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Tries for combined text and spatial data range search

Bradfad G.Nickerson*

Abstract

We usetriesto representconbinedtext andspatialdata,and
presentrange searchalgoithm for reportirg all 2-d points
andrectandesfrom a setof sizen intersectig a queryrect-

angle.Dataandqueres canincludetext. Our k-d+t triesare
evaluatel expeimentally (for n up to 300000) using uni-

form distributedrandbm spatialdataandrandamly selected
stringsfrom a setof placenames.For randan queies, we

find that k-d+¢ tries have fastersearchtimes compaed to

naive searchTheexpededrange searchtime for k-d+¢ tries

wasdetermind theoreticdly, andfound to agres with exper

imentalresultsfor n=100000and2 < k < 10.

1 Introduction

Trieswereintroducedby Renedela Briandais[8]. E. Fred-
kin [5] andDonaldE. Knuth[7] developedthemfurther The
trie is a simple order presering datastructuresuppoting
fastretrieval of elementsandefficient nearesneighbor and
rangesearches.In geneal, a trie storesa set of n items,
which arerepresentedy keys from X °°, the setof all infi-
nite sequencesver afinite alphaketX. A trie is compsed
of internalnodes andexterral nodes thatstorethe keys. The
branding policy at level d is basedon the d** symbolof a
key. Triesaremainly usedin text searchandhave beenap-
plied to multidimensionalspatialdatasearchusing k-d trie
[4][11] or quadries[12].

Therearethreekinds of trie [13]: full trie, ordinary trie
and Patriciatrie. The Patriciatrie wasdiscoveredby D.R.
Morrison [10]. All nodesin Patriciatrie have degree greater
than or equa to two by eliminating all one<hild interral
nodes. Patriciatriesarewell-balancedreeg14] in thesense
thata randan shapeof Patriciatries resemkes the shapeof
comgete balancedrees. The Patriciatrie hasmary appli-
cations,including lexicographcal sorting dynamic hashing
algorithms, string matchirg, file systemsandmostrecently
conflictresolutionalgorithis for broacdtastconmunicatiors
[7]. To our knowledge, the Patricia trie hasnt beeninves-
tigatedfor combired text andspatialdatarang search.In
this paperwe will discusgriesfor 2-dmensionapointsand
strings,andfor 2-dimensionakectandesandstrings.
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2 Trie for Text and Points

Without loss of geneality, the following discussionsareall
basedon unit spac€0, 1]* for spatialdata. We assumethe
coodinatevalueoneachspatialdatadimensiorcanberepre-
sentedn B bits,andeachcharactein astringis represente
by C bits. Binary tries usea binary representatiorof a key
to storethe key asa pathin atree[1], andfollow the rule
of direction determiredby thes*” bit informationof thekey:
brarchleft if bit i=0 andbrarchright if bit i=1. Binary k-d
triesusethe principle of bit interleaving.

For a point P(z,y) in two dimensims, each coord-
nate value has B bits, and the bit interleaved value is
bELY LT LY - b%_, bY |, whereb? is theit" bit valuefor
z, bY is thei®" bit valuefor y. Now we adda stringfield ¢ to
thepoint P(z,y) andtreatt asthethird dimersion,denotel
by P(x,y,t). Thenumberof bits of ¢ canvary from 1 tom,
1 <m < C. We call thedatastructurea k-d+¢ trie.

More precisely for P = (z,y,t), = and y hae
B bhits, and t has C' x Length(t) bits. If C x
Length(t) < Bm, we will add’0’ at the end of the
bit string of s and exterd the length of ¢ to Bm. The
bit string after interleaving the binary represetationsof z,
y andt is: bE by by --- bt _ bTbYbE - b, - by
b 1 b(p_1)m " bBm—1- Thebitinterleaing principlecan
be exterdedto k-d poirts in a straightfowvard manrer. Here
we consideonly k = 2 andonestringfor eachpoirt. Wede-
noteby 7' the Patriciatrie constrctedby insertingn recods
into aninitially emptytrie. Therearealtogetlern — 1 inter-
nalnodesandn leavesin T'. Theskippedbitsarestoredn an
arraySKIPSTR,andeveryleafis associateavith onerecod
[7]. After prepocessingall n records, we obtainthetrie T,
whichallows usto carryout anorthagonalrangesearch.

Given a quay rectan@e W = [Lq, Hi] x [La, Hy] x
[L¢, Hy], apoint P(z,y,t) is in therangeiff © € [L1, H1],
y € [Lo, Hy] ands € [Ly, H;]. For exampe, if L; = 7a”
andH,; = "b”, thestringof eachpointin W mustbegin with
”q”. Eachnodein thetrie T coverspartof thespacegdenotel
by NC (for noce cover space)andtherearethreetypesof
relatiors of W and NC [2]: BLACK (NC isin W), GREY
(NC intersectdut notin W) andWHITE (NC doesnt in-
tersect). Therangesearchalgoithm (RANGESEARCH,
seeFigure 1) traversesfrom the root of trie T down to its
leaves.Arrays £ andi/ storethelowerandupper bourds of
noce 7’s cover spaceon z andy coordirates,respectiely.
At therod, the interleaved bit string position/ = 0. For
theroot, the cover spaceNC' has£, = 0 andl{, = 1, for
p < k. Thecover spacsds split onthe pt* dimersionaswe
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move down, p = £mod (k +m), VL € {0,1,--- ,(k+m)B-
1}. Onthept" dimersion,with p < k, if a parentnodeT
hascover space[L,,U,], thenT"s left child’s cover space
is [£p, (Lp + Up)/2] and T’s right child’s cover spaceis
[(Lp + Up) /2 + €,Uy]. € is asmallvalueto guarateeopen
intervals.

RANGESEARCH(T, ¢, L,U, RI, W, List, flag)
1 ifT =nNIL

2  thenreturn

3 ifT'isaleafnode

4 then CHECKNODE(T, W, List); return
5 i«0

6 whilei < T.SKIPSTR.length()

7 dol+L+1;p+ (£ —1)mod (k+m)
8

9

ifp<k
then if T.SKIPSTR][i] =0

10 then U[p] «+ (L[p] + U[p])/2
11 ese L[p] + (Lp] +U[p])/2+¢€
12 RI[p] «+ INRANGE(L[p],U[p], £, W)
13 dse gemx(I-1)/(m+k)+p—Fk
14 STRINGINRANGE(T.SKIPSTRJi],
15 g, RI[k], W, flag)

16 ii+1
17 C « CoLOoR(RI)

18 if Cisgrey

19 thenl«+ {+1;p+ ({ —1) mod (k+m)
20 gmx({(I-1)/(m+Ek)+p—k

21 if left[T] # NIL

22 thenifp <k

23 then U[p] < (L[p] + U][p])/2
24 RI[p] + INRANGE

25 (Llpl,Ulpl, €, W)

26 else STRINGINRANGE

27 (0,9, RIk], W, flag)

28 RANGESEARCH(left[T], ¢, L,U,
29 RI, W, List, flag)

30 if right[T] # NIL

31 thenifp <k

32 then L[p] «+ (L[p] + U[p])/2 + €
33 RI[p] + INRANGE

34 (Lpl,Ulp), £, W)

35 else STRINGINRANGE

36 (1,4, RI[K], W, flag)

37 RANGESEARCH(right[T], ¢, L, U,
38 RI, W, List, flag)

39 dse if Cisblack

40 then CoLLECT(T, List)

Figure 1: Range search algoithm for k-d+t trie T.

T.SKIPSTR]Ji] is the (i + 1)*¢ bit of bit stringsstoredat
compessechocesof thePatriciatrie T'.

The RANGESEARCH algoiithm (seeFigurel) is usedto
perfam arang searchon a k-d+¢ trie T'. The searchpro-
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Figure 2: Finite autormatonillustrating string range search
statewithin a k-d + ¢ trie. FunctionSTRINGINRANGE im-
plemerns this autoraton.

ceeddrom theroot (¢ = 0) to theleaves,accouting for pos-
sible skippedbits storedat internalnoces. If p < k, the
INRANGE fundion deterninesthe color; if p > k, func-
tion STRINGINRANGE deterninesthecolor. Variableflag is
usedo trackthestateof text stringbitsbeingin range When
flag = 2, it indicateshatall bitsin ¢ = all bitsin L, and H,
up to this point. Figure2 shavsthe states?, 0 and1 arrived
atby compaing stringbit ¢; with text rangebits L and H;.

If all rangedall within W atsomenode T, thenall points
in the subtreeattachedo T, arein W andarecollectedby
the CoLLECT function into a List for reportirg. Array RI
of sizek + 1 (initialized to storeall grey values)keepsrack
of thecolorof the NC? to WP relatiorshipfor 7" andances-
torsof T'. FunctionCoLOR(RI) deterninesthecolor (black
grey or white) of nodeT'. Whenwereachaleafnode,we de-
termire whetherit is in rangeusingthe CHECKNODE func-
tion; if so,is addedto List.

3 Trie for Text and Rectangles

In [2] a binaly 2k-d trie datastructue for k-d rectangles
range searchwas investigated. A rectamgle is representg

as four coordnate values (z™in,gmax ymin gmax)
which, after bit interleving gives the bit string:
bgmlnbgmaxb(y)mlnbgmaxb%mlnb%max .

min max
Z

e b by bY . Thus,arectange canberepresente
as a 4-d point in a binay trie. Two rectandes R, and
R, intersectif and only if their sideson every dimen
sion in the dataspaceintersect,i.e. Ry N Ry is true iff
(gmin gmax) n (ymin_,max) is trye, which hapgnswhen
z™in g [0,y™8) andz™a* € (y™in 1]. For agivenquey
rectamle W = [Lq, Hi] x [La, H3], the quey rectangles
coverspaceW C* = [L,,,Up]* Ly = 0,U, = Hj — €, when
pmod2=1;L, = L; +¢, U, =1, whenpmod 2 = 0,
wherel <p <4,j = [p/2].

A string ¢t is added to the rectande, denotel
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by R = (gmin gmax ymin gmax 4) Similar to
points+text above, we treat ¢ as the fifth dimen-
sion. After bit interleaving, the resultantbit string is
BFTUOETbE B b by DETOET e b
bme_mlbme_afbe_l)m .- bl .. The range searchalgo-
rithm for rectamgles+tet is similar to RANGESEARCH for
points+text with & = 4.

Figures3 and4 depictan examge of therangesearchal-
gorithm, illustratedon aninteger domain anda full trie for
clarity. Figure4(a)is thefull trie for thedata(i.e. E=([1, 3] x
[3, 5], ” Frederictori), F=([5,6] x [5,7],” Sant-Louis’) and
G=([4,7] x [1,3],”Monctor{)) shovn in Figure3 and4(b)
is the correspondiry Patriciatrie. In Figure4(a),emptycir-
clesrepresentwhite nodes A blackfilled circle represets a
black node, which meansall rectangles+td representedy
leavesinsidethe subtreeattachedo the blacknodeintersect
W. A grey-filled circle represents grey node. For query
rectande W = [2,5] x [1,4] x ["E”,”G”], thequey rectan-
gle’s cover spacds WC* = [0,5)(2,7][0,4)(1,7]. Thetrie
is dividedinto B= 3 bandsgeachof heigh 2k + m = 7 (see
Figure4(a)) For G, traversalof T duringtherange search
stoppedat Band 1 when the first white node was encoun-
tered. For rectande F, a white nodeis found in Band O,
andfor rectande E, the intersectionwith W is deternined
in Band2.

max

4 Analysis

We adaptthe apprach usedin [3] and[9] to analyzethe
rangesearchcostof k-d+t triesfor text andpoints (theanal-
ysis of tries for text andrectangless similar), using Theo-
remP of [6]. We assuméheinput pointdataandtext andthe
gueryhyperrectamle W aredrawn from a uniform rancbom
distribution.

Proposition 1 Givena Patricia trie T contaning a setD of
n k-d pointsandtext, i.e. D = {Py,---,P,}, assuming
D and queryrectangleW satisfythe uniform probabilistic
model,eg. W = ([L1, H1),--- ,[Lk, Hg],[Lt, Hy]), S C
{1,2,---,k+1}, theexpectedcostof partial matd retrieval
Qs(n, k + 1) measuedbythenumberof nodes traversedin
trie Tis
Qs(n,k+1) = B{S2 .5 INCJ|}.

Proof. Thepraobability thatanodein trie T will bevisitedis
determiredby thevolume of everynodés cover spacen the
spacdg0, 1]. O

The time compleity of rangesearchis propational to the
numter of grey and black nodesvisited in the trie built
from input dataD. We have the equation: Q(n,k + 1) =
22 Unode, caNuBN], Wherewe usel 4 asthecharacter
istic function of theevert A.

Lemma2 E{E27 [[*] INCP|} = O(log, n).

p=1

7
6 Saint-Louis
5 - F
Frederictgn
4 1
af £ 3
' Moncton

2 :

W '
1 G
0

0o 1 2 3 4 5 6 7

Figure 3: Exampe of threerectanglesE, F, and G with a
guewy rectangld¥ . Thenunberof databits B = 3.

[0,7][0,7][0,7][0,7]
[4,7][0,7][0,7][0,7]
[4,7][4,7][0,7][0,7]
[4,7][4,71[0,3][0,7]
[4,7][4,7][0,3][0,3]

Band ¢

T T . d_ [4,5][4,7][0,3][0,3]
[4,5]6,7][0,3][0.3]
[4,5]6,7][0,1][0.3]

Band 1 [4.5][6,7][0,1]2,3]

) > ””””””””””””””””” [4,4][6,7][0,1][2,3]
[4,4][7,7][0,1][2,3]
[4,4][7,7][1,1][2,3]
[4,4][7,7][1,1][3,3]

Band 2

(a) full 4-d+t trie

{1}

G F
(b) Patricia trie

Figure4: (a)abinary 7-dfull trie for the 2-d dataof Figure
3 with m = 3. Thelist of 8-tupges nearthe right handside
is the cover spaceN C* of eachnoce on thetrie pathrepe-
sentingectange G. (b) The correspondiry Patriciatrie of the
full trieiin (a).

Theorem 3 Givena Patricia trie T contairing a setD of
n k-d points andtext, conside a random orthogoral range
seach with queryrectangléw, assumind® andW satisfythe
uniform probabilistic model. Theexpectedrthogonal range
seachtime

E{Q(n,k+1)} < Esc{1,..-,lc+1}(Hp§,§s |[WwC?|)
(Y(z57 loge m)n' "F + O(1)) + O(log, ),

whee s = |S| and, is a periodic functionof u with
period1, smallamplituce, andmeanvalue

(L+1)(1_2—5/(k+1))
Yo === (k+1) Tog 2 (7 -1
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SEE (81 82 -+ §)2 s/ (k1) with §, = 1, if the £ at-
tnbute of the queryis specifiedandd, = 2 if it is unspeci-
fied.

Pr oof. E{Q(n,k + 1)} = E{Ezn 111’l0d€tEGNUBN]}'
The probability that a nodeis black or grey is given as:
Pr(node; € GN UBN) < Hk+1(|NCP| + |[WC?|). W
have

E{Q(n,k+ 1)} < B{S{"T [I,2 (IWC?| + [NCP))}

=Ysc1, k+1} [ pgs W NE{S{ ves INCEI}
= ESc{1,--- ,k+1}(Hp¢5 |WC |)E{Ezn ! peES |NC§)|}

+8s=(1, k413 g5 W NE{z{ I;:i INCY|}
= Sscit, b1} ([pes WO E{E ! [Tes INCEI}

+E{Z7 T4 INCE I}
UsingTheoemP from [6] for our Patriciatrie andPropo-

sition 1 andLemmaz2, we obtain
E{Q(n,k + 1)} < Zsci,e k1 ([Ipgs W)
(Y(55 loga n)n' %1 + 0(1)) + O(log, n). O

A similarapprachyieldsalower bound of
WGy )

B{Q(n,k + D} > Zact,o e (Tygs 5
(q/(kJr1 log, n)n'~#+1 + O(1)) — C, whereC is constan
valuedetermiredby k. Basedonthelowerandupperbound
shavn aborve, we canwrite the expectedrange searchtime
as

E{Q(n,k+ 1)} = ¢t [I*H] (W CPn +

p=1
1 __s
c2Xsct, e kt1],0<5<kt1 ([l pgs |WCP|)7(%)”1 k1A
O(log, n) (1)
wherec; ande, areconstanwvalues.

5 Experimental Results

Expeimentalvalidaion of our appoachwasperiormedus-
ing uniform randbm distributed 2-d points andrectandesfor
n =100Q 100@®, 10000, and300M0. Eachstringassigned
to points andrectanglesvasrandmly selectedrom a setof
morethan300M0 placenamesn the Canadiargeqraphcal
namesdatabase The string maxinum lengthis 40, B=31,
andwe testedtherange searchalgorithm for 1 < m < 8 for
bothpoints+text andrectandes+text. We chosem = 3 asit
gave the minimum range searchtime. Experimentalresults
of rangesearchtime of points+text andrectangls+text are
shavnin Tablesl and2, respectiely. Eachentryin tablesis
theaverageof appraximately300rancbmrangesearches.
The expelimental rangesearchtime and the actualand
theordical number of nodes visited for percentof datain
range[0%, 10%)] for k-d points+tet is shavn in Figure5,
where2 < k£ < 10 andn = 100000. The programs
werewrittenin C++ (usingSUN Forte Developer7 C++5.4
comgpler), and run uncer Solaris8 on a SunFireV880 4-
processorsener. The expectedtheoretichnumber of nodes
visitedgivenby equatia (1) wascompuedusingMaple9.
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Tablel: Expaimentalresultsfor 2-d points+tet (m=3 and
Ratio=Nave/Patricia).

% of data Average range search time(ms)

in range n=1000 | 1000 | 1000 | 300000
[0%,10%)] |Patricia| 0.21| 0.13| 0.979| 3.1®6
Naive | 0.122] 1.3%5 | 28.828(110293

Ratio 5.81| 7.66| 2945| 353
[10%,20%] | Patricia| 0.084| 0.29L| 1.98| 6.6
Naive | 0.268| 2.710 | 46.%63 165566

Ratio 7.88| 9.31| 2425| 24.@

[20%, 30%] | Patricia| 0.065| 0.477| 3.024| 11301
Naive | 0.382] 3.983 | 63.%2(212716

Ratio 6.95| 8.25| 2114| 18.&

Table2: Experimentalresultsfor 2-d rectangle+text (m=3
andRatio=Nave/Patrida).

% of data Average range search time(ms)
in range n=1000 | 1000 | 1000 | 300000
[0%,10%)] |Patricia| 0.137| 1.02| 8.093| 17310
Naive | 0.24] 2.2 | 53.544 179863
Ratio 1.64] 2.06] 6.62] 10.®
[10%,20%] | Patricia| 0.213| 1.387 | 11.516| 30406
Naive | 0.387]| 3.457 | 65.917 220444
Ratio 1.82| 2.49| 5.724 7.5
[20%,30%] | Patricia| 0.249| 1.741| 16.414| 45453
Naive | 0.554| 4.84% | 82.52 (271507
Ratio 2.23| 2.78| 5.04 5.97

60 ——— 120000

experimental time —+— K
50 | actual nodes visited —x-— /4 100000
theoretical nodes visited ----%--- 2

80000
60000

40000

Range search time (ms)
The number of nodes visited

20000

0
2 3 4 5 6 7 8 9 10

Figure 5: The expeimental time (in milliseconds,n =
10000and2 < k < 10, averageof 300 testcases)and
the theoetical (basedon equatioiil)) and actual(basedon
theaverage of 300randm rangesearcheshumber of nodes
visited for percen of datain range= [0%,10%)] for k-d
points+text (m=3).

6 Conclusions and Future work
A range searchalgoithm for 2-d points+tet and2-d rectan

gles+text trieswaspreseted, theoreticallyanalyzedandex-
perimentally compaedto the nave methal of range search.
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Resultsindicatethat asn increasesthe range searchtime
of our k-d+t tries improves relative to naive search. Our
expeded time analysis of range searchfor k-d points+text
compreswell our experimentalresults. In future work, we
will consideihow to assignmultipletext stringsto k-d points
andrectamglessuchthatefficientrange searchs suppated.
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