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conprising: applying a transformfunction to a high-di nensional data item
to map the high-di nensional data itemto single-dinensional space, thereby
obt ai ning a 25 singl e-di nensi onal val ue which represen':Té tﬂe 04
hi gh-di nensi onal data item and indexi ng t he singl e-di RSII %?1%\9 val ue
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value, and calculates the single-dimensional value which represents the high-
dimensional data item as dpnin + Xmin OF Jmax + Xmax, Where xmn is the smallest
mapped attribute value associated with the high-dimensional data item, d,i, is a
35 value associated with the dimension which corresponds to the smallest mapped

attribute value, x. is the largest mapped attribute value associated with the high-
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3 1Q_June 2004 way the data is stored in nmenory, e.g., through the use of
B+-tree, and the efficiency of the present invention i rrproves t he
processing time for retrieving data from secondary mem) J ?Té(l;be buf f er
{RAM). In addition to inproving the stgage and retriev P%e% data from
secondary nenory, buffer space is effi ently used 5 by fetching just
enough dafimehsibnalnganaitens, aRko,Qus’d 98lue! d5s86iAtddWItE TRE IdltheRdlon tvﬂﬁch
transform used by the present invention to nap. high-dinmensional data to

si ngl e- diGAETGSP t°§B9<|ﬁ§9¢%t rgappeshaibitite valdex schene) which, by varying a
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r ef er encelate ifehre tolrmup e highwirhémsiond d:dtél iteln 1tb| siRGleMirRenglorftat frae

rranagenent sgstem accordi ng to an enbodi ment of the present invention; Fig.

2A i | | ustthe[eRy oRiaining asinglgrdingengiong) vajue erbwepmatsdbe righ-dimensional
di
o oo b ke SR R et g iy B SERRSERAORRP 0 oBloely. g

t hr ee-di nensi onal data points o
to an eniseii Wansforof meaps psingem singlevdimensinnalFindpx stBAHBE; wheneirt thet kighxanpl es

f I P~ A Y fl
11 odBy o rnERGha) Mard HETRRLEN Y pBRAGCer Bt viie, Cath AR e ¢ ne
present icowesponding f5a idiffgrerd duaeasubrh ofvis highalimensiows! datd n@naan@rsgm search

al.gorithm ac ording tp an e od| ment of the present .invention; Figs. 6A-6B
lare gr apf@nsio f"l]é'[‘?%iq I5gOR8ablE ftPe'E'?P\F@ﬁgs%tP @FPanla'P% éh%r’n‘ﬂgit"i"m@“épnﬁhe

resent | f /A-7B
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present ieaclk attribute yakigd andh tel galgulste th§|szlml%rdmemloaet value whichsepresents| y:
a5 PP St Bl RS S S R LRt 2
respect i vedpped fttgbute YAluRissociaigd ayithsthe highsdimahsional tdata itenh, &4, i valeyi ng 8
on effi C'agsr.]océfateé‘ wdth the dimension which corresponds to the smallest mapped attribute
value, Xmay is the largest mapped attribute value associated with the high-dimensional
data item, and dysx is a value associated with the dimension which corresponds to
20 the largest mapped attribute value.

The present invention can be used to achieve efficient and complete
retrieval of high-dimensional points from a database. High-dimensional data points
may be mapped to single-dimensional space using a computationally inexpensive
transform. In one implementation, data points in d-dimensional space are mapped

25 to a single-dimension using either the value of the dimension with the maximum
value or the value of the dimension with the minimum value, such that a value
associated with such a maximum or minimum dimension is a representative index
key for the high-dimensional point. The transformed values for all data points can
be ordered and range queries can be performed on the transformed (single-

30 dimensional) space. Accordingly, single-dimensional indexes can be employed to
index the transformed values. For example, the B*-tree structure can be employed
since it is supported by all commercial database management systems. Thus, the
present invention can be readily adopted for use in known indexing/retrieval

systems by determining the
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-4.1Q June 2004 Fig. 10 is a graph illustrating efficiency results of an

i npl grent ation of the present invention for high-dinensional data points
havi ng a skewed exponential distribution. DETAILED DESCIi«’bIﬂ'Ille%Oﬁ The
followi ng detail ed description relates, to a nethod and an"apparatus for

i ndexi ng hi gh-di nensi onal datapoints in a database nanagenent system by

t r ansf omaynthed datep ds retereico irsimerineryi exgnstivoagh heuese taf Bb-treee dinals the
represenhati ve | gﬁex keé/s.. Il lustrative @_g)odi ments of the present

i nvent i SHAENDY Hhadresendavertion imaraves e procersingdasfemiatigVing dalangs. 10
Fig. 1 fbohi'séé OFSC(FEAW 1 ey ' for
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dat a i npo€ ratiieval timemef datpdram sgcdadaryt memory,rildfesdpacd is efficentyusedt

dat apas e I | hput/out put unit 20 for

i nputti ﬁé%ﬁ%@%ﬁ%ﬁqﬁh 5%*?%8@?@3?’%'?@ ggé;ﬁ% out putting query results; a
transfor m pr e ens dmphiinéntatids’y, thearaisionm tgeditghthd prREEhPMYeNEGH fo RRAEL S
recei vegig&réé)lm the data input unit 10 and hi gh-di nensi onal queries received

fromth mepgiopakdata ito wirglewirpansiongl: spape i guftupabled indexy schemadom

Access I Yau ( f of.J f t LNt s and. queri es
Feoutti JEE Dy hBIhg ol e byl o 18 BRS' Bt 18 RoBP It GinfbbPich i &

poi nts maximemcedideror tHeotimgensidh withCtheamirdimiling valiR86 Yas %‘@Pﬁﬁriieeiﬁé eving
data points fromthe secondary storage 50 based on the transforned queries.

1t thoudigtriuitior of dalapaintstovera single diensiaren shown in Fig. 1 is for
{illustrative purposes to illustrate the flow of data for storage and

retri evERIEFTESCRIPTIONOE IHE D Myggn may be inplenented to inprove any

exi sting database managenent system for exanple one which utilizes a

dat abase ser QahembtispBciiaandn@adwBhtades of the Preudnt NBvBHLGH Pl dlcBRRses. As

shown in Figure 1, there are two functional parts of the database
nmanagen8hRPaigpt tipan readingthe foflowing detailed desceptionead uppndeaferens tmthe

hi ghdi ' its received fromdata input unit 10 have to be stored,
t he trﬁ%ﬁﬁﬂﬂ@@@éor 30 first transfornms by a mapping function, referred

to herein 30FRs iMillldiwdtes andatabasel enahagementndysiemh Uascordiny foerardO.
These si ngl edi mensi onal valuyes are then inserted into a secondary storage
50, sucRMROdimentRf thepresAntdnyandioNpased B+-tree. Since a singl e- di mensi onal

i ndexi ng str Vil - t 1 Skl ar val ues
Loget her, "t h & ey dlustite8 S ceRivle fof B b of Bpt Boirts iy, ol
di mensi diménsienalispaceat are rel ated. On the other hand, when retrieving

dat a, . i i gh-di i | f the data.retri I
mpat  out put Fldhy €5 FWSlated L SRR PP HEL b DR g RF-ARBRFSiOTh SR set of
subgpuer peints of FighQhetoth BRI EiMEHAGE abbordifd warﬂembﬂﬂmﬁénﬁ%ﬂl%r}egé%@r e

then used tQ access the data 5 fromthe secondary storage
 fractiofV8ptiehe secondary storage 50 will be searched, and only the

rel evant porgjRQNga0 [ i e st . il.| be
transferred ﬂ%@bﬁﬁfﬁ?yrﬂﬁﬂgf@%%rﬁbgsgggﬁ? rc}a%?’orgfé'ﬁ{gﬁggwﬁg@%ned to
the data retFigeviab a flipwtdiagrapuiilustratimg aqpaint sedréle aliirithmedddopdiag to an

i nput/oué&ut uni t ol l owi ng discussion and illustrative exanples

. . The f
denonst P odirpent 011’(21'9%;9&?%%nt&h\(%wpﬂpr med by the transform processor 30 using
G AR £, 918 At A e s8R AR b )
I n ot heemhodinagntxfithepresanttimvendionps of
Figs. 6A-6B are graphs illustrating the effectiveness of an implementation of
the present invention based on varying the number of dimensions;
Figs. 7A-7B are graphs illustrating the effectiveness of an implementation of
30 the present invention based on data set size and selectivity respectively;
Figs. 8A-8B are data distribu-tion graphs showing the effect of 6 on a
skewed normal distribution and a skewed exponential distribution respectively;

Figs. SA-9B are graphs illustrating the effect of varying 6 on efficiency; and



amul t,i -di mensi onal data points are mapped for exanple into a [0,1] domain.
An arbitrary data point in the space is represented as x = (x~,X2; ..., xd).

Furthernmore, 15 let X~,ax = max; _~d x; and xmn = nin;= ﬂJ ?@Othe maxi mum
val ue and m ni mrum val ue anong t he di mgnsi ons of the pmﬁ ]Rﬁ) 4ver dmax
and dm " denote the dinensions at whi t he maxi mum and m ni nrum val ues
occur. A ranﬁcg qllmrsya I@apwmr&a%ﬂh (bﬂwelﬁby-results of an implementation of the

([ x11, Xl[fl ehx 1_] and ans(g) denotes the answers produced
by eval BES g*&veﬁ% \foF. hl@*ardimewanalf daldi PRint§ hAvingna rikevied) expanentiel

Si ngl e- Bisiitiopnal Space The transform function used in an. exenplary

I mpl enent at lon of the present invention) iMnMax(B)) adopts a sinple

mappi ng function that is conputationally inexpensive. Specifically, a data
poi nt x DEFAILEPRESERIPIWOM y over a single dinensional space as follows:
25 d + x if xmin + B< 1- xm =mn mn 1 dm + x",ax Gherw se where B is

a redl numbed hefallowipg detailad descriptian relates to pavethiad and aatapparstus fer

h |
ol I ow Nt Rich-indHkiohel Pdafbing O o0 BRI dnateri@i sV8kat 15, ng
t hr ee atransfouning3@athpeints to shaleadimeraional satlexotobé e8ey as re 8%0%*5%18/620?;1

Enmpl oye al ar yAgeConpe el 50, 00300 4e270, 000400. 6e38

Thrs. oxisRRey HIGHEANacPodhes of dve, risanEmsaliaB N b8, dasisrbed 108, 000;

t he do f Q,mr_@g to 70, and the donmain of Conpetency

s a r@f@aéjfggé??%%?&@rﬁﬁgﬁghgd{ i ndex Enpl oyee data based on (Sal ary,
{Age}0 Conpet ehigy)t, illusisatasta dlatabaseahaaagemenf systemmipP exhicmisosaitdtde for r ange.

d h I bute t -
ai monsi Bpemetddmbdiants ob e beehs Hhantid, EiRouPiCh inghitsc A deve ©
di mensi ﬁﬂ)uflt)nlpf105<'¥bla'"ldputﬁ9§ aad OmetifdsYed %?RP%%:‘é@' bxgﬁ%"'dé‘té&s%q“at lon

(1) to this exanple, the follow ng values result. the attribute
val ues Mmanagentent 1qystemg@ datad retmlenabﬂmuy/pugn&nmnb%bf¢rdmmqg search

(x-30, Oabér}gsofog%%la ?’&n%&%q% (Sﬁ(tpaRMg(c?LPerg%sulgo m:}%ns Bgoec)és\égr 56 for
15  transforming high-dimensional data points received from the data input unit 10 and
high-dimensional queries received from the data retrieval input/output unit 20; a
buffer 40, e.g., Random Access Memory (RAM), for storing transformed data
points and queries resulting from the transform processor for outputting
transformed data points to a secondary storage 50, such as a disk memory, and
20 retrieving data points from the secondary storage 50 based on the transformed
queries. It should be realized that the configuration shown in Fig. 1 is for illustrative
purposes to illustrate the flow of data for storage and retrieval, and that the present
invention may be implemented to improve any existing database management
system, for example one which utilizes a database server which has the ability of
25 handling multiple databases.

As shown in Figure 1, there are two functional parts of the database
management system 100: storage of data and retrievallof data. When high-
dimensional points received from data input unit 10 have to be stored, the
transform processor 30 first transforms by a mapping function, referred to herein

30 as iMinMax(é), into single dimensional values in buffer 40. These single-
dimensional values are then inserted into a secondary storage 50, such as in the
form of a disk-based B*-tree. Since a single-dimensional indexing structure, like a
B'-tree, clusters data that has similar values together, this effectively clusters high-



(i. + chosen val ue)el 0. 285 ~0. 20. 41. 2e20. S710. 40. 62. 6e30. 7140. 60. 70. 714 10
Based-on i MnMax, with 8 = 0.0, el is indexed using the correspondi ng Age
attribute value) e2 is indexed using the corresponding ?Q?Fet y attribute
val ue, and e3 is indexed using the corgesponding Sal ary 3 te val ue,
and the respective dinension value (i)Yis added thereto. Figs. 2A-2B
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where ¢ is a real number. The resuit of formula (1) is best illustrated by the

following example in which &is 0. For this example, we consider the following

Employee database with three data items, or records, each having three attribute
30 fields - salary, age, and competency:
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Since the first
it need not be

eval uat ed_hecause no points will satjsfy the query. Theorem 3, given a
query q, | Gmployeeldsubafanr i es q~, q2,4ge. , qd, of hﬁi‘ompetdncy Itﬂiejwnbzﬁ2004 19 e
subqueriges need to| he | yat ed. t - Theorem 2 apsunes t ha I xe
i s ﬁsed t hr oughout G‘ﬁ%&if@{ﬂﬁ)s@’ %M;@h@ex That is 8E’I H%YHUBSe
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2 and Thr@lrem 3, th@28%fectivenedddf i M nMaxd4 can be| 8en because, | for
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pruni ng of subquer ' ) ’
e3 0.714 0.6 0.7 0.714
10 Based on iMinMax, with 6 = 0.0, e1 is indexed using the corresponding Age

attribute value, e2 is indexed using the corresponding Competency attribute value,

and e3 is indexed using the corresponding Salary attribute value, and the

respective dimension value (i) is added thereto.

Figs. 2A-2B illustrate this simple transformation of data points with 3

15 indexed attributes to data points indexed by a single value. As seen in these

figures, the basic idea of iMinMax is to distribute high-dimensional data points in a

single-dimensional space so that they can be searched and retrieved efficiently.

This is realized by three beneficial properties of iMinMax. First, & can be relied on

to influence the number of points falling on each index hyperplane. In fact, 0 is the

20 "tuning knob" that affects the hyperplane on which an index point should reside.

To illustrate this, take a data point (0.2, 0.75) in 2-dimensional space for example.

With €= 0.0, the index point will reside on the Min edge according to equation (1).
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*jeJ otherwise



was .a 4 KB page, and no data pages were buffered. Therefore, every page
10 June 2004 11 touched incurred an |I/O However, it should be noted that
t'he traversal paths of the d subqueries generated by iMl@NBXéZO&O not
overlap and hence share very few commg i nternal nodes I's'7s also true
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and its search space touches fewer points. Based on the above results) for
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restricted to i MnMax and Pyranid techniques. The resul t's’ of further

eval uat i &@lertedyirany o thadolawingasoltss shown in Figure 6B. It can be seen

fromthis figure that i M nMax renmai ns superior, and can outperform Pyramd

by up to 25% 5 4.2,Effect of Pata Set Si zesdand Query Sizes In this set of

- experinents, @ ffemint, #mm-maamé gnadi d:)maxlg),udl ng the data set sizes,
and the query seledtlivities oth studi €8, the nunber of dinensions

20 (i) n}mxﬂ+0<l njxaxxj2 and l>rrjlaxsz

To demonstrate Theorem 2 the following example is given: Let 6 = 0.5 and
consider the range query ([0.2,0.3],[0.4,0.6]) in 2-dimensional space. Since
0.2+0.5 > 1-0.4 = 0.6, all points that satisfy the query fall on the Max edge. This
means that the lower bound for the subqueries should be 0.4, i.e., the two

25 subqueries are respectively [0.4,0.3] and [0.4,0.6]. Since the first subquery's upper
bound (i.e, 0.3) is smaller than 0.4, it need not be evaluated because no points will
satisfy the query.

Theorem 3, given a query q, and the subqueries q1,q,,...,q4, at most d
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is fiixed at 30. Figure 7A shows the results when the data set sizes vary
from 100K to 500K points. Figure 7B shows the results when the query

Selectivities vary from10 0.01 %to 10% As expected, li’ﬁtﬂ?né 0aMax and
e
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Second, Prélg%q} utperformthe Pyramid technique by a wide nmargin (nore
t han 1‘8 une 8@%’%3 50% . Third, i M nMax can performworse than the

Pyram d schene when the distri butlon of points to the edges becones skewed,
and a | a3.ger iMinMex(#fAlgoiithivess have t o be searched. Because of these

factors, it is inmportant to fine tune B for dlfferent data distributions in
order to obt alnnarmwenmlaryammemantaélonmuMmMax(rQ;, a8 & -tedis eelepﬂeyl (sucti or ned

b | ts f 500 d
ohoviy ¥ &8 RetosBan . Cinglpthd FBRkius Bhies: ACK ForiBa T el ddtd. on”t he
B val ue ﬁ?f--13:7' 9197%§fé’.f>tew%hHéFlﬂﬁ%téiﬁélelde@W%nBPfﬁd@&r@rﬁtﬁﬁﬁeerEﬁtﬂéé‘ abyramd

over a w der range f act and over a wder nmargin (nore than
669%) . 1tbe11ntﬁraeb oades ere off tbzﬁermn(écﬁys ptrhowbers keyds rmebiaglerdimansianalance

o the B8 Tl 3 BSOSO B h SRl PR P O e "
di stribution HWevé@%l&gié}atbﬁeﬂi&m&?nl‘ebﬁhot‘i@s AMeY tovéthee highv@imerdioransi ons
W II have snal |l values, and a snal nmber of dipensions w|l have |arge

val B, K8¥sd-e. n'ﬁﬁ‘f/ nggpaergggﬁtqgevgﬁthe form (key, v, ptr), where key is the single--

dimensional key, v is the high-dimensional key whose transformed value is key,
and ptr is the pointer to the data page containing information related to v. Keeping
v at the leaf nodes can minimize page accesses to non-matching points. We note
that multiple high-dimensional keys may be mapped to a single key value.

25 By using a known single-dimensional index structure, i.e., B*-tree in this
example, the algorithms for searching, inserting and deleting data points are
similar to well known algorithms. Additional complexity arises only because we
have to deal with the additional high-dimensional key (besides the single-
dimensional key value). Exemplary search algorithms (for both point and range

30 queries) are described below to illustrate that this additional complexity can easily
be addressed. Insert and delete algorithms can be found in (R. Ramakrishnan,
Database Management Systems. McGraw-Hill. 1997). .
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Subquery is mvoked to check if r; can be pruned (step 304). If it can be pruned,
20 then it is ignored. Otherwise, the subquery is evaluated as follows. The B*-tree is
traversed to the appropriate leaf node (step 306). If there are no points in the |
range of n, then the subquery stops. Otherwise, for every x < [I,h], the high-
dimensional key of the data is compared with p for a match and those that match
are accessed using the pointer value (step 308). As in a point search, multiple leaf
25 pages may have to be examined. Once all subqueries have been evaluated,' the
final answers are then returned (step 310).

4, Performance Study

To analyze performance, iMinMax(6) and a Pyramid technique (as

disclosed by S. Berchtold, et al., The Pyramid-Technique: Towards Breaking the

30  Curse of Dimensionality, SIGMOD'98, 142-153, 1998) were implemented in C, and
the B*-tree was used as the single-dimensional index structure. Each index page

was a 4 KB page, and no data pages were buffered. Therefore, every page
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uniform distributions. The default number of dimensions used is 30. Each I/O

corresponds to the retrieval of a 4 KB page. The average I/O cost of the queries is

15 used as a performance measure.

4.1 Effect of Dimensions

In the first set of experiments, the number of dimensions is varied from 8 to

50. The data set is uniformly distributed over the domain space. There are a total

of 100K points. In the first experiment, besides the Pyramid scheme, we also

20 compare against the MAX scheme and the sequential scan (seg-scan) technique. .

The MAX scheme is the simple scheme that maps each point to its maximum

value. However, the transformed space is not partitioned. Moreover, two variations

of iMinMax( &) are used, namely iMax (i.e., #= 1) and iMinMax(#=0.0)(denoted as

iMinMax). Figure 6A shows the results. First, we note that both the MAX and seq-

25 scan techniques perform poorly, and their I/O cost increases with the higher

number of dimensions. MAX performs slightly worse because of the additional
internal nodes to be accessed and the high number of false drops.

Second, while the number of I/Os for iMinMax, iMax and Pyramid also

increases with increasing number of dimensions, the number grows at a much

30 slower rate. Third, we see that iMinMax performs the best, with Pyramid following

closely, and iMax performing worse than Pyramid. iMinMax outperforms the iMax

and Pyramid since it can prune away some subqueries and its search space

touches fewer points. Based on the above results, for all subsequent experiments
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20 on skewed data distributions. The results on two distributions, namely skewed

normal and skewed exponential are shown. Figs. 8A-8B illustrate the data
distributions in 2-dimensional space.
The first set of experiments studies the effect of & on skewed normal
distribution. For normal distribution, the closer the data center is to the cluster
25 center, the more points can be evenly assigned to each edge. For queries that
follow the same distribution, the data points will have the same probability of being
kept far from the query cube. In these experiments, each dimension of the query is
fixed to have a width of 0.4. _
Fig. 9A shows the results for 100K 30-dimensional points. First, Fig. 9A
30 shows that for iMinMax, there exists a certain optimal #value that leads to the best
performance. Essentially, & “looks out” for the center of the cluster. Second,

iMinMax can outperform the Pyramid technique by a wide margin (more than
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Although the present invention has been described in considerable detail
with reference to certain embodiments, it should be realized that numerous
modifications are possible without departing from the spirit and scope of the
invention. For example, although an exemplary implementation of the present
30 invention has been described in which a B*-tree is used as the underlying single-
dimensional indexing structure, other single-dimensional indexing structures may

be used.
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2. The method according to claim 1, wherein said applying and indexing steps
are performed for a plurality of high-dimensional data items to form an indexed set
of single-dimensional values, said method further comprising:
25 performing a search on the indexed set of single-dimensional values to
retrieve a set of points. '
3. The method according to claim 2, wherein the retrieved set of points
represents a plurality of desired data items and a plurality of non-desired data
30 items.

4, The method according to claim 3, further comprising:
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7. The method according to claim 2, wherein said step of performing a search

15 includes
transforming a range query into a set of subqueries in the single-

dimensional space, and
evaluating each subquery in said set of subqueries using the single-

dimensional index structure.

20
8. The method according to claim 7, wherein a set of d subqueries is
represented as ¢1,qz,...,qq, Where q;= [l,h], 1 <i<d, and for a jth query subrange
in q, [Xj1,Xjzl:

if min’ x, +6>1-max? x,

[+ max:'il Xy, +xj2] N A=t

= . . . . . d
9, [j+x,,j+minl, x,] if min, x, +6 <1-max?, x,

[J+%,0+%,] otherwise,

25 where @is a tuning parameter.

9. The method according to claim 7, wherein subqueries in said set of

subqueries are pruned without performing said evaluating step.
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@' 10% the high-dimensional data item includes a plurality of attribute values, each
attribute value corresponding to a different dimension of the high-dimensional data

15 item; and

said transform means is operable to map each attribute value of the high-
dimensional data item to a predetermined range, thereby obtaining a mapped
attribute value for each attribute value, and to calculate the single-dimensional
value which represents the high-dimensional data item as dpyy + Xmin OF dmax +
20  Xmax, Where xpin is the smallest mapped attribute value associated with the high-
dimensional data item, dm.;, is a value associated with the dimension which
corresponds to the smallest mapped attribute value, xpnq is the largest mapped
attribute value associated with the high-dimensional data item, and d. is a value
associated with the dimension which corresponds to the largest mapped attribute

25 value.

12. The apparatus according to claim 11, wherein said transform means and
said index means are operatable on a plurality of high-dimensional data items to
form an indexed set of single-dimensional values, said apparatus further
30 comprising:
searching means for performing a search on the indexed set of single-

dimensional values to retrieve a set of points.
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156. The apparatus according to claim 11, where said transform means is
10 operable to calculate the single-dimensional value which represents the high-

dimensional data item as dmin + Xmin OF dmax + Xmax @s a function of a tuning value

6.

16. The apparatus according to claim 15, wherein said transform means is
15 operable to calculate the single-dimensional value which represents the high-
dimensional data item as dpin + Xmin When Xmin + 6 < 1 - Xmax and @S dmax + Xmax

otherwise.

17. The apparatus according to claim 12, wherein said searching means is
20 operable to transform a range query into a set of subqueries in the single-
dimensional space, and to evaluate each subquery in said set of subqueries using

the single-dimensional index structure.

18. The apparatus according to claim 17, wherein a set of d subqueries is
25 represented as @1,Q2,...,qq, Where q; = [l,h], 1 < i < d, and for the fth query
subrange in g, [xj1,xp):
if min?, x, +6>1-max?, x,
[j+max;i=l x“,j"‘sz] m1n,=1 xrl maxl:l xll
9= J[j+x,,j+minf x,] i min, x, +6 <1-max], x,

J+x,7+%,] Otherwise,

where @is a tuning parameter.
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