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Abstract: A probabilistic approach is proposed, which adopts filter-refinement framework for query processing.
First, all objects that possibly satisfy a query are retrieved as candidate results. Then, probabilities that the
candidates will satisfy the query are evaluated based on a probability model proposed in the paper. Finally, a user
defined minimum probability threshold is used to filter unqualified candidates to get a final predictive result. The
future location of a moving object is defined as a random variable in the probability model. Two modes are
proposed to describe object’s movement status in spatio-temporal query range, and the corresponding methods are
presented to compute the probability that an object will satisfy the query in the proposed modes. A trajectory
analyzing algorithm is proposed to estimate the probability density functions (PDF) from the historical trajectories.
An index structure is designed to efficiently support the storing and accessing of the PDFs. The experimental result
shows that the proposed solution can effectively process the predictive spatio-temporal range query and improve the
correctness of the predictive results. It is suitable for processing the query with small spatial range and long-term
future time interval.
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(probability density function,
STP-Index(spatio-temporal PDF-index).

tA
b 3
[1-4]
B, k ,
[6-9]
Sometimes  Always .Sometimes
Always
Filter-Refinement R s
, 3(2)

S=[L1, L)% [U,Us]

ty ,O.P(1)=(0.Py(1),
t

, X (xy).
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I( )- MR(RVg,L,ts) s
R=[X1, X ]x[Y1,Y2] ts it A2t V= {Vi, Vi, Vi, Va Move R
Ve Vg R MR(R VR, t,to)=[X+Vi(1—ts) , X0+, (t—ts) | X[ Y1+
Va(t-ts), Yo tvy(t-ts)].
o T=[t,,tn] MR(RVR,t,1) :
(always) (sometimes). (@) T MR(R,Vg,t,t) ,  {VteT,
O.P(t)eMR(RVR,t,t)}, (0] T t MR(RVRtt) , {3teT,
O.PM)eMR(RVRLt)}. T tr,
2. Mode Always Sometimesp, O; T=[t,t] Mode MR(R,Vr,t,t) ,

PRQ(T,MR(R VxLt),Mode,MinC)={(O,p)p=MinC},  ,MinC

T
b T b
! T
> [tu>tl] ( )a
Filter-Refinement . 3 (1)
:(2)
, ;3)
MinC, MinC s
, :TPMR-Tree(time-parameterized max speed rectangle tree)!'”
;STP-Index(spatio-temporal PDF-index)
( )- , STP-Index
2
21
PRQ(T,MR(R,Vg,t,t)),Mode,MinC), T MR(R,Vrt,1)
. ®) t
O. P(tu)a O'Vmaxa O tf O. P(tu) O'Vmax (tf_tu)
, PLS(O,t) o t . Mode=
Always T t,PLSO,))nMR(R, VR t,1)=d, O ; Mode=Sometimes
T tt, Pquatf)mMR(ROVRatfatOi@’ O
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, TPMR-Tree (o]
TPMR-Tree PRQ(T,MR(R,Vr,t,t)),Mode,MinC)
MR(R Vg,t,1) T
MBR(minimum bounding rectangle) R
; s T
MR(R Vg,t,1) Mode ,
. TPMR-Tree >
,RefineCheck(T,MR(R,Vr,t,t)),0) [10] , T PLSO,t) MR(RVg,t,1)

PRQuery(Tr,PRQ(T,MR(R,VR,t,t)),Mode,MinC)).
:Tr:TPMR-Tree; PRQ(T,MR(R Vy,t,t)),Mode,MinC):
PRQ(T,MR(RVRt,tl),Mode,MinC) C.
1.If (Tr ) C=CuCheck Leaf(Tr,PRQ(T,MR(R,VRrt.t}),Mode,MinC));
2. Else { //Tr
3. Forall Node in Tr
4. If (Node is not leaf node) C=CuCheck Nonleaf (Node,,PRQ(T,MR(R,Vy,t,t)),ModeMinC));
5 Else C=CuCheck Leaf (Tr,PRQ(T,MR(R,VR,t.t)),Mode,MinC));}
6

. Return C;
Check L eaf(Node,PRQ(T,MR(R,VR,t,t;),Mode,MinC)).
Node, PRQ(T,MR(R,VRr,t,t)),Mode,MinC).
:Node C.
1. C=@;
2. For all O;eNode
3. If (Mode=Always)
4 If (PLYO,t)NMR(R VR 11,1)=9) and (PLYO;,th)) "MR(R,Vr,th,th)=D))) {
5. If (PLS(O;,t) )NMR(R Vr,t,,t)=PLSO;,t) )) and (PLYO;,t))"MR(R,Vg,t1,th)=PLSO;,t1))
6 O.p=1; /O [t,t]
7 Else O.p=—1; // (o}
8 C=Cu0;;}
9. Else //Mode=Sometimes
10. If (RefineCheck(T,MR(R, Vr,1,1)),0))) {
11. If (3tee[t,th],PLYO;,t)MR(R, VR, t;,1))=PLSO,,1)) O;.p=1;
12. Else O.p=—1; // (o}
13. C=Cu0;;}

14. Return C;
Check Nonleaf (Node,PRQ(T,MR(R,Vr.t,t)),ModeMinC)) Check Leaf

H

2.2
3( ). o t XeS t VXeS (2(X1).F.P)
, QXD)={0]VOeMOD,O.P(t)=X, O.Pte[Li,L.]}F (Xt o,
P (2(X1.F) . Voe(Xt), Sl QXD ,
vxe[L,L], {oldw.)=<x} eF.¢x(wt) o, X it .
3, . SO=(gx(D), 7x(1)). ox(®)
QX H={0|VOeMOD,O.P(t)=X, O.Pt)e[L,L]}; nx(t) O(X,t)={0|VOeMOD,0.P(t,)=X,
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O.Py(t)e[U,,U,]}. &x(®

MTx(T,MR(R,Vg,t,ts),Mode) X T Mode MR(R,Vg,t,ts)
) T ty, MTx(t,MR(RVrIit9).  fx(X(1),y(D) éx(®)
, X oy ty X t X,y , X t
R P {MTx(t,, R)=P{ &x(ty) € R} =[rfx(X(ty).y(t))dx(t)dy(ty). ,
, P{ &t eSi=dx(x(t).y®)dx(tydy(t)=1, P{&(t)eS}=0.
AT . T=[t,,thn] PRQ(T,
MR(RVR,t,t)),Mode,MinC) R s Lty n
AT ; s tx MR(R, VR, ti.t) R R
1. T=[t,t](| TI<A4T) MR(R,VR,t.1)), VXeSMT(T,MR(RVR,t1),
Always) Ex(teR, Vte(t,th), &M eSIN{S(th) eMR(R Vrtnt), Vie[t,tn],Sx()eS).
1 R Lt MR(R VR t,t) MTx(T,MR(R,Vg,t,1),Always)
( ) ,
( S )s :
2. T=[t,tn] 1=[tmta]<T, MR(RVRrtY), VXeS P{MTx(I,MR(RVg,
t,tn),Mode)} =P{MTx(I,MR(R,Vg,t,t,),Mode), Vte(T-I),E(t)eS).
3. T=[t,ta](IT|<4T) MRRVrLY), VXeS p=P{MTx(t,R)},p,=
P{MTx(th, MR(RVr,tn,t))},  Max{0,(p;+p,—1)} <P{MTx(T,MR(RVg,L,t),Always) } <Min {p;,p,} .
1. T=[t),thn] MR(RVRr,t,1)), n T n-1
AT : vXe§  pi=P{MTx(t,R)},p=P{MTx (t,,MR(RVr,ti,1))},....Pn 1 =P {MTx(tr 2, MR(R,
Vroth2,t)) },Pi=P {MTx(th, MR(R, VR, th, 1)) }
L(k)={p“ S H(k)={pl.’ .
Max{0,(L(k=1)+ p, ~1)}, 2<k<n Min{H(k-1),p.}, 2<k<n
L(N)<P{MTx(T,MR(R,Vrt,1),Always) } <H(n).
n=1 , .oon=2 T[] TI=4T). 3 s . on=k L T=[tLt](TI
(k=1)x4T), . n=k+1 =[] (I TIS(kx AT). E={MTx([t,,t ], MR(R, VR, 1), Always), Vte(tetn),
&) e SHEw={MTx(th, MR(R VR 1),  Vte[t,th],&x(DeSH Bk At ) EMR(R VRt 1, 1) - 1
MTx([t,tn], MR(R VR.t,t))=ExExs 1. ,L(KSP{MTx([t,tke 1 ,MR(R VR, L 1), Always) } <H (k). 2
P{Exi1}=P{MTx(th, MR(R VR th,t))} =pn.  ,P{MTx([t;,tn] MR(R VR L, 1)), Always)} <Min {P{Ey},P{Ex:1 } } <Min{H(K),
pny=H(k+1). P{ExEy.;}=1- P{E, UE,, } =P{Ex}+P{Ey.,}+ P{E, NE,, } —1>Max{0,P{E} +P{Ex. }—1}>
Max {0,L(K)+pr—1})=L(kt1). L(kt1)<P{MTx([t.ta, MR(R Vi Lt), Always)} <H(k+H1) . O
4. T=[t,th](IT|<4T) MRRVetl), VXeS  p=P{MTx(t,R)},p=
P{MTx(t, MR(RVR,th,1))}, Max{p;,p;}<P{MTx(FI,MR(RVR,t,t)),Sometimes)} <1.
2. T=[t,tn] MR(R,VRr,t,1)), n T n-1
AT . VXeS  pEP{MTx(t,R)}.p=P{MTx(t,,MR(RVr,ti,1))} . . ..Pn 1 =P {MTx(tn 2,MR(R, Vg,
P, k=1

G(N)<P{MTx(T,MR(R V. t,t
Max(G(k-1),p}, 2<k<n’ CCVPIMIXTMRRVaLL).

th-2,t))},Pn=P{MTx(th, MR(R Vr,th,t1))}.  G(k) = {

Sometimes)}<1.
n=1 .on=20 T E](TISAT). 3 , .
n=k T=[t,th](ITI<(k-1)x4T), ookl Tt (TI<(k<AT). SP{MT(TMR(R Vg L1),
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Sometimes)} <1 . Ei={MTx([t,,t],MR(R Vg,t}),Sometimes),  Vte(ti,th), &x(t) € Sh,E = {MTx(th,MR(R,
Vr,th, 1)), Vie[t,th],éx(H) e S} LECMTY(T,MR(R Vrit,t),Sometimes),E. . cMTx(T,MR(R Vg L1),
ometimes).  Max{G(K), i, }=G(k+ 1)<P {MTy(T,MR(R Vi.L,t;), Sometimes) } <1 . ,

O

PRQ(T,MR(R,Vz,t.t;),Mode,MinC)

. , . n
T n-1 AT . P{MTx(T,MR(RVg.t.t),Always)}=PA,(n),P{MT(TMR(R Vr.t.t),
Sometimes)}=PS;(n),  ,PAK)  PSyK)
PA;(k):{pl.: P{MTx(tlaR)}» . k=1 )
' Min{p,,PA, (k-1)} - 4 x(Min{p,,PA, (k—-1)} —Max{0,(p, + PA,(k-1)-1)), 2<k<n
PS, (k) = {l\p/i = P{MT, (t,,R)}, k=1 @
ax{l,(Max{p,,PS, (k—1)} + 4, x(1-Max{p,,PS,(k-D})}, 2<k<n
, Ae[0,1], Kk, Ak - . AT
MR(R,VR,t,1)) : ,
, ,  (tei—t—0,  P{MTy([ti—,tkr1 L,MR(R VR, t,t), Always)} > P{MTx(t,,R)}, A4—0. A4=0, 2
,PSi(n) Max {pi,P2,---,Pn}- >
, p=0,  PS,(n)=0; , , p=l, PS(n)=1.
W(QR,p,M) M fx(x(t),y(t)) X o t
QR p . X vV, W(QR,p,V)=
Min{(pt+pxcos(8)),1} p, ,0 X QR Q XQ
\ )
90°, >
2.3 STP-Index
, Traj=tid. {P(t)),P(t11),....P(tn)}, tid ;
P(t)eS Traj i ; Bt -t 3
4 ). Traj=tid. {P(t)),P(tj+1),...,P(th)}. Vte[t,t], Pos(Traj,t)
Traj t §
. g(Pt),.P(t,,),t)eS, t <t<t,,
Posrgt) = {@, t<tort>t,’
:9(P(t),P(ti+1),t) ) .
3( ) S S » ST{adacSarEd k=1,
2,... . MyVizj,ana=3;va=S}, Sa S s LA Sa .
S m A a
t R a . T=[t,th], oty
n+1 , T n AT T
Ty , VaeS, XYea, theT, HxOX()Y)=f(X(t).y(t2).
, (n+1)xm T
6( ). S Sa Traj=tid. {P(t),P(t}+1),...,P(tn)}. VaeS, 3Jste[t,tn]
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Pos(Traj,st)ea, 3Jt>0  Y=Pos(Traj,t+st)=J, =(at.Y) , s a ;t
)Y
3 {(ar,[t.t D (2, [t b)), . (A [te1,th D}
s B [tentd) [t-1,td a  ;2)
:3) . ,
Zalt) - ,
Trajectory Analysis(TST, At, Ast).
: TS={Traj;,Traj,,..., Trajn}; T=[t),th]; At
Ast.
: EPDF.
1. EPDF=@; N t,—t 4t
2. Foreach Traj; in TSdo {
3. Traj ATi= (@[t (B0, [t 1) (Bl tic 1]
4, For each (a;,[tj_;,tj]) in AT; do {
5. M=l t—t,_, I ast;
6. For m=0 to M—1 do {
7. For n=0 to N-1 do
8. ti=tH(nxAt) or ty;
9. Sty= [t +mxAst,t_+(mH+1)xAst] ;
10. Xi=Pos(Traj;,stpitty); //
11. If (X,==Q) then break; // (Styt+te)>tp, n
12. If pdf(ay,t,) ¢ EPDF, EPDF=EPDFUnNew created pdf(ay,ty);
13. Else update(pdf(ay,t),X);} /7 Xy pdf(a,ty)
14. Return EPDF;
STP-Index PDF-
Tree . STP-Index Grid-file .Grid-file
PDF-Tree . (CLILALPLr),... . CiliL,ALPL)Y), , G
ptr; PDF-Tree ; l; A PDF-Tree
PDF-Tree B'-Tree ) t
, ((t1,pdfy),. ...(tm, PO, PLr next), HY t)<ty<...<tmpdf, 3P next
. M . 1 s r
,T=[1,4] PDF-Tree 1~4
LA PDF-Tree .
STP-Tree Grid-file PDF-Tree.
S PDF-Tree R Grid-file
R PDF-Tree; PDF-Tree s Grid-file T
A N PDF-Tree
B -Tree . PDF-Tree ,PDF-Tre Grid-file
.STP-Index
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STF-Indies
DAL A |y
X v wo R |12 A
P& Tree . 4
ol re 03 Ay, o
¥ ¥
T
|""I'. 1 I"u'l' " T [ afl | L _II. I oy '| I-..|'|.
¥ ' , ' T POF-Tree
PDF-Troe: 1 ]
[} . I'_
r i P ] T I
| ) 2l = 3 |"‘|I'.
Space S
Fig.1 An example of STP-Index
1 STP-Index
STP-Index
PDF-Tree. Grid-file O.P(ty) C, C
(C,LA,ptr). ptr PDE-Tree , C PDF-
Tree. TnlI=J, PDE-Tree R
;0 Tal  {VteT,MR(R Vgt t)NA=J}, T MR(RVRtt) , O
0. , (e} PDF-Tree; s
ptr PDF-Tree R 2.2 R
) p=0 PA;(n) ;o peEl o, PS;(n)
3
[3] Mlinois 1000x1000
,100 000
60~120km/h A
120km/h. 1 100
, 1 STP-Index, 2
. 200
100x100 50x%50, 1%  0.25%.
P4 2.4GHz ,512MB R Linux
31
1 100 000 STP-Index. ,
500%500, 4x4, 1KB, T=[1,50],4t=
Ast=1 | 1/0
Table1l The I/O cost of computing probability by STP-Index
1 STP-Index /0
. Experiment result
Description 1M cache No cache
Population of spatio-temperoal random variable in STP-Index 1419 113
1/0 cost of retrieving a PDF in STP-Index 0.3 3
1/0 cost of probability calculation while |T|=5 minutes 0.86 3.6
1/0 cost of probability calculation while |T|=10 minutes 1.7 4.8
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10 ,
(L) 100x100
1/0 . s Mode
3
100x100,
10 /0 ,(5)
/O . , 1/0
2700 —a—Sometimes (L)
2400 __m--Sometimes S)
21004 —=—Always (L)
» 18004 --5--Always (S)
% 1500
2 1200
900
600+
3004 =7

10 20 30
Predicted time

Fig.2 Effect of query’s spatial range on I/0O

cost of probability computing

100x100

/0 . ,

50x50,Mode Always  Sometimes.
Vo 5 (S) 5050
R 1/0
1/0 . s
5 . 3 (10)
5
27007 —=—Sometimes (L)
2400 - --=--Sometimes (S)
2100, —~Always (L)
-~ --Always (S)
% 18001
E
= 1500 A
o
= 1200
900 - .
Lo T
600 - __/,,:::j::,/ﬂ""”
300 :

2|O 30
Predicted time
Fig.3 Effect of query’s temporal range on I/O

]
o

cost of probability computing

2 1/0 1/0
32
(accuracy) (recall)
PRQ(T,MR(R,Vg,t,t),ModeMinC), CR ,PRuviinc
MinC CR ,TR
o) (1) 0
p>MinC, , .0 :(2) o)
pP<MinC, s ,0 ,
PRuinc 4 (D
PRMinC 5
2) ; :
IPRuinc ATR/PRyincl - PRync 29
PR, TR/[T TR
Accuracy = { 0%, PRy,c =@ andTR#Q, Reall = {llolggﬁ"c NTRITR, TRi g .
100%, PRy,c =@ and TR=Q ” N
1, 0. , UN
;PF ;LN
;PW PF 2.2 ,LN
[1-4] JUN [6-9]
3.2.1
10~20 >
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100100  50x50.

100x100 ,(S)
1007
o0 —TUNM)
—o—PF (L)
807 —-~-UN(S)
S 707 --=-PF(S)
= 60 . !
g 504 oA =k 0
A
< 30—D':/A/_VA\\
2044
10 /N N N N N N
0 T

011 0f2 013 0f4 0.|5 0.6 0.I7 0.|8 0.I9 1.I0
MinC
Fig.4 Accuracy of result returned by UN and PF
Methods, Mode=Always, T=[10,20]
4 UN PF

Mode=Always, T=[10,20]

1001
90
80
;\;\ 70
= 60
g 501"
=
g8 407 —a—UN (L)
< 301 —=—PF (L)
20 —&-UN(S)
104 --=--PF (S)
N NN
0.1 02 03 04 05 0.6 0.7 0.8 0.9 1.0

MinC
Fig.6 Accuracy of result returned by LN and PW
Methods, Mode=Sometimes, T=[10,20]
6 LN PW
Mode=Sometimes, T=[10,20]

4 5
6 7
Mode=Sometimes
, MinC  Mode ,
LN . Mode=Always ,UN PF
,UN
5% . ,  UN
5%. s
s PW
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4~ 7 D)
50x50
100+
90 —>UN()
204 ——PF (L)
o] o --2--UN (S)
- ! . ----PE ()
S 601 .
3 507 2
3 404
30
20
04 T I
0

Ol.l OI.2 OI.3 0!4 015 Oj6 017 0.8 09 1.
MinC
Fig.5 Recall of result returned by UN and PF
Methods, Mode=Always, T=[10,20]
5 UN PF

Mode=Always, T=[10,20]

S
S 4090 —AUN(QD) e
304 —=PF(L)
| -+ UN(S)
207w pE(s)
10

0

Ol.l 012 0i3 0.‘4 0i5 Oi6 Ol.7 0.I8 0.I9 l.IO
MinC
Fig.7 Recall of result returned by LN and PW
Methods, Mode=Sometimes, T=[10,20]
7 LN PW

Mode=Sometimes, T=[10,20]

UN PF Mode=Always
, LN PW
, PF PW UN
MinC 0.4 ,
,UN
5% ,
Mode=Sometimes LN

s

Mode=Sometimes

5

Mode=Always
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, 100x100

S
>
3
g )
2 sdoa —2—UN (10)
2048 —0—PF (10)
! --#--UN (40)
107 --L--PF (40)
0_I T LA I I SR B — —

0.1 02 03 0.4 05 0.6 0.7 0.8 09 1.0
MinC
Fig.8 Accuracy of result returned by UN and PF
methods, Mode=Always, T=[10,15],[40,45]
8 UN PF ,
Mode=Always, T=[10,15],[40,45]

1007
90+
80+
70
60
500 o
40 1g-
30{ —A—UN (10)
204 —=—PF (10)
[0+ UN (@0)
--w--PF (40)
0 T T T T T T T T T T

0.1 02 03 04 05 0.6 0.7 0.8 09 1.0
MinC

Accuracy (%)

Fig.10  Accuracy of result returned by LN and PW
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s

methods, Mode=Always, T=[10,20]

10 LN PW ’
Mode=Always, T=[10,20]
8 9
10 11
, PW
[40,45]
LN , PW
PF UN
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H
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10~15 40~45
8~ 11 ,(10)
40~45
100~
904 —~—UN (10)
——PF (10)
807 -~ 2-UN (40)
704 --o-PF (40)
£ 604 .
Z 50 L
o
7 o
201 A . ﬁ\A
101 o
0_ ,,,,,,,,,,, e -

0.1 02 03 04 05 06 0.7 0.8 09 1.0

MinC
Fig.9 Recall of result returned by UN and PF
methods, Mode=Always, T=[10,15],[40,45]

9 UN PF ,
Mode=Always, T=[10,15],[40,45]
1007
90
80"
70
S 607
= 507
5 40‘A————A—---A————A-::3l=:——A----A————A--—-A————A
30 ——UN (10 .
20 —=—PF (10) Rk
--a--UN (40) e B
10 --=--PF (40)
O T T T T T T T T T T
0.1 02 03 04 05 0.6 07 08 09 1.0
MinC
Fig.11 = Recall of result returned by LN and PW
methods, Mode=Always, T=[10,20]
11 LN PW ,
Mode=Always, T=[10,20]
, UN PF
, LN PW
, MinC 4
PF LN UN
MinC 0.5 PW ,
LN

MinC
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