6)

load?

(a) d>L (b) d<L
Fig.3 The model of load analysis
K13 i b A
HUH 2B 2 (942 BT, 4 load® = load? , 527 5 /A, 1T Y 4o 548 58 AN 0 4 o1 5 85 A 57 2 0/ A 1 20 0 X
R 1T A AR 240 5 0 B, DR, A B K S AR 4 1 1 0 . B b AR 2K (5) 2 (6), 45 4L



2240 Journal of Software #f+3 4% \ol.18, No.9, September 2007

RT3 4 38 5 0 49 5 R I O IRt IR o LA — s BT
323 f[EEMGEL S

FIP 15 23 Sl 45t T R B /20 T K 07 8 /N A 48 ol DX AT I 1 R YRV RE R Y S SR Bl B I 1
PP X Ay

[ 4 & L=y2R/21 MADG {684 At i, Herh R=10,r=1,4=1,6=1, JL i} J3 BEFE LD 72 4(a)h,
T 35 00 0 A s 1 T R 0 % £ 7 A SR A P . P A(o) BRI b B R T X — A A PR LR L 22 b
DX BRFAAT P 799 0t 0 A7 38 0 v SR E— 2D b, BT B R 1 LRI, ) 5% 94 J K B AR A 3 K LB AT BAE— 2D PR AR 28 e
DX BRI F 97 28 P A 90 38 1 2 A T AR AE B I % o ) B K S R B B AR DR A DL SR L R R L kR
7.5 BT, 16 405 15 2% 4ok DX BRI 11 57 2 B 380 0 /N P 5 10 K T 3RS U0 1R I 448 67 3 3 A 4 R=10 I, 1T LUK S
P IX R B A EE B 0k 7.1~7.5 PRI, B BRAE A i e RE R a5 57 384 A1 ] Ak B LA AR IR A

6
IR 00 Y ) T
C LA ¥
B 0 ,"‘!_A!‘,L‘," 5 10 K 2 4 6 8 10
y _1 5 0, d (distance from the center)
(@) (b)
Fig.4 Load distribution when L= \/ER/Z
B4 L=2R/2 10 S A A
i . .
5 y o "‘—_'4!19!" o 5 10 Y 7 4 s 8 1
-1 -1 = X d (distance from the center)
(@ (b)

Fig.5 Load distribution of MADG when L=7.5 and R=10
Bl 5 MADG [¥ 5385 Ai i o, Horp L=7.5

5 |24 L= 2R/ 2 ), load? Fl load? JEAHI%E £ 145t T BEA 442 R 107454k LRI V2R /2 2 17 ff) %
[2R /2, L"7 &l BBl 0 R 3584 Sy 2 o X, -4 ikl £ 0 [ 48000 5 07 A 2 P 36 1T LG o 7E SRR L (r TR L
151 5 0N S ), 12 22 3 X1 5 B — R AN B L Y 5 02428, LR i 2 r=10,R=100 F XA, 22 i X (1K) B0 308 o 356 3t 154 A
CIRNER: ¥ -$e3 /8 8T

SCHR[ATZ H T 3k 7 W9 245 P B AL 30 R0 356 3t [l 8 (5 J& 32 3 3 P i e A s =X, J oK 4 3 0 il 2 28 i 23
247, NI MADG  EE SCHR[4]70 () 85 K 07 3840 99 FATG 4% 80%. 1 AH ) Ft) 9 4 rv ik s ] 52 A 50 /00 I 4 A e K
e 100 2. 5 2 A H MADG K d5 K 5 20K T 9006, AT s 194 &5 2 iy Ji JHTREC T 50006 LA L.

© HIHBREBSAHIGIT  http/ www, jos. org. cn



B & FARRE MG BA R S B SR R AKX 2241

Table 1 Comparisons of location between the min energy and min max load
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