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Abstract Location-Based Services(LBS) give rise to location-based queries of which results
depend on the locations of moving objects. One of important applications of LBS is to examine tracks
of continuously moving objects. Moving objects databases need to provide 3-dimensional indexing for
efficiently processing range queries on the movement of continuously changing positions. An extension
of the 2-dimensional R-tree to include time dimension shows low space utilization and poor search
performance, because of high overlap of index nodes and their dead space. To solve these problems,
we propose a new R-tree based indexing technique, namely TR-tree. To increase storage utilization,
we assign more entries to the past node by using the unbalanced splitting policy. If two nodes are
highly overlapped, these nodes are forcibly merged. It is the forced merging policy that reduces the
dead space and the overlap of nodes. Since big line segments can also affect the overlap of index nodes
to be increased, big line segments should be clipped by the clipping policy when splitting overfull
nodes. The TR-tree outperforms the 3DR-tree and TB-tree in all experiments. Particularly, the
storage utilization of the TR-tree is higher than the R-tree and R*-tree.
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Let £, be the best leaf node to insert new line segment
Algorithm Check_High_Overtap(Ey)
Find all the entries £,, E,, .., E, that were overlapped with £, MBB
Choose E; — maxmum{OveriapRate(E,, E)), for 1<=i<=n
IF (E; exist and Highly overlapped over HRO)
Merge two nodes(E, E,) to £,
IF E,, is overflow THEN Spiit E,, to £ 1, E 12
ELSE invoke Check_High_Overlap(En) to check cascading of HOMBB
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(A1 52420 9J3])
Nls *(xpyirt)=(X*Y+T)*Cnode (524 3)
714 2) °l5AY = Wiyl 3, 2L A 14
vk B3 g Zg g
Nls=Nmo+*Tsampling (4 4)
Nmo#*Tsampling*(xi*y;#t;)=(X*Y*T)*Cnode
(4] 3, 40} 9J3))
Nmo*(x;*yi)*T'si=(X*Y)*Cnode,
(Tsampling/Tsi=T/ti°]| 2. &)
Nmo*Tsi=(X*Y)/(xi*y;)*Cnode (52 5)
743 3) N7 BAGe] BE o)EA S RE Yt
=0 #53A EEHAJGT 7HHEE &Y
E=E(LND9Y oA F(Nmo)e T8 F4)9]
A¥ 3t
Nmoi=Nmo*(x;*y;)/(X*Y)
Nmo*Tsi=Nmo/Nmo;*Cnode,
(54 5, 69 <2J3})
Tsi*Nmoi=Cnode (47
F4 72 49 7MEE BEF wEIES o, 7Y A
2 R-treed] B¢ == FAojc}
Ao 6. Y HAAARAE AT Nmo®} Tsi9
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LSiE LNi9] H¥olg} s, LS;x, LSy, LSte A%
LSE x, y, t522 ¥9Y(projection)3t Holc} o5
g0 FoiFl @2 k=9 FRIM FF5EE(Uniform
Distribution)?t F&o] gitln 7}gsles |LS.x| =
LS2.x| =+ = |LScaexiOlth o)Al AZy H4r)
Tsiol3, o18H 47} Nmo7l o|EZ, x 208 5935}
W 7 2 Z7e o 2k
xi=Nmoi*|LS;.x|, yi=Nmoi*LS;.yl, ti=TsiILS;.tl
(2] 8)
x=yi=tidd 20E HHolg} Ijuhd 4] 77 52] 8
o A3 the 4 FEF 5 Uk
Nmoi#|LS;.x|=Nmo#|LS;.y|=Cnode/Nmoi|LS; t|
(4 9
ILS;.xI=ILS;.yl=ILSitlgle 7HRste 44 9= oo
A& = 4 Aok
Nmoi=Cnode"" (=2 10)
T4 102 HFe HaAAN20 s Y8 =
Zdolrk. HE LSy x, y, t29 23 99 A(cm),
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IF Ts; >= Nmo: then t 0.2 13§ J/ZZ()

ELSE IF Nmoi >= 2 * Cnode””

THEN x, y222 28 //ZA(2)

ELSE IF v2*Cnode”® <= Nmoi < 2 * Cnode"?
and 1/2+Cnode”?*<Ts;i<=1//2* Cnode"?
THEN x, y&o=2 8% //Z7(3)
ELSE t%02 &g N
Hr7A 27 AAREY W) FHolgin spAEe
AL t%F9 TsH x, yEY Nmoid gto] 2-& o 3
olFtz RE Zloith A A%e Hussle 2¥e B
28 x=E7F Nmoi = Tsi¢l H4del H2A3A 27 slx
£ g< Aol Tsi>=Nmoi (27 DS =AM, ¢
o3 BEsY Ts9 3e Zoof dch. eWZz9r}
LA =F Efta 33 £¥E =52 E, EpEkn
gt Al F B@UM EnE B =X, EpE A kT
23 31E Eit < Eptolth
z

A 29k o] Nmo; >= 2+Cnode?0]H,

Tsi<1/2+Cnode'*olt}. x, y& 28& 75 239
9, olsAe = Y %
Nmop >= Cnode'” 2413t 7Hdch 37 23he A
Z =ele] WSt gemE Ty, Tsp<l/2x
Cnode'? o]t}

23 A 2A19 27128 BE3A] gy 2AL
Tsi<Nmoi$t Nmoi<2+Cnode”?e]t}.  Tsi=Cnode/Nmo;
oBR® oI

Cnode"?<Nmo;<2+Cnode?2}  1/2+Cnode”2< Tsi<

Cnode” (4] 11)

X,y & 28% Y8 o, Tso 27do] "z go
i 7AAEE, F3 $89 Nmoi=1/2«Nmoo] B} &
g8 27t AFHZA(Tsi = Nmopo] H7 9ax 23+
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w232 AL B8 gtk 3 BES 98 28L Ty
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°JFA 0% UC 4%¢ UCLineelz & l, UCLing
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Algorithm Insert(LineSegment LS))
Choose E, to be the best leaf node for inserting LS;
IF (Ei has room for inserting LS;) {
E«.AddData(LS)).
E.Check_High_Overlap();
AdjustTree(Ey);
}ELSE { 1 Ey is overflow
SplitAxis = ChooseSplitAxis(Ey, LS));
IF (SplitAxis == TimeAxis) {
Eqew = SplitByT_Axis(Ex, LS);
Ex.Check_High_Overlap();
}ELSE {
E,ew = SplitNode_SpatialAxis(Ey, LS, SplitAxis);
Ey.Check_High_Overlap(); Enew.Check_High_Overlap();
}
AdjustTree(Ey, Epew):

a3 7 A4 ¢xdE
TR-trees MEZL AEL ARy A% @2 ==
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olch. LS Ei %¥ Eo 49 A E,.MBBS
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2 dRe 24 d¥os AU B9 Bl 2 4
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(MBB) 7r9] dd =7l o8] Aggch 2 dRg &
g8 == Ei, Eol @337 Aol max((E;NE)/E,
(E:NE2)/Ey) <= HRO®IE}Z 7FA3IA, E, = B, ULS5t1
& o), max((E;NE)/Ey, (EiNE2/Ez) > HROOE LS;
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pointset)& TETL AE9 %& Ho| mZ o H 3
el lom, A AFo)X AAsted A Fineset)o]
F71gth deque?] ZE ML BEIE T HE I
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T Bl SEHE HES Tl A FAgel ol g
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ol AL B¥E *=E Ei, B F7} & W HOMBB7}
He Ag ZAL 71 AR Z2AL A9 E, B9

A=)
EES

» XY

(b) 2702 3¢ MBBE°] HOMbbSl 7%

IY 8 == EelA 21 MRS o



330 BRI =EA

Eqnis an overfull node, Let LS, be fine segments in £,
Let LS. mbr be a space-projected MBR for each LS, {ignoring time}
PROCEDURE  SplitNode_SpatialAxis (£, LS; SplitAxis)
visited_deque « sort all the lower-ends and higher ends of LS. mbr
Initialize empty to fow_pointset, high_pointset, low_lneset, high_neset.
1% step: Split line segments to two graups along the chasen axis
WHILE (visited_deque is NOT empty)  {
fow_end = visited_deque.gstfront(},
iF ( low_end.line# exists in fow_pointset.ine# )
THEN { Add low_end.line# to fow_lineset;
ELSE Add low_end to low_pointset,
IF { high_end.line# exists in high_pointset line#)
THEN { Add high_end line# to high_lineset.  Delete high_end from high_pointset. }
ELSE Add high_end to high_pointset,
}
/1 2™ Step . Detecting and Clipping BigLineSegment
WHILE (low_pointset s NOT empty)
IF { distance(low_lineset MBB, lower_point(high_pointset)) <=
distance{high_fineset MBB, higher_poini{iow_paintset)) )
THEN { candidate_big_Is « choose line# of lower point from high_pointset,
IF is_Not_big_line_segment(candiate_big_Is}
THEN Add candidate_hig_Is to fow_lineset
ELSE Add clipping_line(candidate_big_Is) to low_tineset, high_lineset,
ELSE { candidate_big_Is « choose line# of higher point from fow_pointset.
IF is_NOT_big_line_segement{candiate_big_Is)
THEN Add candidate_big_Is to high_lineset
ELSE Add clipping_fine(candidate_big_Is) to low_lineset, high_lineset,

high_end = visited_deque.getraar(},

Delete low,_end from low_pointset; }

a8 9 F7 =He] B8 dxwE
A7)} AR e wet FHoE AAFHTh
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B 7 HdEoz 279 A g o Uk FRiA @
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low_linesetol A= 1, linel+ high_linesetdl]l A44¥
o} linex?} low_linesetol] AF=ld, low_lineset MBB2}
high_lineset MBB= HOMBBZ} HEZ line;= HHE
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) low_lineset
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6.3 2! Mol AIZ & EBat

AIZE # vgE B8E A UC Ha73ARe
g HaZARrzeth HRES UC HaAAAe

2y HaRAued ws) Fe 271 Jode A7)
@ o OverlapRate(UC_MBB)=area(UC_MBBFixed_
MBB)/area(UC_MBB)dl| ¢Jshd, & FEo|x Qver-
lapRate(UC_MBB) > HROS! 77} &gt} sxqt
UC HaAAutAEs AZF 2072 Z713517] o 2o /\]7}
B A= OverlapRate(UC_MBB) > HROS! F
deoz stel HOMBBE 4312 geo}
A7t & B A OverlapRate(Fixed_MBB)> HRO
A ZAfele HOMBBR HFsivh. 28 118 2ol &
HEZS wEol HagAutzd us) HuHez
7t A9 MEe] ASlHE A2 1l@npel A
¥&3lw HOMBB7F ¥tk 21 dEL 138
1(b)s} 7ol 33 HaAAAe Hi AL go=w
3o Al & 28 duese 19 129 2o
E.,is an overfull node, Let LS., be a new line segment.
PROCEDURE SplitByT_Axis(E, LSnes)
line_set = the coliection of all line segments within E,
UC_MBB « Find UC_lines in En,
Non_UC_line_set « Em.line_set UC _lines
Let LS, be line segments in Non_UC_line_sel.
Sort Non_UC_line_set by LS;.twgn
While{ Non_UC_Line_setis notempty ) {
LS, = Non_UC_line_set.getfront();
IF (UC_MBB.OverlapRate(MBB(Fixed_MBB+LS)) < HRO)
Fixed_MBB AddData(LS);
ELSE Add clipping_fine(LS) to UC_MBB, Fixed_MBB

}

IF (MBB(UC_MBB+ LS,4y).OverlapRate(Fixed MBB) < HRO)
UC_MBB.AddData(L Spew);

ELSE Add clipping_line(LS,e.) to UC_MBB, Fixed _MBB ;
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Fixed MBB
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