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Abstract: Along with the development of online social networks, friend recommendation becomes the favor of the major social
networks. It can help people to meet new friends for expanding the scale of social network, which in turn allows people to receive more
information from their friends. Therefore, friend recommendation should be focused on expanding the scale of social network and
obtaining information form recommended friends. However, existing friend recommendation methods barely consider the people
information need, and they are mainly based on the simple and limited user profiles, and are agnostic to users’ offline behaviors in the real
world. Because human activity in the physical world has a spatial locality, the recommended friends through the existing recommendation
methods are limited in geographic space which the target user know. As a result, the recommendation cannot provide more new
information on geography to meet the target’s need on information. This paper first proposes a new friend recommendation method based
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on the offline check-in behaviors in the real world instead of the online user profiles, and mines check-in behavior similarity between
users in the real world. The essential goal of friend recommendation is to provide users with more new information. In order to meet the
requirements of user getting more geographical location information, the recommendation systems can recommend the strangers in
broader check-in geography distribution for the target users. Meanwhile, when the recommended friends and the target users have the
similar check-in behaviors, it is more probable for the users to accept recommended strangers. Kernel density estimation (KDE) is used to
estimate each user’s check-in behavior probability distribution and the time entropy to filtering some noise that have side effects on
overall check-in behavior similarity, then the recommended strangers who can bring a wider range of new strangers geographic
information for the target users are selected. Lastly, a large-scale user check-in data-set of Foursquare is used to validate recommendation
precision and the degree of information expanding of this approach. The experimental results show that the proposed approach
outperforms the existing friend recommendation methods on the aspect of the information expanding degree while maintaining the
recommendation precision of the state-of-the-art stranger recommendation methods.

Key words: LBSN (location-based mobile social network); friend recommendation; kernel density estimation; check-in behavior

probability distribution

, (location-based social networks, LBSN) , Foursquare
Gowalla QQ . )
(51 LBSN : (641
LBSN . ,LBSN :LBSN s
[10]
, (
) (1 Y
Marketing Letters : 4/5 ,
(Mark Granovetter) 1974 : ,
12l « »
(23] APP
: ( )
, o, LBSN
[1,14,15] ) [16-18] )
(618 191 . [20] Tobler
, . [15] ;
Foursquare 75% 50
»[21]
[21] [22] [23] [23] [24]
(1) 1(2)
; ( ; : : : , , ; )- , [25]

. [26,27]

5. 0Tg. Ccn



2150

1.1

1.2

GPS

1)

2)

3)

LBSN

Journal of Software Vol.28, No.8, August 2017

[28]
[28]
[24] ,
[29,30]
) 24
, LBSN
Foursquare
: 2
24
1.
Table 1 Symbols and meanings
1
U
ur Target User
Uo ur Uo={u1,Uz,...,un}
Uc Candidate User ( )
Urc Recommendation Candidate User
St Target User  Check-in Location ID
Sc Candidate User  Check-in Location ID

. I: ; http:// WWw .




2151

E={e1.€s...,1} e , E
L
H (E) :_z b Ing(p|) (1)
1=1
Pi €
1.3
X1,X2y 401X R F(X) XeR,
: 13 X — X
f(xX)=—)> K| - XxeR 2
00 =2 [ - ] « (@)
2) f(x) N NO h :
: K() :
|7 K(uydu=1]" uK(u)du=0 ©)
1.4
’ [19,31,32] ‘
( (point of interest, POI)).
[16-18] ’ [1,24] ’
[21]
' 24
) 24 )
24 : 24
. ) Ua Up ,
24 , 1(a) 1(b) .24 : Us  Up
24
X=(1,2,...,24),
Ua Up

Y,={0,0,25.00%,1,0,...,12.5%,12.5%}, Y,={5.56%,0,...,0,0,5.56%,11.11%}.
U, U, 24 , 2

http:




2152 Journal of Software \Vol.28, No.8, August 2017

2 B 2 £
: & = §

[ "] [T}
.. 1 ] " Tins - m = .B L ] w Tie " w m
(a) ua (b) up

Fig.1 Frequency-Based check-in behavior probability estimation

1
012 02 0z p—r—
ol .
015 015
o008
Em E 01 g 04
[ 0.04 n [
0.05 0.05 J’r\vf\\‘
" Pa A
'] L] o
o 5 10 15 20 25 o L] 10 15 20 25 1] ] 10 15 20 25
Time Time Time
(a) ua (b) up (©)ua up
Fig.2 Probability-Based check-in behavior probability estimation
2
15
15.1
Zsesxy s s [S,y E=2
. ! Xy
sim(x, y) = cos(x,y) = \/ZSESW r2 s, 7 4)
0, [S, I<2
,sim(x,y) X y s s Sy X
y 24
Ua Up , Foursquare Gowalla
10 000 3 , 0.8.
3 : 80% ,
80% , , 0.8.
_ Diees,yy Pras Pups
sim(u,,u,) = cos(u,,u,) = : > - =0.8428>¢=0.8,
\/ZSESuaUb puavSZSeSuaub pub,s

httpz// ww

/. jos.org.cn



2153

. Suu = 2.5, 4 Syy: U, u, 24
0.8, ) Ua Up
60 T
[ Foursquare-dataset
| ] Gowalla-dataset
50 -
40
gﬂém
20
i [ . =
80% 70% 80% 50%
S
Fig.3 Setting similarity threshold
3
152
’ Up Uc ’
0.7797<0.8. 4 . 10 ,
24 ,
0.2 0.2 0.2 Voo s
0.15 0.15 0.15 Userb
gm gm §m
L 005 L 005 L 005
0 0 P 0
0 5 10 15 20 25 0 5 10 1 20 25 0 5 10 15 20 25
Time Time Time
(a) uc (b) up (©ua
Fig.4 Probability-Based check-in behavior probability estimation
4
, 24 , 24
, , 24
, (5) )
Time;=—pilog(p:) (5)
,Pi | .
24 , 50b)

: 500 Uy U
,5iM(U4,U,)=0.9811>0.8>0.7797. , ,

/. jos.org.cn

httpz// ww




2154 Journal of Software \Vol.28, No.8, August 2017

1.6

E — s c
— L b
i 0.2
T
] 10 20 30
Time
(b)uc Uy ©)uc up KDE
Fig.5 Information-Entropy-Based check-in behavior probability estimation
5
L]
Target User  ur, Candidate User Uc,Target User  Check-in Location ID
St,Candidate User  Check-in Location ID Sc.
Recommendation Candidate User, Urc,
Une =argmax1{]S; NS, |-2>0}-(1S; =S, (6)
peUc
A |STNSy| Location 1D
’ |STﬂSp|
Check-in Location ID . (6)
; Check-in Location
1. .
1. ID ur, Ucur  Uc Location ID St Sc.
2. URC :{URQ’URCZ""’uRCN}’URCCUC'
3. Foreachnel1,2,...,length(Uc)]:
4. M =length(S; NS, ) ; lur  Uc Location ID /
5. If M>A4 / M A, /
6. Ucc(—pn; /UCC Ut Pn /
7. End
8. N, =length(U),N, =length(S, —S;);
INg Ur Uc ;
N, Spn ur Location ID /
9. If Ny=—max{(S, —S;).(S,, ~Sr)(S,, —S1)}
I Ny Ucc ur Location ID /
10. Urc<—Pn; / 9 Pn /

11. End




2155

12. End
, 3
, N . (comprehensive similarity,
CS)
CS=w;-Similaritycneckin+Wa- Similarityspaciai+Wi-Similarity, ocationinfor (7)
2
2.1
Foursquare , 2010.4.14~2011.1.17
36 907  Location 1 048 575 . 1D 1D
; 36 907 231 148 . 36907 Location
Location  28.4113
6 Foursquare .
, . , 9
Fig.6 Check-In distribution of Foursquare dataset
6 Foursquare
2.2
ID 8880 X 8 947.
, 0.8 5925 7 8880
5 .
5952 Uc, Uc
Ur A Ucc.
:2, UCC 768

© PEFEERK ORI bt/ www. jos. org. cn



2156 Journal of Software \Vol.28, No.8, August 2017

ur , Ucc
Top N ur Location Ugc.
Top 10 8880,Top 10 2,
5 8

035 Target-userlD 8880
useriD 5373
03f: T et
- userlD 2556
--- useriD 1508

Information Entropy

10 15 20 25
Time

Fig.7 Information entropy based on check-in frequency of strangers
7

Table 2 Recommendation users for target user 8880

2 8880
Rank User ID Comprehensive similarity Rank User ID Comprehensive similarity
1 404 0.913 714 799 226 866 6 4471 0.832 590 243 368 972
2 5194 0.861 375 939 405 830 7 5975 0.832 319 707 987 596
3 588 0.859 998 075 959 129 8 0 0.832 266 836 621 552
4 3812 0.841 555 411 455 260 9 111 0.830 231 210 394 441
5 5728 0.841 555 411 455 260 10 4739 0.829 620 119 704 323

Rank

I check-in Similarity
[ Spadial Similarity

" New location scap
— simllarity

Top1 Top2 Top3 Top4 Top5 Top8 Top7 Top8 Top8 Top10

Fig.8 Rank of top 10 similarity
8 Top 10




2157

100 100
50 50
3 ]
s s
50} 50k ’ The increase of spatial information ‘
for Target-user8880
B =
100 : : : : : : : . 100 : : : : : : : .
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200
latitude latitude
(@) (b)
Fig.9 Latitude and longitude coordinates a scatter diagram
9
2.3
2.3.1
) N
[21]
N
Ql = z Ni,topn /nN (8)
i=:
1N ’ Ni,IUPn Ui n le
2.3.2
N
R=> M /N 9)
i=1
N ; Mi,top" U n Location ‘R
Location R , Location
2.3.3
200 ,N=200. 200 , 200 1
! Ni,tcrpn Mi,top" . ' Recnew:
’ [2111 Recst-
Recy )
.Recg ,
, N ,
) A




2158 Journal of Software

\Vol.28, No.8, August 2017

200 , 10 ,
=2 ,
3000
08— 3
—%— lambta=1 —&— lambta=1
—OS— lambta=2 5 2 —O— lambta=2 0
0.7 ] 500
—¥— lambta=4 —%— lambta=4
06 L lambta=s B lambta=8
’ 2000 3
05+
< 4 o 1500
03" 1000
02F
N 500
0.1 p—b—P
B—p>
0 & : : : : 0 : : : : : : :
Top1 Top2 Top3 Top4 Top5 Top6 Top7 Top8 Top9Top10 Top1 Top2 Top3 Top4 Top5 Top6 Top7 Top8 Top9Top10
(@) Q1-Rew,_ (b)RRec__
Fig.10 Evaluation index with the different values of A
10 A
: ReCpew,ReECs [21] ReCeos
ReCieq 200 , 11 ,
ReCnew Recg ) ) Recy
, ReCes 4 ReCest
, 11 12
1200 ! ! I
&— Ret,
1000 | | —P— Reey // |
—&— Rec_ ,/EK/
800 4
x 800 W
=
400 !
Topl Top2 Topd Topd Topb Topd Top? Topl Topd Topl0 Top! Top2 Top3 Topd TopS Tops Top? TopE Topd Topll
Fig.11 Q; of the four methods Fig.12 R of Recpey and Recy
11 4 Q 12 ReCpw Recq R
12 , Recrew  Recg 200 , 10
JReCpew R 3

, top-k

© PHEEE




2159

, Foursquare

References:

[1]

[2

31

[4]

[5]

[6]

[7

(8]

[]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Xu B, Chin A, Wang H. Using physical context in a mobile social networking application for improving friend recommendations.
In: Proc. of the 2011 Int’l Conf. on Internet of Things, and 4th Int’l Conf. on Cyber, Physical and Social Computing. IEEE, 2011.
602-609. [doi: 10.1109/iThings/CPSCom.2011.76]

Liu S, Cao H, Li L, Zhou MC. Predicting stay time of mobile users with contextual information. IEEE Trans. on Automation
Science and Engineering, 2013,10(4):1026-1036. [doi: 10.1109/TASE.2013.2259480]

Reilly J, Dashti S, Ervasti M, Bray JD, Glaser SD, Bayen AM. Mobile phones as seismologic sensors: Automating data extraction
for the iShake system. IEEE Trans. on Automation Science and Engineering, 2013,10(2):242—-251. [doi: 10.1109/TASE.2013.22451
21]

Santos AC, Cardoso JMP, Ferreira DR, Diniz PC, Chainho P. Providing user context for mobile and social networking applications.
Pervasive and Mobile Computing, 2010,6(3):324-341. [doi: 10.1016/j.pmcj.2010.01.001]

Amir A, Efrat A, Myllymaki J, Palaniappan L, Wampler K. Buddy tracking—Efficient proximity detection among mobile friends.
Pervasive and Mobile Computing, 2007,3(5):489-511. [doi: 10.1016/j.pmcj.2006.12.002]

Wang H, Chin A, Wang H. Interplay between social selection and social influence on physical proximity in friendship formation. In:

Proc. of the SRS 2011 Workshop. 2011. 1-8.

Bellavista P, Montanari R, Das SK. Mobile social networking middleware: A survey. Pervasive and Mobile Computing, 2013,9(4):
437-453. [doi: 10.1016/j.pmcj.2013.03.001]

Conti M, Das SK, Bisdikian C, Kumar M, Ni LM, Passarella A, Roussos G, Trdster G, Tsudik G, Zambonelli F. Looking ahead in
pervasive computing: Challenges and opportunities in the era of cyber—Physical convergence. Pervasive and Mobile Computing,
2012,8(1):2-21. [doi: 10.1016/j.pmcj.2011.10.001]

Kefalas P, Symeonidis P, Manolopoulos Y. New perspectives for recommendations in location-based social networks: Time,

privacy and explainability. In: Proc. of the 5th Int’l Conf. on Management of Emergent Digital EcoSystems. ACM Press, 2013. 1-8.

[doi: 10.1145/2536146.2536202]

Xu HL, Wu X, Li XD, Yan BP. Comparison study of Internet recommendation system. Ruan Jian Xue Bao/Journal of Software,
2009,20(2):350-362 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/3388.htm [doi: 10.3724/SP.J.1001.2009.
03388]

Mahmud J, Zhou MX, Megiddo N, Nichols J, Drews C. Recommending targeted strangers from whom to solicit information on
social media. In: Proc. of the 2013 Int’l Conf. on Intelligent User Interfaces. ACM Press, 2013. 37-48. [doi: 10.1145/2449396.244
9403]

Granovetter MS. The strength of weak ties. American Journal of Sociology, 1973,78(6):1360-1380. [doi: 10.1086/225469]

Guy I, Ur S, Ronen |, Perer A, Jacovi M. Do you want to know? Recommending strangers in the enterprise. In: Proc. of the ACM
2011 Conf. on Computer Supported Cooperative Work. ACM Press, 2011. 285-294. [doi: 10.1145/1958824.1958867]

Cho E, Myers SA, Leskovec J. Friendship and mobility: User movement in location-based social networks. In: Proc. of the 17th
ACM SIGKDD Int’l Conf. on Knowledge Discovery and Data Mining. ACM Press, 2011. 1082-1090. [doi: 10.1145/2020408.2020
579]

Yin H, Sun Y, Cui B, Hu Z, Chen L. Lcars: A location-content-aware recommender system. In: Proc. of the 19th ACM SIGKDD
Int’l Conf. on Knowledge Discovery and Data Mining. ACM Press, 2013. 221-229. [doi: 10.1145/2487575.2487608]

Gonzalez MC, Hidalgo CA, Barabasi AL. Understanding individual human mobility patterns. Nature, 2008,453(7196):779-782.
[doi: 10.1038/nature06958]

Zhang Y, Wang L, Zhang YQ, Li X. Towards a temporal network analysis of interactive WiFi users. EPL (Europhysics Letters),
2012,98(6):68002. [doi:10.1209/0295-5075/98/68002]




2160 Journal of Software \Vol.28, No.8, August 2017

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[10]

Zhang YQ, Li X. Temporal dynamics and impact of event interactions in cyber-social populations. Chaos: An Interdisciplinary
Journal of Nonlinear Science, 2013,23(1):907-R. [doi: 10.1063/1.4793540]

Froehlich J, Chen MY, Smith IE, Potter F. Voting with your feet: An investigative study of the relationship between place visit
behavior and preference. In: Proc. of the Int’l Conf. on Ubiquitous Computing. Berlin, Heidelberg: Springer-Verlag, 2006. 333-350.
[doi: 10.1007/11853565_20]

Tobler WR. A computer movie simulating urban growth in the Detroit region. Economic Geography, 1970,46:234-240. [doi: 10.
2307/143141]

Qiao X, Yu W, Zhang J, Tan W, Su J, Xu W, Chen J. Recommending nearby strangers instantly based on similar check-in
behaviors. IEEE Trans. on Automation Science and Engineering, 2015,12(3):1114-1124. [doi: 10.1109/TASE.2014.2369429]

Bian L, Holtzman H. Online friend recommendation through personality matching and collaborative filtering. In: Proc. of the
UBICOMM. 2011. 230-235.

Yu X, Pan A, Tang LA, Li Z, Han J. Geo-Friends recommendation in gps-based cyber-physical social network. In: Proc. of the
2011 Int’l Conf. on Advances in Social Networks Analysis and Mining (ASONAM). IEEE, 2011. 361-368. [doi: 10.1109/ASONA
M.2011.118]

Chu CH, Wu WC, Wang CC, Chen TS, Chen JJ. Friend recommendation for location-based mobile social networks. In: Proc. of
2013 the 7th Int’l Conf. on Innovative Mobile and Internet Services in Ubiquitous Computing (IMIS). IEEE, 2013. 365-370. [doi:
10.1109/IMIS. 2013.68]

Silva NB, Tsang IR, Cavalcanti GDC, Tsang 1J. A graph-based friend recommendation system using genetic algorithm. In: Proc. of
the 2010 IEEE Congress on Evolutionary Computation (CEC). IEEE, 2010. 1-7. [doi: 10.1109/CEC.2010.5586144]

Narayanam R, Narahari Y. A shapley value-based approach to discover influential nodes in social networks. IEEE Trans. on
Automation Science and Engineering, 2011,8(1):130-147. [doi: 10.1109/TASE.2010.2052042]

Adamic LA, Adar E. Friends and neighbors on the Web. Social Networks, 2003,25(3):211-230. [doi: 10.1016/S0378-8733(03)0000
9-1]

Debnath S, Ganguly N, Mitra P. Feature weighting in content based recommendation system using social network analysis. In: Proc.
of the 17th Int’l Conf. on World Wide Web. ACM Press, 2008. 1041-1042. [doi: 10.1145/1367497.1367646]

Zheng Y, Zhang L, Ma Z, Xie X, Ma WY. Recommending friends and locations based on individual location history. ACM Trans.
on the Web (TWEB), 2011,5(1):5. [doi: 10.1145/1921591.1921596]

Xiao X, Zheng Y, Luo Q, Xie X. Finding similar users using category-based location history. In: Proc. of the 18th SIGSPATIAL
Int’l Conf. on Advances in Geographic Information Systems. ACM Press, 2010. 442—445. [doi: 10.1145/1869790.1869857]

Braga RB, Tahir A, Bertolotto M, Martin H. Clustering user trajectories to find patterns for social interaction applications. In: Proc.
of the In’l Symp. on Web and Wireless Geographical Information Systems. Berlin, Heidelberg: Springer-Verlag, 2012. 82-97. [doi:
10.1007/978-3-642-29247-7_8]

Zheng Y, Zhang L, Xie X, Ma WY. Mining interesting locations and travel sequences from GPS trajectories. In: Proc. of the 18th
Int’l Conf. on World Wide Web. ACM Press, 2009. 791-800. [doi: 10.1145/1526709.1526816]

) ) ' . . ,2009,20(2):350-362. http://www.jos.org.cn/1000-9825/3388.
htm [doi: 10.3724/SP.J.1001.2009.03388]

(1989 ), , ,
,CCF ,

(1980 ), , ,CCF

4

1977 ), 5 ,CCF (1968 ), , , ,

,CCF ,




