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Abstract This paper proposes a rewriting algorithm of OWL-DL ontology query in SPARQL.
Currently, to obtain inference results of given SPARQL queries, Web ontology repositories construct
inference ontology models and match the SPARQL queries with the models. However, an inference
mode! requires much larger space than its original base model, and reusability of the model is not
available for other inferrable SPARQL queries. Therefore, the aforementioned approach is not suitable
for large scale SPARQL query processing. To resolve this issue, this paper proposes a novel SPARQL
query rewriting algorithm that can obtain results by rewriting SPARQL queries and accomplishing
query operations against the base ontology model. To achieve this goal, we first define OWL-DL
inference rules and apply them on rewriting graph pattern in queries. The paper categorizes the
inference rules and discusses on how these rules affect the query rewriting. To show the advantages
of our proposal, a prototype system based on Jena is implemented. For comparative evaluation, we
conduct an experiment with a set of test queries and compare of our proposal with the previous
approach. The evaluation result showed the proposed algorithm supports an improved performance in
efficiency of the inferrable SPARQL query processing without loss of completeness and soundness.
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= ¥E, W7} subject$) object $1Xlo] FAlo] U
Eitbe A9l gisiM e Cp, He, TCOl 43 A2HAol
F8=Y, o] A= o7 EIE e 98e s
AlZic, 9+ Cp, He, TColl 213 AjapAdo) wA 523¢
o e "o Fio oist dRAde Wt gk o
Zu Pairst Hpol 4802 FojAs EEE FHIO
Z718HA Hol A% H zolg AL $ Stk 9

on Y

S

)

Ir o

|2
=]
5

A e

£ ,Q, B m
o 14

2703 AA A EE HE AR BAHL olF HE
£ BN AMEA 71eT

5.1 Subject/Object-Variable E&|Z mE

Subject/Object-Variable E&]Z sHL sl W4
wg AU geoloth o] E EE AHe tYg >
2 733 AAF 4 Jdoy, 2L EFE AH §3
£ AAEA &7 HE oo uigd AL Parst
HrE 53 ¢4z 02 FgAt) subjecttt object YA
o] dhite] WTrE XFe EE Y t=(vi,ve,va)
7t FAE W, voE Piverscor®e] HlAL Aibo] o] F-0f
At 9 vo7b 9 B4 =Z=29E (Inverse Property)
A veE AYR ANEE EFE Y t'=(vy, vy v)S
t$ UNION 48 S84 grkt UNION t'). o
o], vest v'e7to] Hpst PequivalentPropertyel] <]l
7l Giko] ojFoZd, veot v'p7t Hpulol Ex18tW
vedl v & 7429 39 ZEER dF3le EE o
HE5-2 UNION @48 538 g33lct

o2 oA AFEF ZaAAE I YuFeldh

Algorithm—1. &, 3}9], X T29g] #A4 B8 §8 A3 daaF
procedure PropertyRewrite
graph <= (vi. vy, v3)s
if (v, v',) € Poerent then
graph < (v, va, v4) UNION (v3, v'y, vi)s
end if
LS R P ol Al f 28 BUd dale] g o/
if vo» € Hp then
Set s < findSub{v,);
for Vv € sdo
graph « graph UNION (v, v, v3):
end for
end if
o eyl iElA fleh g RS wE F o/

end procedure

# Algorithm-19] &g <4to] AHHH, Ho|~ E
gE dEs vy MR aH=E HEen 33
(Enrichment)8t}. 224 AlEA ¥A48 EdE dys
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@3] subject 32 object |0 Wb stk
A8l=  Subject/Object-Variable SHE12.2 subject
object Xl D F& WAL H L3R k2 JH
1=
s 9AE 7 EfE ddd Zu2e f¥d 74
< 43517 A% HAoltk o] s WA Conclusion,
Cpoll W3l thoh AL e F387] A, E
ZEo] Cp W 7AFH dAFeAE Hrisior 3k
A 24 Subject-Variable E&E H®, Z subject 9
Ao WLE sk EYE AE =(7vi,v,va) S 1L

dsted B7k YuAZL Bels et 2ok

W2 N o

o

A€ 10. Subject-Variable EdZ €3} Cp UA
7t 24 Ao Joe] Subject-Variable EE &
t = (?vi, v, va)7} FOIAEES o, oS 2A-L UEEY
t7} Cpe} YXgith

iff rvig{rivy, rive) N {lvig, Lvigl & rive=t.ve

Td deje] t7t CDS dAFHYE, #HF F =2
a8z "ol t9} UNION 4te] olFoj3t}, =
9] subject®} objecty W4E WAHL £3] t9
o) #F3= subjectEL t9 FY ¥HeE HAIC
object FH-o W t= (v, vo, ?7v3)}l ASE 44
F}A7 FYsich Algorithm-2% Subject-Variable E
2& "o dig CpE HE3e ¢S RAE
Algorithm—2. Conclusion, Cp 73 #4848 ¢ 2= dd A4 gueld

procedure ConclusionRule
if t = (?vy, v, v3) matches Cp then
graph «— 1:{vyy, viiz, vga):
change the Livijl that corresponds to rivy to ?vy;
for other 1ivy, 1:vys do
change them to ?vy, ?viss
end for
graph < t UNION graph:
end if
end procedure

22 Algorithm-2& #8349 Subject-Variable
EET JHg F39 A3 dE HoEy

dqA4 5 wA g2y e EE A9, 9 CDE 713
& HxA}

t = (?x, rdf:itype, Professor)

Cp = (a, rdf'type, b)(b, rdfs:subClassOf, ¢)

— (a, rdfitype, ¢)

og3 Ze 270 FFE W, FARA t= Coot EA

L=y
vy = a
r'vy = ¢

ac({rivy, riva}N{kvy, Lvgsl={a, c}
rive = t.vez = rdfitype
wEtA] Fo|A tv oS3 Zo] =] A}k

(7%, rdfitype, Professor)= (?x, rdf:itype, Professor)
UNION ((?x, rdfitype, ?b)AND(?b, rdfs'subClassOf,
Professor))

Cpoll 71¥tet Aj2HAde] s, )
std Eg]Eo] i A s FP3Ack o F
o], rdfsisubClassOf7} E#]E #Hde] Jehde o3t
22 Aoe AY, S AFE TEIA AFRAo] o]
ol ok gt
(?v1, rdfs:subClassOf, vs) T+ (vi, rdfs:subClassOf,
?v3)

ol2)% Fejo] B i A}AHL He W9 w3
< B8 o]Folxth 99 EfEF oA (?vy, rdfsisub
ClassOf, v3)3 (vi, rdfsisubClassOf, ?va)o] %<, ztzt
findSub(vs) 2 findSuper(vi) &4+& &3 HdsiA 2
B4 4S8 F Qv a2 Ade ded iz fde
UNION A4S ol &8t Aa-g€t

28 9 FFE WESA Bolr] A dAo).

1>
P
ol
tlo
3]
i S

to

oA 6. oA 59 «JAE ms Bah T findSub
(Professor)9] 237} {FullProfessor, AssistantProfessor}
ol Fo|A E]Z #¥l(?b, rdfs:subClassOf, Professor)
2 thg3 Zo| AgE

(7%, rdf:type, 7b)AND(?b, rdfs:subClassOf, Professor))
= (?x, rdf:type, FullProfessor) UNION (?x, rdf:type,
AssistantProfessor)

Subject/Object-Variable E&E 8] AAE 2
& wAY gAe Mol Z=HE] #AE Jehie
owl: TransitiveProperty & 123l @4l¢]lthk Subject-
Variable EZE #E t=(?v), vo, v3)S I HEA} ©]
i, t= 24 tv:€TCE U5 TCe dAg}. o
23 AL tveo subjectZ2 GAYE RE xE=E g3
o gk, AlA AoE FulA AEHY gE, FUx A&
B2 AF(Individual Hierarchy)e 12=¥2 7+ Ho]
T2 welA AlHe] LEHHA et mEbA tvs
o) 49 ==& ZAAME] fsiXe AAZE At olF
o]zol il A EEAY, & BE A2FEY FH
Az v} U A4 S AFEr] Y3ld 2 9
3 58 TCo 9xste =EdE HAdHe FFF
EFE ddo] &4 o|Fo, wd Hot 3¢ ARt
EAA =H4, & 39 ==/ dao] HW olzd A
Ato] wEHo 2 FPAT,

28 gA NEF 4L dAE B nAFEh

o
=

oA 7. EgEE #€ t = (?v, subOrgOf, University)
ol¥ olg The3} o] ERET
= (?v, subOrgOf, University)
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= t UNION ((?v
University)) = t'

B v'e] FE FAAM S xE=F AUE Fd&
b EAFGE 99 2e BFPS HEFHe= —’FEEBMI
gk AE £9f, 'Y o] Labolx Lab9] 89 ==
7b EAFIE (?v, subOrgOf, Lab) g s 3¢}

2 U Aibe] WiEHoz Sy olHF wiE
Zl Qe WY GEol g ==Y WA, & 3¢
xEE AYUA g =559 JFozwt FAE w7}
A F#gdd. Labo] 39 =& AU Af, 39
A9e o7 2t

t"=t" UNION ((?v", subO, ?b}(?b subQ, Lab))

5.2 Subject&Object-Variable E2|& m&

Subject&Object-Variable E2]Z =HE1& subject9
object #Eol WHE AUz Feoldh ELE A" -
(7v1, vz, 2va)o] FIA1 WY tv,=HPO|H tvpd] 3+
A Z29EE g43% J4HfindSub(t.ve))& FHF
2R ARG diE AlFge

W Z2HEE vet ¥ o, (v, v, v 2
HAFE YAsHA ot gder] Fod tv GE 2ol
ga-c

(?v1, vy, ?7v3) = (?vy, vy, ?v3)UNION(?vs, v, ?v3)

ey AFA @ HEELS JAE Subject&Object-
Variable Eg}&o|th. o]¢} o] 39 =E Hels:
4o g o HEEe] AU Qv WFE, & v F
< ?v30] & EZE dY ol XFH=AE Hriet
A dot 2 olzjd A-E AR FEUE t: v
Z 2vae A FJ n(?v)FH w(?ve)S LY Y8 B
btk a8z vA AR AZL 51489 Ve B
AL T @?vi), vz, 2va)H (2vy, va, w(Pva)el oigh
A Aol AsEY = 51FA v Ay
A AL W2v1), vo, VT (Pvy, v, n(?vs) Z
Zyol A-g-3ic}.

", subOrgOf, ?a) (?a, subOrgOf,

ot

oja 8. 4 I BAHE Ho
k2=
(?v1, degreeFrom, ?vs)

o] w, undergraduateDegreeFrom ZEZWE]E degree-
From Z2HES 319 Z2wElga 3P, doe o
7 o] A ETh

(?v1, degreeFrom, ?v2) UNION (?vi, undergraduate-

17 98 o A9E 1

DegreeFrom, ?v2)

ol SR A g Feo 43 Ay o7 @
o 7} 3AL
RI(?v1, degreeFrom, ?v2)] = NULL

R[(?v1, undergraduateDegreeFrom, ?v»)]

= (?vi=FullProfessor(Q) & (?ve= University84)

Ao 2 Anrt wgdd F /i) EE #”o] o
=3 o] AT, olF 51 A Jed AR &

1YEE FHEPgoza HZHoz AP @ EJE
HEg 4& 4 Aok
(FullProfessor0, undergraduateDegreeFrom, ?vz)
(?v1, undergraduateDegreeFrom, University84)

5.3 Predicate-Variable E2|E m{H

Predicate-Variable E&]& WEHE predicate ¢}
AFE T8k HES oudith ESE ¥l t = (v,
vz, va)ol FARE o, 7vpol IS X AHE s
5 71X el A7) ojFoRol gtk WA to} Y]
3o EFEES AN v 2 AFE 53
458 27 ALY n(?ve) e 49 Z=HEE #4357
$30 findSuper(u(?ve))7} A} o F o), 1Y 1
oA, undergraduateFrom2] 9] T2 HE|S] degree-
From& Z4@th o] w, degreeFrom3% hasAlumnus
7t inverseOf #AZF AFsta ol8g AAE B3 w
3 v37tol hasAlumnus @A) JE ECE dEo] of
& 49 Xt sHestA gk

A AP B3 viT vz % AFFHcE dFd =2
ffiE]Q’r ZZHEIEY] 49 ZEHEY T gde) ¢

9, t9 vi# v H7HEA gk vio] daEizo]

1A 3°] 22 B it vs T EAFQ rdfityped
F&317] Y3 v A9 g APFi)
(vi, ?vz, 2)(?v, rdfs:isubClassOf, vs)

a8y B v vzo] BF FHlx Ee BER QA
B0l AS, Aol Z2HEY owlinverseOfE o] &8}
o Fgd¢ vf"V—’}?l Z2HEE ¥V 93l Of A9E
354 Fch UNION giats 7oz o i
Fol ZITHEE A7) 4% FYoly ojF Aoe F4|
Aol ZEHEE A7) 9% o REot}, Ho| g W

g ¥7) A ol e F AdE o83ty
HEHog FyPdnt. metA 7)o Fol EZE t&
oje} 22 ANE T3 Fg=o AYeidch
(v, ?vy, 2v)(?v, ?va, v3)(?ve, rdfitype, owl: Transitive-
Property)
UNION (v3, ?p, vi)(?p, owlinverseOf, ?vq)

of =&AME (2vi, vz, va) 2 (vi, ?vg, ?va) B
< Subject&Predicate-Variable EZE F®ol}
Predicate&Object-Variable E&]E mjglo] tjsjre o}
3 geth olEg Ao dig AL tE EEE
Helel vig) & BF=el vjigg aysin, Foncg
oleigt Fe] AL ARSA Fjo) Ael o]&HA &7
Rl

A Ao AL 9% F AH AL £
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227 fA% WHo ofolAT. Iy ol v
3 el ARA] Bed FHEL A7) 98l o8
o, A4 Asje] W A2l HRIHE EAZ WY @
g Fo) AHE A4V geh AEAQY ATAT
M ¥ 22 wAn Ge Aoz A AHE
AR,

6. &8 ¥ "o}

o] FoMe A¥ % Hy} Ao whste sl&dich
A9 A% ZgEeR] A2de T gty Ve
33 AYS 9% 223 874, 4F vog 4, H2E
Ao T didtd 73 nxgoz Hogt #As
A 3 AY Anol wistd Medh

6.1 ZEEEIY A|AH T8

Ao ARG Aol N 4FL 98 Z2EEY Al
288 FAse FHE A2 AANFY T} AA
92 Fg AXJEE 19 49 20

g
v :
fu zE A - Q quey 3
x (Pellet) o @
@
S zgessxn |2
] iy
= @ | quen
g = k <—1= mEgE
B 0 as
HOIA SBEX 2
; |
~ Cpfl, QRP (Query
(inference e by
[ H Rewriting
‘@;\tp Fh)les Fetcher) l},mTC Point)
29 4 BAHQA 129 7= % F5% 33

& 29L& Pellet 58 A& FaiA A= W
ol wde JenaE EdIA AAFh IRF(Inference
Rules Fetcher)e ©43 F2 73& A3ty XML
gz gt LESZA A dig £ date] 94
4, IRF& F& 73 dg 3% A T3
QRP(Query Rewriting Point)e XML HJ2HE F
g FHL wE39 HEgd i%‘/‘]?l‘:‘r. AHEAZE
SPARQL #Ag <U3id, A#AE T 8 wjolx
2= gHg FE 2do 24‘35“:} QRP= FoJd
EYE dAgo] U9 FE FAY dAIF=AE XA}

7] g8l 2 fue HSAT EE WL 53
AA Flee AVEL Bd AL,
6.2 M8 8

621 37t 45 2 A9 dolgt

o] =F9 EFL FE 2524 =2d U)Wy FE
U ZAHL sy A PHeE ok 2E
24 Zdg o]83ld SPARQL Aolo] W§ AES

tojeto]2 A 3B A Al 6 F(200812)

AN = e dxnEE L Aok wEx Hrke
7128 A2 WY, & FE LEEA 4 g A9
g 53 A3 ugs F& AC H gxEEA
FAAL vEEHA vED A ¢ 52 293 A
24L& Frh
welA vlm Hr7} 5L g 2ok
- Wz I A7) dRY Fe wlelx LERA A
719} 28 LEER A7)
« Wz 29 AIZk Hlojx
Zzhe} Wime 29 A7t
- Ao $H Al (Y AT BB FE LEEA 7]
g A ) A9 WY ke 2] AHuE AT

LEEAS FB 2E2A

AL Y5 wolet ML Lehigh Universitydld =
A st AFA4 DLDB-OWL W3 A% 72
93] M LEZA(LUBM, Lehigh Univ-Benchmark)
B o] &3THNL LE=A delg A& LUBMns) 3
oz HEY £ 9o, ne WE HAFE se A=
&He 247 vepdh welr ne grel 748 5 4
A= E volel Aol Alo|z= F718A Eoh A o]
435 LUBM HloJgt A9 =7]& o534 2o

12 A4 20,659
"2 A4 82415

« CD = (a, headOf, b)(b, rdfitypeDepartment) —
(a, rdf:type,Chair)

» HC = { {Thingl0,cc], Person[l, 4],Research
Assistant[2, 3]},
{Thing{0,), Employeell, 28], Faculty[2, 21],

Lecturer(3, 41, . . .}, . . .}

« HP = { {memberOf[l, 6], worksFor[2, 5], head
Off3, 41},
{degreeFroml[1, 8], undergraduateDegreeFrom[2, 3],
masterDegreeFrom(4, 5], doctoralDegreeFrom[6, 71}}

622 Alz=% &7 ¥ SPARQL HIZE #9
AEE 9% 293U A2d FHLe o 2

CPU : 2.66GHz Pentium D

- W=& : IGB

A Ao} : Java SDK 15
LEZA AAA : Jena ARA
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« 28 LEZA A7 L FE7]: Jena APL 2 F
B

=

E
< 943
Jenas 222 A4, BA, A% L 28 52 4%
T}k AP 2 =F7E AT LE APIE AT
qEo] AWE P& AF TS S5 A2d 2 =7 )
W] 45T Utk o] =RAME ©]2F Jenad] 573
7 AHe Bgse] TITEEYS AT oS ol &
s}oq A¥e FAHh
4% #7h A9e 98 H2E drt a7Hd, o
' :-sﬂ&onxie DLDB A&4 A%< sty 98 39
 SPARQL A9E olgacH20] Adde % 14742
450 glon gee [20]d FE He) = IRE
BejZo}

Aol 4A) 1. WALPWE FoNA GraduateCoursed T
28 F73e g4S gdaste 49
PREFIX rdf: <http://www.w3.0org/1999/02/22-rdf-
syntax-ns#>
PREFIX ub: <http://www.lehigh.edu/ zhp2/2004/0401/
univ-bench.owl#>
SELECT ?X
WHERE {?X rdfitype ub:GraduateStudent .
?X ub:takesCourse
http://www.Department0.University0.eduw/G

raduateCourse0}

A9 oA 2. 22 ASd] dald S} S9E A
S tstash SuE Aase A
PREFIX rdf: <http//www.w3.0rg/1999/02/22-rdf-
syntax-ns#>
PREFIX ub: <http//www.lehigh.eduw/ zhp2/2004/0401/
univ-bench.owl#>
SELECT ?X, ?Y, ?Z WHERE
{7X rdfitype ub:GraduateStudent .
?Y rdf:itype ub:University .
?7 rdfitype ub:Department .
?X ub'memberOf 77 .
?7 ub:subOrganizationOf ?Y .
?X ub:undergraduateDegreeFrom ?Y}
(type GraduateStudent ?X)
(takesCourse ?X http://www.Department0.
University0.edu/GraduateCourse0)

6.3 AlE Zu & ®/I}
2% 5(a)e Fold OWL Id(g 2EZANE mlx

ot
—
(o3}

22 29 AYE A A FuIF

g A 2gste £285E AIZHE BAETE agdlA,
o~ 2EEX ®dE 2Hde A7 7,875(ms)%Y
o yla] 28 2E2A ¥dg Zstd 2a8FHE Al
7+e 38390(ms)oleh & 2524 2de 29 Azt
o] Wo|A LEEZ] Rdodj Hls] of S o] A&
L7 & 5 Yo

@ENER LUAY
33,330

wxs 1 S| e

500 5 10
L ~§mrm
1 %00 £ 100000
2 e 5 W
< sm 7815 © B
"o - “ & g0
[ ’ 20

() SERR DUE I 42

SRR ] 3

rOs agul TE PRER

2EEX 29 At 2 29E 2E2A #A7]
(Mg F7+ AL

ag 5

28 5b)e ¥olx £E22 Xudy 28 LEEX
2de] wWing 37 ASE, F 298 2EEX Aolz
& BoFoh T, vlojx 2EEXA 2d-L 100,851
A8 EgES A FIto] 27HE WY, FE LER
2 ®dle 156368709 EES AGstr] $g F7he)
L78Y, WA ol 2EEA Rd# FE REE
XI 2y 7t &ﬁlﬂ’i F7 Hlge oF 10169 "k
F8 £EEX mdo] ¢ 168 Wz FUE 8
‘T“?J?a’ &+ 9&‘4.

E 12 14719 AE o] 43 A A Asd o
A 24F4E 2o4E A WA gL [20]604 Zé«lt&
14759 d9je] &3 M E ouisty F A 4L A
A5 R g Ade] oo U S AHE vehd
o} viRlEte g A HA g o] wEdA AT A
A gz:Fe) g3 ARG A A W 7 AT
& HoFErh Ao, ¥R HE(E ZAE PE
ANRE HH3A e FHE Vehde

A48 AdgolA, d¥ deoje] Afde ARAA A9

ol $dlgoy die g Fojd A
g e &% Az $EE ¢ & Uk dE B
o, 9 1-3, 12, 149] FEfole ARE At v

D

rio

Aeg BYod 1 e A4 At B YL A4
& Btk

deHeg, vxre 77|, 29 AL SHdNE A%
4 gudEE ©4% SPARQL He Ag wWyel F
& 2282 mY 7|4t 2 A ubel ws] §-43
o, 49 A A% FdodMe e FA4 wEt A
oz "I PHE o8l & Aol dF E9,
2E2A 2de =948 fAsEA 2 290 8
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E 189 29 45 9@ 9 2% (891 mo)

Zo] | g9 Fo A= Az | AR Ao M) Az
1 1,094 265
2 * 78
3 3,312 32
4 375 1,250
5 4,719 40,515
6 312 312
7 6,677,203 *
8 625,172 *

9 * *
10 4,079 8,781
11 296 890
12 1,297 328
13 3,844 53,266
14 359 172

FHe A, A2y 2714 dig AFEE Ve A
Sol= AR duelES o848 SPARQL A9 X
7o) Mejs]ojol o) wE 1-3, 12 2 149} e A
9 EAE AYe A Al2de AT AAE Uy
o] AgHojof ok B} AR AU HZ WHY
Asol A3HEe Ads 2 EAL AYEe st 8
FHL 29 Ao ow Ay B4 Aol $49
Bele 1€ F2 o] dYsolop & Aejth 1y
4 o] A%, "lmey Ariel g Akl o= 24
o] gHEs|ojolgl g},

7. 4B ¥ gz A7

o] =# T SPARQL #& A9 XIE Y8 >
& 2E2A 2dg AAEA ol gdle V& H Wy
# ge, Holx 28X 2dg o439 SPARQL
AE AFAgstd FHE A3 WEE A
Ad FdnElEE FASAR old U ZEEEY
Alz="g Agste A9 g S8k

TZAA 5 2 AF 7oA, AL HZ Wyl
FE RE2A 2dS AT o) o} e w
£ 87HE ¢ 5 gk ®E Wo)x 2EZA 1Y
£ Af AHEAA a2 AARE 5 o FHE
AAdck, wzkA ge 2 g89 He4e EE dEg
T L LEEA 29 EWolA B} A&FH ook =g
A AE As FHAMT 71E HZ g vasy
A A5e AT

AEAo= A ARY FueES o437 SPARQL
A9 Ay FT e O 2 FHE Addh

+ &Y 2EEXA 24
BEAQ W= AMg

- SERA 38 FH Y eE82A ¥ AN

- WEe =77k AVAQ etolx Flukel Aulx A
ool A

© Aol AVAY #739 AYY e:=EA 29
g8

& A2 e wasel, Add Ay dnes
719 SPARQL & A9l Azl ol de) 4
AFAAD, @3 B A Adslel @ AL A
WA 29 YA uohoguE 2719 LEEAE
ol§% Agel aTHm, £ Aols) B4¢) w P2
PHe HEE £ e A1Fol @ AT olFoiHo}
gk vhAes, ARy deld Ae A5 AN
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