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Design and Implementation of a Large-Scale Spatial Reasoner
Using MapReduce Framework

Sang Ha Nam' - In Cheol Kim"

ABSTRACT

In order to answer the questions successfully on behalf of the human in DeepQA environments such as Jeopardy! of the American
quiz show, the computer is required to have the capability of fast temporal and spatial reasoning on a large-scale commonsense
knowledge base. In this paper, we present a scalable spatial reasoning algorithm for deriving efficiently new directional and topological
relations using the MapReduce framework, one of well-known parallel distributed computing environments. The proposed reasoning
algorithm assumes as input a large-scale spatial knowledge base including CSD-9 directional relations and RCC-8 topological relations.
To infer new directional and topological relations from the given spatial knowledge base, it performs the cross—consistency checks as
well as the path—consistency checks on the knowledge base. To maximize the parallelism of reasoning computations according to the
principle of the MapReduce framework, we design the algorithm to partition effectively the large knowledge base into smaller ones and
distribute them over multiple computing nodes at the map phase. And then, at the reduce phase, the algorithm infers the new
knowledge from distributed spatial knowledge bases. Through experiments performed on the sample knowledge base with the
MapReduce-based implementation of our algorithm, we proved the high performance of our large-scale spatial reasoner.

Keywords : Spatial Reasoner, Directional Relations, Topological Relations, Distributed Processing, MapReduce
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Table 1. Composition table for inferring new CSD-9 relations

N NE E SE S SW w NW (o]
N,NE, | N,NE, . N, SW, | N, W,
N N N, NE . e woaw | nw | MWl N
NE N, NE NE ne e | NEE | NEE * N, NE | N, NE, e
SE SE, S W, NW | NW
N, NE, E, SE,S N, NE
E . NE, E E ESE | ESES |0 Eaw | BO
N,NE, | NEE SE, S, SE, S
SE g o E, SE SE SE, S sw | sww SE, 0
NE, E s, SwW, | s, sw,
S st |ESES| SES s S, sw w waw | S°
N, SW, E,SES, | SES SW, W,
W aw oW o S, SW swo | sww | 70| swo
w N,W, | N,NE, . SE'S, | SSW, |y w waw | wo
NW | W, NW SwW, W w
N, NE, | N, NE, . S, SW, | SW,w,
NW o woaw | nw | WNW | Nw w0
o} N,o | NEO | EoO SE, O 5,0 | sw,o | wo | Nw,0 *

Table 2. Composition table for inferring new RCC-8 relations

DC EC PO P NTPP TPPi NTPPi | EQ
DCEC, | DGEC, | DGEC, | DGEC,
DC * PO, TPP, | PO,TPP, | PO,TPP, | PO,TPP, DC DC DC
NTPP NTPP NTPP NTPP
Dg’OEC' DCEC, | DGEC, | ECPO, | botop
EC TP PO, TPP, | PO, TPP, PP, wpp | DGEC bia EC
wes | TPPLEQ | NTPP NTPP
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TPPi, TPPi, NTPP NTPP TPPi, TPPi,
NTPPi | NTPPi NTPPi | NTPPi
DC, EC, PP, DC, EC, Digc'
TPP DC DC, EC PO, TPP, NTP;’ NTPP PO, TPP, T Pi TPP
NTPP TPPi, EQ, NTPPi
DC, EC, DC, EC,
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NTPP NTPP
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Table 3. Conversion table for inferring new RCC-8 relations
from CSD-9 ones and vice versa

CSD-9 RCC-8

o EQ, PO, TPPi, NTPPi, TPP, NTPP

N, NE, E, SE, S, SW, W, NW DC, EC, PO
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map(key, value) :

// key : irrelevant

// value : triple

if (value.subj != value.obj) then
inversePred = inverse_table.get(value.pred)
write(triple(value.obj, inversePred, value.subj,
CSD/RCCflag), null)

else
if (valuepred != EQ || valuepred != O) then

exit // not consistency

reduce(key, iterator values) :

write(null, triple(key.subj, O, key.subj, CSDflag))
write(null, triple(key.subj, EQ, key.subj, RCCflag))
write(null, triple(key.obj, O, key.obj, CSDflag))
write(null, triple(key.obj, EQ, key.obj, RCCflag))
write(null, key)

Fig. 6. Inverse & Equal completion
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map(key, value) :

// key : irrelevant

// value : triple

write(value.CSD/RCCflag + value.subj, ‘0" + value)
write(value.CSD/RCCflag + value.obj, ‘1’ + value)

reduce(key, iterator values) :
for triple in values
if (value[0] == 0) then
join_right.add(triple)
else
join_left.add(triple)

for left in join_left
for right in join_right

if (left.obj == right.subj) then

composedPred = composition_table.get(left.pred,
right.pred)

inversePred = inverse_table.get(composedPred)
write(null, triple(left.subj, composedPred, right.obj)
write(null, triple(right.obj, inversePred, left.subj)

Fig. 7. Transitive composition



el

=
=)

(A [DC | EC | PO]l B)

A},

_/’:
$2 Folo} BAo] 1)1

2l &

#(Intersection)

=
T

HE F2 Ao oA E= Fig 99 2ok 9 &l

Ho

of

Ho
KR
el

N
o))

A%t 2

e

olek wepa ol

o=
T

JoluZ, W GAdA F

I

of

A

northWestOf] B)¢} (A [northOf | northEastOf] B)&t&

o FE A

HA otz H7] e, ¢l

9]

e IE

bolck. weba ol

9]

7 ehtEs 4

o (A northOf B)z}

31
=

Rl

=
.

# 4]

K

oju

A

o

o

ok g Al

2

2 299 oA} F=E= Fig. 87}

e

Ho

toh v S

49

2~
T

22 oA

2}
2}
o A A}

gt A=A

2% FE A90E Fobt thA 5749 A4

Al
2]

o] o] Fo}x7] wEel s

=]
Run

<

o0& A
AN A T

7%

A4EL

3|
A

ol ol g

o
T

s

P = A5 A

o

o

N

A

o

e

]

oF
i
=T

~
Ho
o}l

7l &l

1

froas
BN

A ol A

o

Ho
W

get(value.pred)

write(triple(value.subj, conversionPred, value.obj), null)

conversionPred = conversion_table

0
9]
=
©
=
= -
- £
23z 5%
SETE; 22
== wﬂ wy
-t
ges %5
2= S5
AN 8=
CRE T
oF wy XTS
oy XX
ol Mo ) 4
KXoy B o
™ zn M e
o Wr mm X
T 29
= pjJ = T
) o 2 o
o g W
= oRT
2 o b
N 2 zr
X M <
I
X m ~
Mo g oM
o =y
oo ook
T 5 -
o iy .
w2
o o
o) o & o
wron T oM

g WO
Jo 8 A o R
g T ® o
o = W
T Ew T
T = | ,._mtll(n\
2 & O e AF
™ 2 2 o K
2= TR
AR 3 =
< FReRow B
S ) of ® g
) Nos W =)
S Ho T N %_J_ 3
= — o | =]
nw o‘..j.pMMw_Ml_!Lao _n: JlrLd
a - N g =
= ol Ho !
N = i
el s X - G
2 |f.,~||d|o"_o o ]L‘Ul
< Eo i SO
M_|1.._A|;o [ =0 U
= — fo)
® w7 oy Nﬁwwﬂ
® R wﬁ U X B
= ™Y EE v
w6 o W £ ot =
T o BR 21l H]
=
| &)
— ot
Q Q
=
3 3
= =
& = £
< O
3 2=
O 53
C = =
& g5
a T =
wn = ©
QO =oe
5 B
= 2%
s 22 g
74 £
+ e =
s 7 T =3 B
3 E =3 2% =)
= = o L5 S o =
g > 0 .27 9 eﬂ
- o= 58 E = s 3 ©
N + QT 1&0 S =
~S8ym BT 5= T S
\/pvv.l1m o 5} NS ~ = >
$SE2 2882 2> EBo o
SESE TUE = $E E
.8 T3 ) 23 o
= S Z &.an mt B =1
U 2= 0 = =ik =] :
2888 9 B :am ﬁwem
sSCF £3 = BB
g NN o = = 0]

3]
T

9] j= S

| ==gta 7Hy

st

., ZF Geolnstance 7#&

al

Fig. 8. Intersection

S

(Ist)e=z

e
Gl
Ay
i
M
W
oy
o}

oR

) %

ojn

W
K+

ol
i)

=
RS

AL o], ymA k=

b o] 4

3]
<

oz W3 F2(Conversion) S 3

Fig. 2¢} Fig. 3914 714d¢

Fol=

o7} Ary. Zga A

;._|(
gil

171 1ol

9|

el

Ho
ol
™

s

o} J
o

o}, ke 2nd =E2HEE 9

3]
<L

Sz 47

oA =

L
[e]

Ao el 91y

£}, (A northOf B)z}

=
=

=



404 ZEMEIES=2A/AZER0 R HOIH &3 M3T M10=(2014. 10)

Object

e Subject
Object = ;

Fig. 10. Principle of the spatial knowledge generator

OmOmm®

Property Property

)

BN R B2 Ade] B & ek ol E Bl A

thrh w=re] HZ&o] 91 (Canada northOf USA)stal m]=t
|39 HZo] $1X(USA northOf Mexico)atil &

ne
o
N
rir
o,
o
o
o ﬂ'
=)
vk
=
of{
=
N
o 1>
o
oX
N
y
]
&=
[kl
=

i

ApolZol A7IA = WW T sl AREHE W=
KoK
=

=Rl A AT ] T FE duelBe 4
28 o g% g

16 WA shw 22 WAL AHEsda, A3 3L 8749
t2 744 3F &
=ZE 8 Core CPUSF 8GB ¢!

2y, 2TB st= g3z 745 gtk
A WA ARl E FE AAR doA= N2 A
S Wrtet] Sle AR A E EE(triple)d] A
1,

o2
I
HJo e 1>

3

ul

om, A9 A% Fig 119 2. 192

o} 6007 7o) EelEE TAE o g e

b ook TI00% At BE AR ANES

2 & % gom, oF $3 MRQUSAR®
=

s 8 Sl W S

oo fo
o,
o

rlr

o
of
.
X

=

(3

2
A"

pIeA S
80
=
a4
ofs
=
oo

Ho
N
>,
o
o
rir
pods
o
e

¥
%0,
£

90,000

80,000

70,000

60,000

Number of Triples {(K)
B w
e 2
[=] =]
o [=]
o (=]

30,000

20,000

10,000

T WA APeAe I FEVY FE Al{Hreasoning

time) 2}

& 2489, el A 28 A g2 oJushe 4
Wge F2d A4 G F FE AL hrof A
A9 29e Ba b 3% Aduelze Fuit %
7Hgel wel, MR.QUSARS] & Alzte] 430z 37}
$e FT 4 otk o|d @ Avhs MR_QUSARe] Held

SG250K SG1000K SG1750K SG2500K SG3250K SG4000K

Fig. 11. Number of inferred facts

A2 (productivity) S 3 7Fshgl o1,

W Origin Triples

Inferred Triples

=
D
=3
g
e9)
=2,
2
N
w
X
Lo
=
.
o
o,
oo
o
:
st
e
74
X
fu
Lo
oz,

483 MRQUSARS 4440l nh$ b A2

14000.0

12000.0

10000.0

Productivity (triples/sec)

2000.0 -

8000.0

6000.0

4000.0 -+

Reasoning Time (min)

Reasoning Time

=4=Productivity

23t s R, 149709 FH S

o,

>



ElFA ZHYRIE 02T tHad

of sl MR_QUSARS] F
(relative standard deviation) Zko] &=

3 MR_QUSAR®]

&

-
o
S

3}
o

@
=}

&
(=]
Reasoning Time (min)

N
o

o

ot

2b =200 A W TH 405

References

[1] D. A. Ferrucci, “This is Watson”, IBM Journal of Research
and Development, Vol.56, No.3/4, IBM, 2012.

[2] http://www.jeopardy.com/

[3] D.J. Peuquet, C. X. Zhang, “An Algorithm to Determine the
Directional Relationship  between  Arbitrarily—-Shaped
Polygons in the Plane”, Pattern Recognition Vol.20, No.l,
pp.65-74, 1987.

[4] J. Renz, “Maximal Tractable Fragments of the Region
Connection Calculus: A Complete Analysis”, Proceedings of
IJCAL 1999.

[6] A. G. Cohn, S. M. Hazarika, “Qualitative Spatial
Representation and Reasoning: An Overview”, Fundam.
Inform., Vol.46, No.1, pp.1-29, 2001.

[6] J. Renz, B. Nebel, “Qualitative Spatial Reasoning Using
Constraint Calculi”, Handbook of Spatial Logics, pp.161-215,
Springer, 2007.

[71 S. Batsakis, E.GM. Petrakis, “SOWL: A Framework for
Handling Spatio-Temporal Information in OWL 2.0,
Proceedings of Int. Symp. on RuleML, pp.242-249, 2011.

[8] M. Stocker, E. Sirin, “PelletSpatial: A Hybrid RCC-8 and
RDF/OWL Reasoning and Query Engine”, OWLED, 2009.

[91 G. Christodoulou, “CHOROS: A Reasoning and Query Engine
for Qualitative Spatial Information”, Dissertation Thesis,
Technical University of Crete, Greece, 2012.

[10] G. Christodoulou, E.GM. Petrakis, and S. Batsakis,
“Qualitative Spatial Reasoning Using Topological and
Directional Information in OWL”, Proceedings of the 24th Int.
Conf. on Tools with Artificial Intelligence(ICTAI), Vol.l,
pp.596-602, 2012.

[11] S. Nam, L. Kim, “Design and Implementation of a Qualitative
Spatial Reasoner Based on CSD-9 and RCC-8 Theories”,
Proc. of KIISE Fall Conference, pp.652-654, 2013.

[12] I Horrocks, P. F. Patel-Schneider, H. Boleyet, et al., “SWRL:
A Semantic Web Rule Language Combining OWL and
RuleML”, W3C Member submission, 2004.

[13] J. Urbani, S. Kotoulas, J. Maassen, et al., “WebPIE: A
Web-scale Parallel Inference Engine using MapReduce”,
Web Semantics: Science, Services and Agents on the World
Wide Web, Vol.10, pp.59-75, 2012.

[14] S. Perera, T. Gunarathne, “Hadoop MapReduce Cookbook”,
Packt Publishing, 2013.



406

JENZES=2A/2ZEAN R OI0IH 33 M3A HM10=(2014. 10)

o 4 3
e-mail : namsh@kyonggi.ac.kr
2013 771 NSk 7 FE 7835t
20139 ~d Al A7IdEta A FE 38k
EREE

B Lok AeA s, 7IAISss, AWE

e

2o A
e-mail : kic@kyonggi.ac kr
1985 A&t IS}
1987 A S Tysh 4k aea}
19951 A& gt ka8t
19963 ~3 A 74

[¢]






