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Abstract: Due to recent developments in sensor technologies, mobile sensor device use has become
widespread, and many researchers have been attempting to leverage data collected by these devices. Mobile
sensor data are geo-referenced data with environmental attribute values; and they enable us to determine the
geographical distribution of hot spots by retrieving data with comparatively extreme environmental attribute
values. Top-k result diversification in geographical space is valid for applications of this sort. However, the
preference scores for data items are different from each user’s interest, and must be calculated for each query.
In this case, the computational cost of a naive method is excessively high when the amount of mobile sensor
data is very large. In this paper, we propose an efficient top-k result diversification method for mobile sensor
data. In a naive method, it is necessary to scan all data existing in a given query range when seeking the
best data. Our proposed method, however, can reduce the amount of scanned data by exploiting cluster
information, and the query result can thereby be returned much more rapidly. Experimental results show
that our proposed method involves short computation time and reduces the disk 1O cost.
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Fig. 1 Hot spots and query results.
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Algorithm 1 Algorithm for the Optimization Problems
Input: Data set O, k, A\, w
Output: Set S(|S| = k) that maximizes f(5)

1: Initialize the set S =0

2: Find 2* = arg maxp(z) and set S = {z*}
€0
3: while |S| < k do

4:  Find y* € O\S such that y* = arg maxd'(y, S)
yeO\S
5. Set S =SU{y*}

6: end while
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Algorithm 2 Algorithm for Clustering

Input: Data set O, rq, o
Output: Set of clusters C = C1,Cy, ..., Cy,
1: clusterLabel = 1
2: fori=1to N do
3:  if o; is not in any clusters then
4: Mark o; as the center and initial representative

of the current cluster

5: X = retrieveNeighbors(o;,71,72)

6: for j =1 to | X| do

7 if 0;; is not in any clusters then

8: Mark o; ; with current clusterLabel

9: end if

10: end for

11: clusterLabel+-+

12:  end if

13: end for
m
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Fig. 2 An example of clustering.
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st shzr 72248, [M2(e) SRENE LS %A
YT I ARTrANE, BT LI TRAYEGD I TS
T7ANELTHREEINSL., A YTy 7 AT 74V, %
IR DORLT =8 (RET—%) Bohb. ATy
IATTANDKZL T—FNIE, KT —5 OMEER B
BRI, #LTHH T TAY T T ANANDEL VI Hh5
Th, INLDORA VI EHNDZ LT, R T—4%%
GATVWBEEZOENL I FTAYDITAY T 74V
Hird, EZXTES.

BEfEFH:E, Ty DAaTREET L7202, WM
HNDOTF =% 23 _TT7 7 ANV oEALATE RTINS
57w, UL, |EFETIE, ERLZ7 74 VER)
HEEHWLZ LT, KEHDIIAY T 7ANET LAY
PofGrlt 2 L CIEREEPEONSL. SHI1T, R
WNET— ¥y M —EREE LS, 22D
CICRBEEMICET ABRSE LY, s )R T ) v
TR L2 LTHDRICKIFENICHIETE S, F
7o, 7)) OEEEEENO 7 — & 2EE L s v
DX TV URETEF A vy ) FEDHEM
T&5.

4.1.3 TS READALTF L AFE

FTIAVER I TAY ) v TMBOBIZS T —
FIERENED, TNHDTF—F ZWFED T T A5 IZH
AT ET, ZVIAIDA YT F U ADNTRETH L. =
T, B WERENT T =% 0pew £ H. 7TAZD
AVTFYATIVTY) XA L%, Algorithm 3 127”9, 4.1 fi
TRz BY, FLT—F OEBAENRZ MLl &
L7z OHMICHEREL, 222, Hl 7T — % OgEa it
7 MV ERRLE LB vy OBERNICHFET 57—
BRI TAIAUNELT, %7 TAZ IR SN TN,
LT, WD T TAYDHFNG, opeywy W7 T AT X VN
ELTHY R TR ZHERTNTLI V. C0kHI % T
AFELSL, BEDOZ FAYORLT— Y EGE SR E L
T, Algorithm 2 TH W7z retrieveNeighbors(onew, 71, 72)
FETTHILETHIRTE S (11TH). B L7227 2%
EECTHNDT TAZIE, WIFND Opey €7 T AT AV
WNEFTBHLIENTELD, BENTT V¥ LaIEITNT:
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Algorithm 3 Algorithm for Maintenance of Clusters

Input: Set of clusters C, r1, r2, onew

1: C* = retrieveNeighbors(onew, 71, 72)

2: if C* is not NULL then

3:  C* = random(C™)

4:  Mark 0,6, with C*.clusterLabel

5: else

6 Mark opeq as the center and initial representative
of the new cluster

7: end if

K1 42HTHWLREFTDY A b
Table 1 A list of symbols used in Section 4.2.

{ieea EIR

i rep 7 IAY C; ORFET—%
04 cen 75 AY C; DHFLT— %
™ 75 Ay D2 AR

o 7 7 A ¥ OEEEIE A A%
c’ ERI R 7 T A5 A
d'(Ci,S) | 79 A% C; O LR

v; 7 IRy C; NORBT—%

TITAREC* DI TAY T T AN Opew AT S (3, 4
1TH). Opew D7 T AZ A NE LTHEI R 7 T A% DYHF
TELGWIGEE, opew H72% 7 T XY OHLT — 5 H
ORFTF—FL L, 1T I AT7ANIHEATS (6
i7H).

— M, REBUEOSAIRE (AL 2T,
T CICBRERMEEIU T — 8 DHEAET S 720, Firzildk
W ENTZT—F D 7 T AF ITHAAT NG, BEE
MWAED AT DAL L 728 LTh, KREICF D5 L7z
LW I A7 PEREINE 2D, DIEICERSNS T —
FRIENLDOH LT T AT ITHAAEND.

COMILTIE, 7 FASENE M O EE, MAAOFLT—
L OZEMAEIZEED  HilEB X ORISR R
MEAFTR T2 LENH Y, 5T 2M BN EMTH
N5, CORHEOFHEEITOM) THY, SHIZ7TAY
MMIITF—%ty A X NICHRTASNWED, B
WCHER SN T =2 2L A7 TAYDRX YT F v AL
MTITH) ZENTES.

4.2 VX2 EFMBALEAFA T ) NIE

K2, 79 A ENMELEAYI4 7 ) Iz
WCHBIT A, BARIZ 7 )L T X 4% Algorithm 4 1278
L, R1IZAHCTH T2 T LD, 22T,
ERT— S HHIROE L TH S, Algorithm 4 O KAERS
IZOWCHIAT 5. 9, &7 7 A5 fEKT— ¥ 2ER
L, FHEEORKMEE & 2{UERT =2 of,, ZHET L (4
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Algorithm 4 Algorithm for Optimization Problems

Leveraging Clusters

Input: C,k, A\, w,r1,7ro
Output: Set S(|S| = k) that maximizes f(S)
1: Initialize the set S = ()
2: Find z* = arg maxp(z) and set S = {z*}
3: while |S| < l:edoo
4:  Find o}, such that o}

rep rep

= arg maxd'(0; yep, S)
04,rep€C;
5. Initialize the set C' = {C | o},, € C'}

rep
6: foralli=1to |C|do
7 Estimate upper bound of each cluster d’'(C;, S) =

max,, cc, d (v, S)

8: if d'(0}.,,S) < d'(C;, S) then
9: C’'=C'u{C;}
10: end if

11:  end for

12:  Find y* € C’\S such that y* = arg maxd'(y, S)
yeCI\S
13:  Set S =SU{y*}

14:  if y* is representative data of C; then
15: Select new representative data for C;
16:  end if

17: end while

TH). 2o 2, b7 — 7 OFHiifE b FH5E L, L
BLTBL. 2L, AEOBRECHHETL LI, 77
AFWT =5 H LN ) BEHbifED L& w3 5 BRI %
LB THA. FHHEGRADONET =5 o, &L
77 A5, IEMESIENT bR LT — 5 £ 5T THE
MEHE N, LoT, DV IFAY 2 ERENER Y 5 AV EL
C' BT 5. RIZ, B ITAZIZOWT, £7TAY
MO T — % OFHfifEA & ) 5 BEO LR d(Ch, 8) % HE
T5 (7T47H). %27 925 O EROHEEMBE, ROIZFHE
L72RET — & OIRKRHIEE d' (0], 5) ZHEL, e
DIFIDBREVEA, C'IEMT A, 22T, UToE
HART EBY, C'ICEIN VT — Y 3R T— ¥
LR o hnicd, ERETHLET RV,

TR, i 7 — 5 I 3EANR 7 7 A EENITHIET .
$7&bH, arg maxd'(o,S) = arg maxd'(0,S) TH 5.

0€0 0cC’

SERR. WHNEIC X VEEBT A, s T — v I3ERENR Y
TATEEIO\NC! \HAET B EMET A, e T—%
Torll, TV RGO TIAYRCH LT A, T4
o IFIEREAICENT 272 L LT TH L7720,
OFFMfE XA 7% < & bRET— F ORKFFMMEL. L& 72 5.
W12, d(0*,8) > d(0},,S) Thb. 2T, 7TAY
C* OFFIED EFUZ DT, IS 22 d(C*, S) > d' (0%, S)
Eh. INLOARENRB LU Algorithm 4 ® 8fTH 25
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WITHLY, 27925 C* 3EEWNSGR Y FAYES C 2
BmMEhs, $hbb, C*eC' THDH., T, Rk
=% of WELENE Y T XY EEIO\C! \[ZHEHET D L
WIREIZTFIET 5. O

WIS, EENR 7 FASEEC IZEENETTO
Ty EERL, RRKOFNEE & 57— 5 & il 7 —
7 & LT, IEfER SIENT 5. BlE /T —5 5w
FTHUPDY FAYDINETFT =7 Tho125E, 79 AFN
DF =TV N NEzT— 7 28R T 5 (15
TH).

421 V5 ZAZDLROEE

Z 2T, Algorithm 4 D 747HICBIT A, %27 T AFN
T =LY ) LFHIMED LR OHMEEFTH DOV THHT
b, VIAIDVELT — YOS OFHEMIARH L 20, 7
FTAIYNICHEREL ) AREN T =5 v, 252, T—5 v,
WEN D B RKOFHIMEE, TTREZR D IEMEICRIE T 5.
AHiifE, 77— 7 MoOZERE L, BREBEMEICES A
A7D2ODRENLEMENL, 22T, TNETNDK
WAL BT 2 5l %, EMESNO T — ¥ ICIEKHR
DI L MAFT HIEICHIRT S

i (05:5) = g0s) + iy { go00) + Moz | 12
i (Vi S) = |SIp(v:) + Y _{p(u) + 22d(vi, u)} (13)

ues
Ay (Vi, S) = (1 = N)p(vs) + 17}161151{/\11(1)2-, u)} (14)

¥, EMEANOT— 7 IIHMKGEOIE (55 13H) 2k
DI BIRHKEEFET S, 2AaTIE, EAXNZ Ml gw &
BREEMMANZ M oatt DNFEE LTEDB B L, Th
FRONZ MVORSME QL L7zl E, LTORXTHE
T&5.

m
p(g,0) = Z q.w; - o.att;
i=1

=q.w - o.att

= |q.wl|o.att|cos. (15)

LoT, VI9RAYHNITHILEL D AIRET— % v;(v;.att =
Oicen-alt +€) ZF 72L&, 1 HOBEAMEIZLLT DR
ThHze6Nn% (K 3(a)).

max (p(v;))

= max

B |€|<re,0<0<2 ((qw- (Oi,cen-att +¢€)))
<7r2,0<0<27

= (p(oi,cen) + (lg-w||€|cosh))

max
|€|<rs,0<6<2r

= p(0i.cen) + |q-w|ra. (16)

RKIZ, EMESNOT— 51T ATH (BB2TH) »E
D9 A KExEHE T 5. Maxmin BB X O MMR [H &
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Fig. 3 Estimation of upper bounds of clusters.

FNENIZOWT, 7T AYOHLT— % LIERESHND
F—F D, BRTF—FDAAT ENMK L - HEE2EIE L,
FOLEXDEMEENDT =Y % uyy €S &5 4. Hul
T—=8 T =% uyy FEHMTRHEAZLE, 200K EN
TS (M 3(b). 22T, =% uyy O bEEN
BLALEI, 2 DODOKHDI B, T—5 uyy D HIRV O
Thb., WHEF—% v, N DOEINET S L E, EMES
SHhSDHHEL RIALEN S, D728, Maxmin FIEB
X O'MMR BIEIZBIT A8 2L D) D A, BT
ORTHzZHNA.

. 1
e {ain (0 + o) |
1
= §p(UNN) + Md(0i,cens unn) + 71} (17)

max {min(Ad(v;, u))}

v, €C; u€es

= Md(04,cen, unn) + 11} (18)

¥ 72, Maxsum HEIZBWT, RKET—% v, OfiE & L
T, IEMEAGNOZNENDOT =% ue S bbbk
HERETA. bbAA, TOLH 7%, WETF—7 K
DB HREA T AEIEY 25 2 WD, ZOHEIC
FHE I N B IR T — ¥ OFHffEIL, oI ERERS.
£ o T, Maxsum FEIZBIT A 2N E ) 9 A KfEIE

DTFoXTHzoNs.

max {jg:(p(u)4—2kd(v%10)}

ues

= Z{p +2X\(d

ues

NSRS, TRENORELRE
yOLEREFHETE, UT@?&“@T%%%.

Oz cen7u)+r1)}- (19)

BUL7 I A

Gy, S)

mzn (

= i{p(oi,cen) + |qw‘7“2}

1
+§p(UNN) + Md(04,cens unn) + 71}

= { %(p(oi,cen) + p(uNN)) + )\d(oi,cevm UNN) }

1
+§\q.w|7“2 + A1
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© REF—HORKIHIE : d'(0ep, )
X 0€s O LT —HOFHIE : d'(0;cens S)
y L, O HEERR - d(C,S)
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Fig. 4 An example of online query processing.

(b) ISI=112 5152 T AL EEOFHAMEOHEE LR

1
- d/(oi,cenv S) + =

5 lg.w|rs + Arq (20)

sum(clv S)

= [S{p(0i cen) + lqw|ra}
+Z{p +2)\ Oz cenvu)+rl)}

ues

= {S|p(oi,cen) =+ Z(p(u

u€eS
+15||q.w|ra + 2|S|Ary

= d'(0i.cen, S) + |S|(|qw|ra + 22ry) (21)

) + 2Xd(04,cens u))}

Gy, S)

mmr (

= (1= M){p(0s,cen) + lg-w|rs}
+Md(0i cens unn) + 71}

= {(1 = N)p(0i,cen) + Ad(0i cen, unn)}
+(1 = N)|qw|rs + Arq

= d'(0i,cens S) + (1 — N)|gwl|rs + Ary. (22)

INnHoXEY, FROWEIEZS FAYOHLT—F D
%mﬁt,73x7$%£iwﬁluﬁﬁwﬁfﬁ$’?
BHTE5, B2, POTF— 7 OFMIEIE TV T) X240k
%%%wﬁtﬁ LEdEERTWwAS, 1, 247H OWE L
HIZOowTd, K(16) b7 FAINT—=FDEN H B A
a7 DO ERVPHETE L7220, FABOTIETELET— 55
YHIRTE 5.

4.2.2 F>F4 > IT)NIEG

X4 #fnTC, EET - BEHRT 2 HEEBIRT
5. 4 (a) 13, WEMLLIEAETL, |S]=1&%>Tw»
LIRETH L. FHHED RKONET =5 of,, IFHEEKFHA
T, WO%KT TAYOHRLT —F OFHIMEIRFHEEA LT
. ZCCEMHEOLwI, FlifERKORET -5 of,,
EL IR % O, FNLSNDO 2 T A5 ID ZHLT —
7 OFHMMEOFENEIZEI ) B TTWA, RIS, K7 TAID
LT — % OFHIEDR S, 79 AT D EREHET 5.

B4 (b) 12, FHE S ZNENDEOHAAERYT. 2O
L&, VIR Cy~Cs lT, ESN I LR T—% OFep
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OFEZ Flalo TWwW a7z, EENR T I A5 HE4E6 C
WEINENZw, £oT, 7I9AY C4~Csg NDT— 41X
BT BT,

5. FHMZEER

Top-k MFEAE R DL B %, I—RETFEOMEE
AT A, R2IEENRTIA—FOMlEERL, KFIETF
Tx) MEET 5.

F 74 VEN T TAY ) v L, 7 ) FFERTIC
—JERZTEFSNIUL L L, T 5 AR 2 BEE AS
MERCT&2EEZOLNL. —F, A I4 7 ) LI
BEROL—F0E 7 1) 22T S 72 NI 0 3R L SEAT
ENL7D, EEfbARO NG, FZTAREICBITLEE
fliciE, &> I4 07 Z)WUEIZE D %) FHRMB LD
TAAZI0 TAMERDT.

51 7—4tvy k

7= ONEERE, FRICOMAIKE [0,1] Eo—Fk5
MIZHED, 2RIGNR7 MV TH 272, T, 7—% ORE
BYEEIE, B 5 ORT L) A CHBEON#EET
LOMICHEIEE L, 1 KE,DH 4RCECTikE L. |
O FIRIEHIA 7 ) ORI ¢.R Th Y, ffhb X
OS2 En T — S (O o B, yEEERT. B
RE R REB I, 7— 5 O EFBHR, SREEN D,
T, kYU TROREEER LT, MEERY» S IE
ENDEBEEMEMEI L, N(0,0.3) DIEHSARIZHE ) I
Sz mAE L7z,

5.2 E&FE

REF LB 7 T 70Tl ‘P-cluster’ & E5L) #,
SETHHL7zNR—AF A FiE (‘Naive’) B L UZERA
EOTEEOREEZRE L TR EIN7 7 A5 2 FIHT 5
T (‘C-cluster’) &EM#E L7z, ZolbTEix, 710
WHEOT N T) XL IIFRETFHE LR U205, BRI 2E
BB AEES ra=00ThH Y, X (16) ITBVWTZ T A
FHNDOF =8 DAATIZONT FREZHEET S 720 DER

r2 NI A-FDIHE

Table 2 Parameter values.

INT A — % fi
F—%ty hYA AN 1M, 5M, 10M, 50 M
TORT— 58 k 5, 10, 15, 20, 25, 30
75 A Y DERRE 0.01~0.15
77 A8 OBRBBMAEEE re | 0.1~2.0
w DEEFE 0.0~1.0
A (Maxmin, Maxsum) 0.0~5.0
A (MMR) 0.0~1.0
EERMEORITCE m 1,2,3,4
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e, 2070, BT RTOT =8 %274 X7
MOFAIAARTRTOT =Y DAIThEHL, 7T AY
TEERARDRAAT EZDOT -5 ZRET 4. L&, G
O FREBIEZDORARDAIT NS I LT, o
FhER—DIEREEGTIIETE 5.

5.3 T

TRTCOTNITY X L% Java?7 THEE L, Intel(R)
Core(TM) i7-4790K CPU @ 4.00 GHz with 24.0 GB RAM
% 533 % Windows7 Enterprise TEMET 5 5H54% T3
Bl 7-.

FEERICBWTIE, v Iy 7B TR T —F
BIUZ IR F—=%% RAM IZ5AAA LRSS, M
FRER TGS 5 F CoORMERMENE L2, 72, RAM
WCFHRAIAALE T = BELTTA A2 I0 A NERLE.
ZITC, MEFHEUINOTEE, 7= ORI T7EFET
L0 TRTOT— %% RAM CFHA AL LENDH 5.
FD0, INSOTE LIEOF 1 A2 10 2 A N %R
L7277 79 Tid ‘Others’ £ i) IXBIF L7 1 A7 10
I ME, DRIZTF—Fty P A ANIZE L RL, &
512, HBTFELRETEIIO VT, 2RERDOF 754
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N7z,

EBRTHWA7 2 )1F, qw & g\ DZENENE 2 12
RY —EHENTT VY AICREENLDTHL. X
ik 9], [18] IZFEV, qaw DREROMEOHFAIX 0.0~1.0, 2
DEFLZOMH 1.0 &% 5 K 5 1ZF%%E L72. Maxmin HE
B LU Maxsum HEIZBUT 5 ¢\ (DWW TIE, SCHk (8] 12
PEVi/AMiEL 0.0 & L7z, —F TReKfiElE, Maxmin fE
B & O Maxsum FIREIZ BT 5 BH9EEE X (4), (5)) T,
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Fig. 5 Distributions of environmental attribute values.
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Fig. 6 Impact of spatial radius r;.
10000 T R e = = = = = M = B = = = = W 8 = 100000
==m==C-Cluster —<— P-Cluster
100000
10000
<1000
g 10000
z o =
é 8
£ s S ¥ 100
= 100 % = 1000 X
£ B8 i N B Others D 100
;;: 0 100 —e— P-Cluster (Maxmin)
<wdees Naiive (MMR) 10 —a— P-Cluster (Maxsum) 10
==}=- C-Cluster (MMR) —> P-Cluster (MMR)
. = P-Cluster (MMR) 1 1
0 0.5 1 15 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
BB B BRbE B MR BRETB AR
(a) FHEERER b)) 7 4 2710 (©) 7 7 25

7 BRI vy O

Fig. 7 Impact of environmental attribute radius rs.
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