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ABSTRACT

In this paper, we present the design and implementation of a large-scale qualitative spatial reasoner, which can derive new qualitative
spatial knowledge representing both topological and directional relationships between two arbitrary spatial objects in efficient way using
Aparch Spark SQL. Apache Spark SQL is well known as a distributed parallel programming environment which provides both efficient
join operations and query processing functions over a variety of data in Hadoop cluster computer systems. In our spatial reasoner, the
overall reasoning process is divided into 6 jobs such as knowledge encoding, inverse reasoning, equal reasoning, transitive reasoning,
relation refining, knowledge decoding, and then the execution order over the reasoning jobs is determined in consideration of both logical
causal relationships and computational efficiency. The knowledge encoding job reduces the size of knowledge base to reason over by
transforming the input knowledge of XML/RDF form into one of more precise form. Repeat of the transitive reasoning job and the relation

refining job usually consumes most of computational time and storage for the overall reasoning process. In order to improve the jobs, our

reasoner finds out the minimal disjunctive relations for qualitative spatial reasoning, and then, based upon them, it not only reduces the
composition table to be used for the transitive reasoning job, but also optimizes the relation refining job. Through experiments using a
large—scale benchmarking spatial knowledge base, the proposed reasoner showed high performance and scalability.

Keywords : Qualitative Spatial Reasoning, Spark SQL, Topological Relation, Minimal Disjunctive Relations, Distributed

Parallel Programming
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Table 2. Composition Table for Transitive Reasoning
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A HAS A2 Adzd(knowledge encoding), & #A FE2
(inverse reasoning), 5% ¥4 FE(equal reasoning), ©]3
B FE(transitive reasoning), TA A A (refining), #4]
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Fig. 6. Job Flow for Qualitative Spatial Reasoning
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Spatial Knowledge

< http:/Awww.ail../A http:// http://www.ail.../ touches http://www.ail../B >

9

URI Identifier
http://www.ailab.kyonggi.ac ki/A 1
hitp://www.ailab.kyonggi.ac.kr/tuches 16 » <116 2>
http://www.ailab.kyonggi.ackr/B 2 Encoded
Spatial Knowledge

Dictionary Table

Fig. 7. lllustration of Knowledge Encoding

o waRth A4 A=y gL U AHozry 2
29 Hol2e Adet A% A9 o A=Y HolBe
ol gstel el 4L A WEER WHske AR 24

& Fol, of

SEEAS x}%%ﬂ URISH 159 g5l 21ztel an
2=

=

Fole} HEHojol: P, 94 94 Wk AAS Yehi:
oj9] FHE g AT F Ur] o !

o] Table 49 722 <] AR H o] E(property dictionary
table, P_Dictionary)g F&7] o] A&t izt =

9 AYEs FAL W o] &3k L AolA= Table 49
G A GIERY R, o5 S ATT old B &
AEE 77] tE AHE AdA MBS shby Folsh:
WAL AHgE
Table 4. Example of Property Dictionary Table
URI Identifier
http:/fwww.ailab kyonggi ac kr/equals 1
http://www.ailab kyonggi ac kr/contains 2
http:/fwarw.ailab kyonggi.ac. kr/within 4
http:/www.ailab. kyonggi.ac kr/overlaps 8
http://www ailab kyonggi.ac kr/tuches 16
http://www ailab kyonggi ac kr/disjoint 32

=~

AR 224 Q39S A 3 HA 2
B 24 Fojoh EAojrt vERE F3F AAEC O

Aol ARA ]Olf'”(subjectfobject dictionary table,
SO_Dictionary)S =& 2ol F WA 22 o] A}
A HolET Fo &o] A Hol &S Fxste] A A4
S AW HEER WistE Zgolt), o] zhzhe oo
q_z’:o AR :rL}aE Hadoop Eg{)\]ﬂ 74 51 }\]/‘\Eﬂoﬂ
A Spark SQL AEg 3 FAHM, HolE FA9 4
o8 = #|¢) (DataFrame) 25725 AHE-gTh o] F 2 =

o]
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Initial Knowledge Table

s P o S :Subject
O : Object
http://.../A http://.../touches http://.../B SO : Subject & Object
ID : Identifier
http://.../B http:/.../within http://.../C
Union & Distinct
Operation
SO SO D
hitp://.../A ID_Allocation http://.../A 0
Operation
hitp://.../B =»|  http://../B 1
http://.../C http://.../C 2
SO_Table SO_Dictionary Table

SELECT URL SO_Dictionary(URI) AS ID FROM (SELECT S AS URI FROM
Initial Knowledge UNION SELECT O AS URI FROM Initial Knowledge)

Fig. 8. Dictionary Building Job

°] Spark SQL A9EEe FHstE HolEES EF Ho
HEae Antade g Fol, Baold U ¢i
Q=g Holge wut AR olF £YsHe Spark

XML/RDF 3t Z2HH, F](subject), %‘ﬂ(property),
of(object) & &9 #Hyog 7HAE 7] A4 Hol
(Initial_Knowledge Table)S AJA3tcl. Zg]ar o] %7]
g& HolBRTH 47 Foof R Fids FEW
o5 dis] A& (union) AT FHA A (distinet) A4
< F3le Fol-HH0J(SO_Table)S wHeETh W T,
Fole} HAod 1f3k AEAID)E Foste] Fo-5H 2 o
AR H 0] 8(SO_Dictionary Table)S AJAdste}. o] wj a4
W(hash map) FENQ Fol-HAo AL 7](key)E UR],
Fh(value) 0.2 AE2LE 7H1T) URIE &35t whek 19
Fste AHATE Qvbd AR RS ot &0
AR "l o] &(P_Dictionary Table)¥} Foi-540] Al Hol&
(SO_Dictionary Table)& Fzx3te] ] A28 ¥z HE
E2 WsleleE 2L Fo Li (subject encoding), &4
¢l (ohject encoding), &) ¢
2 Ayt

Fig. 9% Fof 39 #del tigk ore} o] A& T8t
7] $18 Spark SQL HojiES YER I Tt o] 2dS 93|
e WA %7] A4 g o] E(Intial_Knowledge Table)2] o]
(subject) =9} Fo]-FAo] APH H o] E(SO_ Dictionary
Table)®] URI Z=& w72 F Ho]EE tigh 2] A&
ettt 29 A3 HolEZRH Zast ARENS AdF
o2 Fort Admg®E A2 ¥ o] E(S_Encoded_Knowledge
Table)& A/ gttt

Fig. 102 H#o] 13y

£

9 (property encoding) <=2

ol gt oAet A FE
< 919 Spark SQL A2 YERIY Fig. 9¢] Fo] ¢l
9 AR A HEE B8 T ofy et £ o)z}
ol 7 A2 Ho]E(SO_Encoded_Knowledge Table)S A
o},

o

>

)

8

$ : Subject
P : Property
0O : Object
1ID: Identifier
SO_Dictionary Table

Initial Knowledge Table URI D

S P o hitp://.../A 1
httpi//.../A http://.../touches http://.../B http://.../B 2
http/...B http://.. /within http://...[C http://.../C 3

Initial Knowledge X g_y;py SO_Dictionary

y
P o

htrp://.../touches http://../B

W= ®»

hitp://.../within http/../C

S_Encoded_Knowledge Table

‘ SELECTID AS S, P, O FROM Initial Knowledge, SO_Dictionary WHERE S = URI

Fig. 9. Subject Encoding Job

S : Subject

P : Property
0 : Object
ID: Identifier
SO_Dictionary Table
S_Encoded Knowledge Table URI D
S P o http://.../A 100
1 http://.../touches http:/.../.B http://../B 101
2 http://.../within http://.../C http://.../C 102
S_Encoded KnowledgeX g—ygy SO_Dictionary
S P o
1 http://.../touches
2 http://.../within 3

SO_Encoded Knowledge

l SELECT S, P, IDAS O FROM S_Encoded Knowledge, SO_Dictionary WHERE O = URI

Fig. 10. Object Encoding Job
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S :Subjeet P_Dictionary Table
P :Property

O : Object URI D
SO : Subject &Object

1D : Idenfifier http://.../equals 1

SO_Encoded Knowledge http://.../contains 2

S P o http://.../within 4

1 http://.../touches 2 http://.../overlaps 8

2 http://.../within 3 http://.../tuches 16

http://.../disjoint 32

SO_Encoded_KnowledgeX p_ ypr P_Dictionary

Subject Property Object
1 16 2
2 4 B

Fully_Encoded_Knowledge Table

SELECT S.ID ASP. O FROM SO_Encoded Knowledge, P_Dictionary
WHERE P = URI

Fig. 11. Property Encoding Job

=

T==
T 3R AGL 4 Wbk FEA A4 S A4
3}

E(Fully Encoded Knowledge Table) e 9 A F
28 sl o] FYLo dEo T S0l 2]
g3 o #AES g 9 A FE AAHJH o8 F
&3t Spark SQL A& Fig. 1294 2k 19 € A
21 g o] &(Fully_Encoded_Knowledge Table)9] <Fo}, %
o, HEHo>E FAHE 27vE2RE AP E(select) ?‘li bs
AREEte] <EAo], g o] Fol> FYR ®ZtE 9 =4
H| o] & (Inverse_Knowledge Table)2 443 ¥, ozdd
A2 "Hol&% -3 (union) S dte] FAE A4
o] &-(Expanded_Knowledge Table)& A3t}

S : Subject
Fully_Encoded_Knowledge Table P : Property
O : Object
S P Y
A touches B
B within C 3 P o
A touches B
Inverse Union > B within C
Operation Operation
B touches A
v
P @ C contains B
p— A Expanded_Knowledge Table
contains B

Inverse_Knowledge Table

SELECT O AS S, Inverse(P) AS P, S AS O FROM Fully Encoded Knowledge
UNION SELECT S, P, O FROM Fully Encoded Knowledge”

Fig. 12. Inverse Reasoning Job

SSQUSAR: Apache Spark SQLE 0lE%t I2& MY

O

=271 11

S : Subject
Expanded_Knowledge Table P : Property
O : Object
S P o
A touches B
B within C s P o
B touches A A erEhEs B
C contains B B il I
A equals D
Equal Union
Operation Operation A equals A
A B equals B
® w @ C equals ©
A equals A D equals D
B equals B Expanded_Knowledge Table
C equals C
D equals D
Equal_Knowledge Table
SELECT DISTINCT S, ‘equals’, S FROM Expanded_Knowledge
UNION SELECT S, P, O FROM Expanded Knowledge

Fig. 13. Equal Reasoning Job
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b
-l)l'

Aoz NE AAE FHHE A2 HolE
(Expanded_ Knowledge Table)2] <Fo], o], &

B 27 R R E A (select) AAHE AFE38l0] <Fof equals,
Fol> ez W3ty Y 2] ®o]E(Equal_ Knowledge
Table)S A4 et &4d EgF Heol&% 333 (union)d
A FE wd #AE FhE e A4 El o] & (Expanded_
Knowledge Table)S A4 gt}

[e

1%

44 ol A FE =

ol AA FE HYS FAsh= AAI o]F A% Spark
SQL Ao Fig. 149 At} ol Aoz g =2 H|
o] E-(Expanded_Knowledge Table)ol|4 o]&] A F&2 A
A 54 A HHojer w thE A9 Fol7l YA
e AAE ZEHoE 7] 98, &dE A2 HolEd

S :Subject
P : Property
O : Object

Expanded_Knowledge Table(E1) Expanded_Knowledge Table(E2)

S P (o] S P o
A touches B A touches B
B disjoint C B disjoint C
C contains g @ contains E
E1Xp-g E2
Y

S P

A [dcot]

B disjoint E

Transitive_Knowledge Table

SELECT EL.S, Compose(E1.P. E2.P), E2.0
FROM Expanded Knowledge El, Expanded Knowledge E2 WHERE E1.0 =E2.S

Fig. 14. Transitive Reasoning Job
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4 AHe] BAols) & vk AXe] Folrh e F el A4
& oo 5U-2equijoin) QS FABT. o) B
FES Bl AZE AN FES] old 22 A4 HolZ

(Transitive_Knowledge Table)S A4 3t}

ol Hle o] 3, 28 Fvalue)e AA 7bs oF
A" AR sk sHAR 7] #ed AA el He
Eo] JFe] M Y & 5 7] vl Table 4 A
solo] NI 2E Fofsta, oo i3t & J1Z AHEHT
olu FREE 492 WAl AAN Lolel AdsE 1
HE 29 Wi FER Fojste] RE A wo JF F
°of & F IV AR UE G JHNEE vk 34 AA
8 #47} Spark SQL HoJ&2 Fig. 1569 Zth
S : Subject
EZZTZS.’“ [ [contains | overlaps | within | touches | equals](65536) ]
A [ [contains | overlaps | within | equals]($192) ] B
| Reﬁne(SUM(mﬁn,lls))lzs |
s 3 (l) s P 0
N [cowe] s > A [co)(128)
(65536) Group By(S, O) Operation
A E;T;’ze)] B Refined_Knowledge Table
A [co](128) B

Transitive_Knowledge Table

SELECT 8, Refine(SUM(P)) AS P, O FROM Transitive_Knowledge Table GROUP BY S, O ‘

Fig. 15. Relation Refining Job
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Fig. 16. Architecture of the Qualitative Spatial Reasoner
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Table 5. Knowledge Bases used for Experiments

Knowledge Nl_unber _of A_Anlount of Size of Files
Base Spatial Objects | Spatial Knowledge
ASKI1000K 1,000,000 1,000,000 L7AMB
ASK3000K 3,000,000 3,000,000 527MB
ASKS000K 5,000,000 5,000,000 879MB
ASK7000K 7,000,000 7,000,000 1.2GB
ASKI10000K 10,000,000 10,000,000 1.7GB
ASK20000K 20,000,000 20,000,000 3.42GB
ASK30000K 30,000,000 30,000,000 5.15GB
ASKA40000K 40,000,000 40,000,000 6.87GB
ASKS0000K 50,000,000 50,000,000 8.60GB

# Initial Knowledge = Derived Knowledge
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Fig. 17. Amount of Derived Knowledge
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Fig. 18. Total Amount of Reasoning Time
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Fig. 19. Comparison of Different Reasoning Methods
in Terms of Reasoning Time
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Fig. 20. Comparison of Different Spatial Reasoners
in Terms of Reasoning Time
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