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Abstract Due to the limited resources such as bandwidth, buffer, energy. and so on, most delay
tolerant networks (DTNs) nodes are selfish and do not forward messages for other nodes to save their
precious resources, which seriously degrades the routing performance. To stimulate the DTNs selfish
nodes to cooperatively forward messages and reduce the message delivery delay, this paper proposes a
virtual currency-based incentive-aware low delay routing algorithm, called VCILDR. A delay-based
currency payment and allocation strategy is established to encourage selfish nodes to forward messages
for other nodes in VCILDR. In this way, the direct beneficial messages are forwarded to the nodes
with lower delivery delay and mutually beneficial messages are exchanged at the same time. A
bargaining game model of alternating offers is established to determine the exchanged mutually
beneficial messages. In addition, a greedy algorithm for solving the model’s subgame perfect
equilibrium is proposed in this paper. Extensive simulations are carried out on real-world dataset to
verify the performance of this incentive-aware low delay routing. The experimental results show that
the proposed routing can effectively stimulate DTNs selfish nodes to cooperatively forward messages
for others, reduce the message delivery delay and improve the message delivery success ratio at the

same time.
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3.2 HEXEX
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x1 FSHIR
Notation Description
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Fig. 3 Bargaining game model of alternating offers.
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Fig. 4 Solving the subgame perfect equilibrium result.
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Fig. 5 Communication between nodes.
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Fig. 10 Impact of varying TTL on delivery success ratio.
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Fig. 11 Impact of varying TTL on overhead ratio.

B 11 TTL % 38R 0 52 i

3) B 12 i o B NP RE Y 52

B A% i A E X T L A% 3k I S Y 5 e A 5] 12
Jr7Rs s AT LA H Bl 2 B 4 i R A 3 ORI BT
122 36 Fof 90 AN T U /0N TR Ay i 2 50 A i B 1 38 K
T A5URE 38 EF ) BSCHE A B 23 B R B AT A R
) B T o A 38 B A /N B 5T R T LA 23 8/ IN T BB
T 386 ) - 4 F A28 o R 9 8 A% 338 g By 38 1Y) 18 K 4
SR 43I ZE K I S Bk B D 4% . Full-Cooperative
SR H T ) S8 A A A e L (T PR R g
Bk I LA R A% i i SE dg /)y s VCILDR 5K
W& 31 B A% 3 B 4E /N T TET il SMART 36 0%, K
F Full-Cooperative 5 .

B A T E T L A% 3 i ) 3 A 5 el 2 [
13 JirsR AT LA 1 B 2 B0 1% i o B2 iy 385 R T
A 388 T AN W48 O PR Ay A2 i R R L T A



2720

HENIT S &R 2015, 52(12)

I RE W 5 e BT 22 9 91 UL L P DA 2 48 i 1 R A 3 B 2
A, Direct %W h TAKEE A B e A 8L o A& a1 2 3

B —E R 5 X H

1073x Average Delivery Delay /s

Delivery Success Ratio

L5 e AN R HC Y 2 A% 3 i B 46 e
/I s Full-Cooperative 5 W& i1 F 7 5 0] 52 & & 15 %%
19.6
19.4
—o— Full-Cooperative
19.2 -s— VCILDR
SMART
19.0 TFT
Direct
18.8
18.6
18.4
100 150 200 250 300 350
Data Transmission Speed /KBps
(a) Infocom 05
Fig. 12
P12 B A% i
0.46
0.42
—o— Full-Cooperative
—e— VCILDR
SMART
0.38 TFT
Direct
0.34
100 150 200 250 300 350
Data Transmission Speed /KBps
(a) Infocom 05
Fig. 13
13 Hd il
3
b ——e———
s 9 —— Full Cooperatlve
e -~ VCILDR
§ SMART
5] TFT
5 Direct
1
0
100 150 200 250 300 350

Data Transmission Speed /KBps
(a) Infocom 05

Fig. 14

K T LA B AL 3% B D) % B K s VCILDR 3 W 19 7
LB I % e T TFT f1 SMART 56 B% , {% T Full-
Cooperative 5 .

HE A% 3 B 7 B R A AN 1 14 TR, n)

17.0
16.6 —o— Full-Cooperative
—e— VCILDR
SMART
« TFT
16. 2 Direct

15.8\9\%&\‘
154!\9\9_6\6_\*

100 150 200 250 300 350
Data Transmission Speed /KBps
(b) Infocom 06

107*x Average Delivery Delay /s

Impact of varying transmission speed on average delivery delay.

JIE X S 345 £ 146 IRF A2E £ 5 W)

0. 46
0.42 '/P/Mx
.8
5
[ A —
2 0.38
8 —e— Full-Cooperative
a —=— VCILDR
£ 0.34 SMART
= TFT
L Direct
a 0. 30
0. 26

100 150 200 250 300 350
Data Transmission Speed /KBps
(b) Infocom 06

Impact of varying transmission speed on delivery success ratio.

JE X A% 32k 13, Ky S 1 2 1l
4
— o
3 ! ————e— —
s |
é —e— Full-Cooperative
= —=— VCILDR
g 2 SMART
§ TFT
o Direct
1
0
100 150 200 250 300 350

Data Transmission Speed /KBps
(b) Infocom 06

Impact of varying transmission speed on overhead ratio.

P14 B A2 i X 28 B4 R )



PR A T A2 T A9 DTN S0l B IR I 2 [ piy

2721

DLt Direct 50 71 8 R G 2R 1. X T H A #%
TREWE s — 7 T BCHIE A o 30 A R, 2338 K B AR AL
23 M T 38 I e B s 53 — O T A 23 35 R R P A% 33
TH B SR T 1 28 5 B B EROHE A% R 0 3 K
A8 A AR K. Full-Cooperative % & 11 2% % &% K ; VCILDR
WS T A ARIE B R AR E T TFT Al
SMART W%,
) B TR X BE Y 52 ”ﬁ

j‘]—%\lﬂi T (E X RE Y 2 1 . 7 Infocom 05 FI
Infocom 06 ¥ #E4E T & ﬁﬂlw i Niss Ny s Nys Fll
Noo s Nuo s Noo o AN W38 At AT 0 B A4 1 8B S2AF
A T HAR Y 5 BT A PR A 10 AR AE. SR TE
XoF T i A 3 B SEE S e G 1] 15 B R L AT LA HY B AE
R TR N VR DN WA NP = vs o A R I W]
WU Z2 1 53 TR, 23 D e A fidh DR B i 1% ﬁ{ﬁjﬁﬂﬁ
TH 5 T LG B K A% 38 o 428 /)N

—— N5

4 —8— Ny
e ]\/'25

107X Average Delivery Delay /s

18.5
—— A —a ]
17.5
10 20 30 0 %
Currencies
(a) Infocom 05
2 BT
&
g —— N 20
3 —8- Ny
=z 17 o
©
[a]
()
&
o
2 16
X i I ——-
S
15
10 20 20 0 >
Currencies

(b) Infocom 06
Fig. 15 Impact of varying currencies on average

delivery delay.

K15 B AR T 1 i i

B TR % 138 RS R A 2 M AN P 16 B ] LA
BEMEBE R 6 > 5 04 T B A% 1 B 2 A BOR.

I} 22 1) 52 )

fel_lijﬁiijtﬂﬁ ¢ T (EL 2 980D P I3 PR e ik

6 AN AL B L TR AT A BRI 2 00 S A7 i B T

KB T 5 T/ B 8 2 B 2 95 7 £
{3 S K
0.5 ) - . -
£ //9_—_‘
s
f 0.4 o Ny
§ —8— N20
Z D
5
z 0.3
jo)
Q ‘P/B/‘E/B’a
0.2
10 20 320 i =
Currencies
(a) Infocom 05
0. 56
.2
2 0.52
8
3 //
&
5 —— Ny
2 0.48 & Ny
g ' —&= Ngo
|
0.44
10 20 30 i =

Currencies

(b) Infocom 06

Fi

g. 16 Impact of varying currencies on delivery
success ratio.

P16 % T B X A 3 Ji D) 256 ) 52 il

5) A YRR A5 M 2% Y 5 R

SR 6 E SR A 1 TR 58 36 K A0 Y S AR SRR v AR
M OB 4 A A R RIS U R A Y 5 e, T
Infocom 05 £ 648 B AR L HL 2 20795 5 Nuig s Nog
I N5 o Ny, 78 Infocom 06 B4l 4E F R 2 4H¥5 5
Nis s Nig Fl Noo o Ny o 43 S BEAT IR UE. 40 & 17 PR,
ALLUHE G Wi A B 1O B A Y
(Infocom 05 A7 N;, N5 ; Infocom 06 1 Ny ,Nzo)El’\J
W gt Ry M 5 e KL 30 R Ry H SR A AR o8
I A 0 SR AT R L S R A T AT AR B 2 AR
i (KN BT BEFE A 40 B L TS A0 19 s 0 SR 4
ZATA AL T7 58 B WHMC AR {8 R 0. 24 354 8 fr Tk
BRT I JERMm S DERE - B A O
E’J%Cﬁn;ﬁ*ﬁhxﬁfﬁ L R T A T L RO IR

R RN, Efu%ﬁf'ﬁtﬂm% B 2R /N T
I‘H/‘ AU OECR 1 iRl ss. AN 17 8 0] DL HY



2722

ARV S KR 2015, 52(12)

Bifi 25 35 U T8 Y BCRG B8 B T A A U 5 R I
R R o A TR T 83 e s 2 R ) AE XU T g

9 —-— Ny
—— st

Ns
— Ny

Node Payoff

Bargaining Times
(a) Infocom 05

Node Payoff

AR — 07 Y A AR A AT A B AR AR R
s X 7Y R A AR /N

1 3 5 7 9
Bargaining Times
(b) Infocom 06

Fig. 17 Impact of varying bargaining times on node payoff.

P17 AR S AR RO 5 2 1 52 T

6) 1M 5% ¢ 5 B4 4 3 3 05 P BE 1Y 52 T

o 56 UE 1 19 5 5 S B4 4 0k X E 1 B L

BE B R ES T RS xoril e, A S ki
19
|
= 18
[a]
e
(5
2
g 17
[*)
&
2
< 16
? —=— VCILDR
= —e— VCILDR1
15
60 80 100 120 140 160
Buffer Size /MB
(a) Infocom 05
16
<
5
a
> 15
o
=
©
[a]
j*)
g
8 14
p
@ -s~ VCILDR
= —o— VCILDR1
13
40 50 60 70 80 90

Buffer Size /MB
(b) Infocom 06

Fig. 18 Impact of subgame perfect equilibrium
algorithm on average delivery delay.

P18 71 g% 5 9 B M 08 0 T - 149 A 3 I A 4 2 1)

HE L H 3 E RN B 0 o2 ok VCILDRI.
WﬂMﬂﬂﬂxﬁTXﬁEﬂﬁMMVﬂuR%m

JEFTPEREXT LE. W&l 18~20 Frzn . AT LA i} VCILDR

0. 46
0.42
=
&
2 0.38
Q
3
=
wn
2 0.3
(5]
2
3
ot
0.30 -~ VCILDR
—o— VCILDR1
0. 26
60 80 100 120 140 160
Buffer Size /MB
(a) Infocom 05
0.44
=
& 0.40
8
3
=X
wn
z
[}
Z 0.36
)
= -~ VCILDR
—— VCILDR1
0.32
40 50 60 70 80 90

Buffer Size /MB
(b) Infocom 06

Fig. 19 Impact of subgame perfect equilibrium

algorithm on delivery success ratio.

P19 71 g 5 S 14 A B0 7k X 1% 3 B T R ) 52



5 T B LR T A9 DTN J8URh 8% AR i 2 B by

2723

S P R R 08 AT R {1 A 2 ok S A o ) 5 338
DR R IE T VCILDRI. i F VCILDR f#
SREME v R Y IR S S T 1R S8 56 8 M R OR
TGRSR S B E T XU BT A e LA S K
T S AL 3B o HE /N B 15 3T 1 R T B 453 1
JI AR A 1 AR A e 338 1 08 R A g 114 15 3 1l ) 6.
Fh T A DS T AT S fhe A B A A e R
Ji A VCILDR % b 5 W ) 7 28 % i 75 T VCILDRI.

2.80
—s— VCILDR
2.75 ~e~ VCILDRI
2
S 2.70
3
2
5 2.65
o
2.60
2.55
60 80 100 120 140 160
Buffer Size /MB
(a) Infocom 05
3.1
—=— VCILDR
—o— VCILDR1
g 3.0
&
B
£
2
o 2.9
2.8
40 50 60 70 80 90
Buffer Size /MB

(b) Infocom 06

Fig. 20 Impact of subgame perfect equilibrium

algorithm on overhead ratio.

20 2R o7 56 X 4 VR X 60 3 R Y R

5 HFRiE

A R DTNs AE 78 R & H ALY .\\TTE'F
FUIS SiE A5y PR BE A B 18] L i Hh — Fh 5L TR UL
T 14 984Dl JE8 RGBS 3y 3 28 EL@E%?NL

B T S A SRS AR B L 5] B T 43 T SR W X e 1Y
PEAT 2Dl o 45 T SR A% 336 INF 3B S8/ 5 3R AG 7 5T

(IEN SPNRY (e = S EE WS B 7N G T B i B e (R €
e TN T G S 4 A a2 It SIE /N 191 s ] B A H: A
R S ] S e R R D A E U AT A 4 LR

HED SN VAR E SN STEtaE /1 a0 1 U= B SN U ol 1
TH I AN T FEAE AL, I 4t — ol OoR i i 8 8 1 1 g
56 5 A 1) S AR B . SR SR WY L UK B B P B
% (2 A1 SR AT B ARG K 2 0N T B A% 3 I E
[Fi] B 82 v T J2 A% 326 ol 2y %

2 % X #

[1] Li Xiangqun, Liu Lixiang, Hu Xiaohui, et al. Delay/
disruption tolerant network study [J]. Journal of Computer
Research and Development, 2009, 46 (8). 1270-1277 (in
Chinese)

() R, XUSCAE, M, 45, JER /o W ml 28 20 ) 4% IF 5%
BERL]. WEHITR S KR, 2009, 46(8) . 1270-1277)

[2] Spyropoulos T, Psounis K, Raghavendra C S. Efficient
routing in intermittently connected mobile networks: The
single-copy case [J]. IEEE/ACM Trans on Network, 2008,
16(1): 63-76

[3] Dalyd E, Haahr M. Social network analysis for information
flow in disconnected delay-tolerant MANETs [J]. IEEE
Trans on Mobile Computing, 2009, 8(5). 1-16

[4] Vahdat A, Becker D. Epidemic routing for partially
connected ad hoc networks, CS-20006 [R]. Durham, North
Carolina; Duke University, 2000

[5] Spyropoulos T, Psounis K, Raghavendra C S. Efficient
routing in intermittently connected mobile networks: The
multiple-copy case [J]. IEEE/ACM Trans on Network,

2008, 16(1): 77-90

[6] Lindgren A, Doria A. Schelen O. Probabilistic routing in
intermittently connected networks [J]. SIGMOBILE Mobile
Computing Communications Review, 2003, 7(3): 19-20

[7] Panagakis A, Vaios A, Stavrakakis 1. On the effects of
cooperation in DTNs [C] //Proc of COMSWARE 2007,
Piscataway, NJ: IEEE, 2007 1-6

[8] Karaliopoulos M. Assessing the vulnerability of DTN data
relaying schemes to node selfishness [J]. IEEE
Communications Letters, 2009, 13(12): 923-925

[9] Wu Yue, Li Jianhua, Lin Chuang. Survey of security and
trust in opportunistic networks [J]. Journal of Computer
Research and Development, 2013, 50 (2):. 278 =290 (in
Chinese)

CRI, 2t e, pREl. HLSs 4 1 2 4 5 (5 R AR o it
JELT]. FHEBLATSE S & i 2013, 50(2) : 278-290)

[10] Li Qinghua, Gao Wei, Zhu Sencun, et al. A routing protocol
for socially selfish delay tolerant networks [J]. Ad Hoc
Networks, 2012, 10(8): 1619-1632

[11] Shevade U, Song Hanhee, Qiu Lili, et al. Incentive-aware
routing in DTNs [C] //Proc of the 16th IEEE Int Conf on
Network Protocols (ICNP'08). Piscataway, NJ: IEEE,
2008 238-247



2724 RO S AR 2015, 52(12)

[12] Zhu Haojin, Lin Xiaodong, Lu Rongxing, et al. SMART: A [23] Yao Guoging. Game Theory [ M]. Beijing: Higher Education
secure multi-layer credit based incentive scheme for delay- Press, 2007 107-122 (in Chinese)
tolerant networks [J]. IEEE Trans on Vehicular WEEPE. tgRM]. b M 8H WA, 2007 107-
Technology, 2009, 58(8): 4628-4639 122)

[13] Mei A. Stefa J. Give2Get: Forwarding in social mobile [24] Keranen A, Ott J, Karkkainen T. The ONE simulator for
wireless networks of selfish individuals [J]. TEEE Trans on DTN protocol evaluation [C] //Proc of the 2nd Int Conf on
Dependable and Secure Computing. 2012, 9(4) ; 569-582 Simulation Tools and Techniques. New York: ACM, 2009.

[14] Li Yun, Yu Jihong, You Xiaohu. An incentive protocol for 1-10
opportunistic networks with resources constraint []]. [25] Scott J, Gass R, Crowcroft J, et al. CRAWDAD Trace
Chinese Journal of Computers, 2013, 36(5): 947-956 (in infocom05 [EB/OLJ. (2006-01-31) [ 2014-11-22 ]. http://
Chinese) crawdad. cs. dartmouth. edu/cambridge/haggle
(A, TR JC M . Ve B A AL 8 4 1 5 i o s [26] Scott J, Gass R, Crowcroft J, et al. CRAWDAD Trace
BRAELT. R AL . 2013, 36(5): 947-956) infocom06 [EB/OLJ. (2009-05-29) [ 2014-11-22]. http://

[15] Chen B B, Chan M C. MobiCent: A credit-based incentive crawdad. cs. dartmouth. edu/cambridge/haggle
system for disruption tolerant network [C] //Proc of IEEE
INFOCOMZ2010. Piscataway. NJ: IEEE. 2010; 1-9 Jiang - Qingfeng.  born in 1983.  PhD

[16] Zhao Guangsong, Chen Ming. Research of incentive aware candidate at Harbin Engincering University.
data dissemination in selfish opportunistic networks [J]. Lecturer at Daqing Normal University.
Journal on Communications, 2013, 34 (2):. 73 -84 (in Member of China Computer Federation.
Chinese) - His main research interests include delay
GET-RS . PRNS. AL E L2 I8 45 ob 38 i S8R 0 1 7Y 25 4% % 114 toler networks and social networks(qingfeng_jiang(@163.
WrEl)]. WAE2AR, 2013, 34(2): 73-84) com).

[17] Buttyan L, Dora L, Felegyhazi M, et al. Barter trade
improves message delivery in opportunistic networks [J]. Ad Men Chaoguang, born in 1963. Professor
Hoc Networks, 2010, 8(1): 1-14 and PhD supervisor at Harbin Engineering

[18] Wang Yan, Chuah M C, Chen Yingying. Incentive based University. Senior member of China
data sharing in delay tolerant mobile networks [J]. IEEE Computer Federation. His main research
Trans on Wireless Communications, 2014, 13(1): 370-381 interests include mobile computing and

[19] Gao Wei, Li Qinghua, Zhao Bo, et al. Multicasting in delay trusted computing.
tolerant networks: A social network perspective [C] [/Proc
of MobiHoc2009. New York: ACM. 2009 299-308 Li Xiang, born in 1975. Associate professor

[20] Krifa A, Barakat C, Spyropoulos T. Optimal buffer and master supervisor at Harbin Engineering
management policies for delay tolerant networks [C] //Proc University. Member of China Computer
of the 5th Annual IEEE Communications Society Conf on Federation. Her main research interests
Sensor. Mesh and Ad Hoc Communications and Networks include distributed computing and mobile
(SECON’08). Piscataway, NJ: IEEE, 2008: 260-268 computing (leexiang@ hrbew. edu. en).

[21] Rubinstein A. Perfect equilibrium in a bargaining model [ ]J].

Econometrica, 1982, 50(1): 97-109 .
[22] Li Junlin, Li Tianyou. Bargaining theory and its recent He Zhongzheng. born in 1986 PhD

developments [J]. Economic Theory and Business

Management, 2005, 25(3): 63-67 (in Chinese)
(BEM, ZRA. WL R EREEM R R 435
IS5 Z BT, 2005, 25(3): 63-67)

candidate at Harbin Engineering University.
His main research interests include mobile
computing and fault tolerant computing

(hezhongzheng@hrbeu. edu. cn).



