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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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Spatial Knowledge

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

9

URI Identifier
hitp://www.ailab.kyonggi.ac.kr/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

AFA " o] E-(dictionary table)ol| &= FFo], <o, &3
dFete ALdEY URIY a5 d3dHe 47
So| 37 AFHCH vk ¥ AA

14
N

o

>
X0, 1R 2
2o orr L2

o Table 49} #2 <o A H o] & (property dictionary
7] Yol Ageta Ao 95
sty 2 Aol A= Table 49
E =

Agd ol uAl =

i

table, P_Dictionary)g F&
9 A49s FAT 9 o) §
Y

9 27 2 D
5% 7] bE nfd AEA WEE sy Folss
H o

=

Table 4. Example of Property Dictionary Table

URI Identifier
http://www ailab kyonggi ac kr/equals 1
http:/fwww ailab kyonggi.ac kr/contains 2
http:/www.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

=~

Al 224 Qads A 3 HA 2
g Aol Fojeh EHo7t Yehlle F3F AA S o

o] AbA Hl o] E(subject-object dictionary table,
SO_Dictionary)& =& 2gjolm, 7 WA 9L &9 A}
A o"Hol BT o #o] AP HolES Fxste] d A2
S AR MSER WEste el o Azt Ay
O] =852 FA4% Hadoop F82E HFH Al2gl
Al Spark SQL &g 3 FAHM, HolE FA9 4
o|E Z# Q) (DataFrame) A& 725 AM&dt) o|& 2 =

]
H

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

XML/RDF < ZH-¥ F=o](subject), %‘ﬂ(property),
ol(object) & Zt7tel #HeoR JixE x7] A4 Hol
(Initial_Knowledge Table)S AJA 3t} Zg]ar o] %7]
Y& HolERTH 47 Foo R0 Fids FEAW
olEe wal 35 3Hunion) A%t FEAA(distinet) A%k
S Fd8le Fol-HHoJ(SO_Table)S wHeETh 2 T,
Fole} Ao 1fgt AEAID)E Foste] Fo-5 2 o]
AR HI 0] 5(SO_Dictionary Table)S A§Ad et o] wf &=
W(hash map) FENQ Fol-HAo AL 7](key)E UR],
Fh(value) 0.2 AE2LE 7H1TE URIE &3] 8ke] wheF 19
FFste AbATE gvbd AR RS ot &0
AFA Elo] E(P_Dictionary Table)¥ FFoi-&-2 o] Al Hol &
(SO_Dictionary Table)& Fzxste] ] A28 ¥z HE
E2 WsleleE 2L Fof Li (subject encoding), &4
¢33 (ohject encoding), &) ¢
2 Ayt

Fig. 9% Fof 39 #del tigk a1} o] A& Fdst
7] $18F Spark SQL HeojiS YER I Tt o] 2dS 93|
e WA %7] A4 g o] E(Intial_Knowledge Table)2] o]
(subject) =9} Fo]-5ZHo] APH H©]E(SO_ Dictionary
Table)®] URI =5 w72 F Hol&Ed dgh 22 A4S
ettt 29 A3 HolEZHE Fast A9EwS A9y
o2 Fort dmg®E A2 ¥ o] E(S_Encoded_Knowledge
Table)S AJ/d gt}

Fig. 102 H#o] <13y

£

9 (property encoding) <=2

ol gt oAek A F-d
< 919 Spark SQL A2 YERIY Fig. 9¢] Fo] 91x
9 AR AR HEE B8 T ofy et £ o)z}
179 % A2 ¥ o] E(SO_Encoded_Knowledge Table)S A
o},

o

-

>

=

s

$ : 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
O : 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

@A, Fig. 112 <o 939 Aol g A2k o] A4
S Fdsl7] $13 Spark SQL Aoj#S YERL) o] =
9 oM s T, HA QQmd Aol o] &HA™ Fof-
o] Abd H o] E(SO-Dictionary Table) thi2l, &o] AR
{|o] &(P_Dictionary Table)s o]&3the & o= 44 F

9 A FARSE AMNES sl Fof, HHo|, &9
7b w5 Qad g A4 Elo] & (Fully_Encoded_Knowledge
Table)S &A Hh A, 3G 37 22 wo]~E o]
|5 A T FEo] &8 dmd Fole FEH EE

¥ AA5E oA felel XML/RDF Fej2 #9387 9

3 24 T3y 24 (knowledge decoding job)o] 4T},
A4 fayg Ao e gas d3Y HolEF &9 oA
9 HolES 3 Hxde], Z47he] AAg mdde Fo,
LZxo] &olo AdWx M3 E A Yy URLE W3t
= o948 g3



S :Subjeet P_Dictionary Table
P :Property

O : Object URI D
SO : Subject &Object

D : 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

SSQUSAR: Apache Spark SQLE 0|=st C

g g3y U &7 111

WHERE P = URI

SELECT S.ID ASP. O FROM SO_Encoded Knowledge, P_Dictionary

Fig. 1
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(Fully_Encoded_Knowledge Table)=
3t} o] e oly@o g Sole I

L BH>E T4

Agte] <Bol,

A2 "ol &

1. Property Encoding Job

L

A o A F8 AAZH olE

= Spark SQL #o]+2 Fig. 129 Zt} <lmd #

H o] & (Fully_Encoded_Knowledge Table)®] <Fo],

27np2 R E A E(select) A
Fol> PR MEH o A

Hl o] E(Inverse_Knowledge Table)S 443 H, <=

3 g4 sHunion) GAHS dlo] EE %2

=0,

il

o] Z(Expanded_Knowledge Table)< A4 e},
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
Iuvel's.e Union > B within C
Operation Operation
] B touches A
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

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
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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AAoRRE Add 4d A2 Hols
(Expanded_ Knowledge Table)2] <Fo], €], &

H 27 et 2R M (select) GAHS AFE8l] <549, equals,
Fol> ez wghd A A4 ®Ho|E(Equal_ Knowledge
Table)S A4t &9 EgF Hol& 333 (union)d
s FE wY A F7hE g A4 Elo] E(Expanded_
Knowledge Table)S 44t}

O
r

44 ol A F= At
olg WA FE AYE Fdse= B o5 9 Spark
SQL ZeJit2 Fig. 149 2th o)d Aoz s A4
o] &-(Expanded_Knowledge Table)ol|4 o]&] #A F&2] A

[

Q) 54 A49 BAofsh & ke A4e] Fo7h UAeke F
e AXE aeHor 7] fsl, g A4 Holeel 5
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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48] BAolsh e 48] Folrk 2e T el A4
en FU-Zlequijoin) A4S FAAT. o8 Wi
£2 53 AR A4S FES] ofd FEH A4 Hol

N o o

(hash map) Feje] 2 HEAJLh Jl(key)= AA U
Zo] JE g Fh(value)S AA 7Fs o 79}

S : Subject
P : Property [
0': Object

[contains | overlaps | within | touches | equals](65536) ]

A [ [contains | overlaps | within | equals](8192) ] B

[contains | overlaps](128)

| Refine(SUM(65536,8192,128)) = 128 |

S » Y s P 0
[cowte] > A [co](128)
A . B
(65536) Group By(S, O) Operation
cowe.
& Es 192)] B Refined_Knowledge Table
A [co](128) B

Transitive_Knowledge Table

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

Fig. 15. Relation Refining Job

ol Fgow olg #A FE
Knowledge Table)ollA] #A A 3
S} #ol7} AAFE AXES FEFor 7] Yd|, oy
BA F2H "Holly 54 249 &7}
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F2o) A3l el-vxy 7]wre] Apache Spark SQL[14]&
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T4 #8742 Java 1.7 WA} Apache Spark 140 WAS A}

fatglon 387 7%= Fig. 163 2t} Apache Spark &

2] ~¥ @A Spark Cluster Manager)x= oty 24 7Y
Al 2~ 3L

] 2~®l(HDFS-Hadoop Distributed File System)dl] U+ &
2 AA s B4 FY2EHE FAskE 4 w24 HolH
ZY9 Frow wWikste] AR & B 2E FHAY
(Catalyst Optimizer)E TalA &t 8 A4S AA4T0
aga Z4zbe] 2k == (Worker Node)7} oj® #4dS <=
e AAA Z 2AE(schedule)S A3y 2 T F3H
F2 AYS FHsr] 93 dolH A4 HaA(task) S
ML § AYs Fds, 7 ARE de 2 AAE
& HDFS(Hadoop Distributed File System)dl] #%-kt}.

Reasoning Tasks Spark Cluster N
Spark SQL DataFrame API
Action Scheduler
m | Catalyst Optimizer
C | )
I |
ﬁ,a,k CIHSW l \ \
Workerl Worker2 Worker3
DataFrame DataFrame DataFrame DataFrame
=
= ==
_— || | . _
SchemaRDD SchemaRDD SchemaRDD SchemaRDD
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T T T T
| | 1 |
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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 174MB
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
400,000 360,160
350,000
288,216
300,000
250,000 210,109

200,000

150,000

100,000

50,000

Amount of Knowledge (# of K Triples)

]
ASK10,000K  ASK20,000K  ASK30,000K  ASK40,000K  ASK50,000K

Knowledge Bases

Fig. 17. Amount of Derived Knowledge
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I Non-Encoding ¥ Encoding

25

E 20
E 15
o /ST

" ™

ASK1,000K ASK3,000K Kno‘:ls:j,:eﬂl;:ses ASK7,000K ASK10,000K
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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40,000 79,356 1ese
4 36,668 37,469

20,000 27,880

0

ASK10,000K ASK20,000K ASK30,000K

Knowledge Bases

Fig. 21. Comparison of Different Spatial Reasoners
in Terms of Throughput
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