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dulddan1aidunna (Routing Tree) luminszansdoys uazdayandaiuiaulaiuazgn
' o ™ a A A o ey o A ° ' o & £ 9§ A A
sanauludsamiigiunagniinvesdulal logdoyanazvinssanauluiuazdalalsam
o ' ) £ ° { o & A o o o o
ABINTUALT LN LA FI WA IVAIFIA LN G D IV b mmaaﬁmsﬂs:mawaﬁmmg

1 °’ U lﬂ. 1 &’ 1 [ = et Qs =} ]

waszananiazasnatwlldalunen o wwwaganuwntnsdszuranameluniosnsvas

COUGAR # ety

NI TAG BAYIaNI W1 91 senia A dane el anwnunie) SQL Nl

@ {a o - 'y F o 0 ) 2L o M o & [
ﬁzu‘]JﬁquTaﬂﬂﬁuﬂNﬂuluﬂﬁ]?ﬂJu aflﬁjﬂﬂﬂiia\‘ima"ﬂﬂﬂamdmﬂyaﬁqﬂuuQZLﬂuﬂﬂHmz

o A ) s V) oal a a v ad
WBINTEUR (Stream) mawagaﬂmu‘l@ LLQ:U\TI_/L@]Nﬂ']iLIJTUUL‘ﬂﬂUTa@ﬂﬂqﬂqiﬂizﬂJjaNﬂ

e @ A

moluudazdrdriud it udumssgdadansnaariwllsunun aondigu udidas
Uszananafiiioingudna g draduinadiete s uazgarhodsldinmuaaslwiau
Y \
] a 1 o ' % ' a £
faANuNudanINAaNWIad (Fault-Tolerance) wadtAsarnaNinazdnnuunnIaiatn

Fhd

laagatnaanay =
U i -
uazlu TinyDB  [12] innuAnmuIdeaIndanidziiad TAG @97 benan
1965 1o ﬂ"l@'m’]mﬁwLﬂm:uuﬂs:maNmTaﬁwmuﬁm%’ulﬂumsﬁﬁaHaaanmmn
inTatnadTuiNduddnTug lalTuudJUanns TinyaS  [17] lasfl TinyDB  wwlal
dndunidaslinmaounsC uuriaa (Embedded C) iWaazisangdaya ue TinyDB

uq: U s a di 1 v d' A Qs o v A 1 n' d'
nwlddaaTouinaigudaaumMsnndewnunisn sal | iisdsudszy&afiio

dasmahiuiidainistayaazly uazlilnsssdayalnaunlunn gisnavitls

lasaadaragduas dinyRB o Bndanasvinildsunsiasisongtayalu
] L L U 1 1 QI t&l o v v a Qs v 1
1n318@ITU] ldedsrzainuaziansdiln ldmusasisueninduldatig
= a X A A A A [ ° A £ A
Mas0du Faduntiluuwidainoanunsiaslunsionadayaidalsznna
(Declarative Language) N5jl33zuulddndudasifisnmaianunslusesaiatiedazly

ﬁniagamasm"h LLa:az@Taaﬁmwudﬁagaazmvl,‘s

ma:mL%aﬂizmﬂﬁfmﬂuﬂﬁaluﬂsxLﬁuﬁﬁfﬂ’ﬁmluﬁmm%amU@”’;%'ujl,muvl,ﬁ”

selasainuassuSonuisuluanuiiru FACTS [20, 21] uaz DSN [13, 14, 22] lagwis
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sasinuitldsanuuuszuulunadouldsunsundsdszmalasldyduuumadouldsunsy
UNWANUFIUDaINg (Rule-Based Programming) laalu FACTS wnuldsinananislu
¢§ v { 3 .
JUULUUV0INI Haskell  Faidunsidsulisunnuuuninfinisvinemu (Functional
Programming Language) lumuzfl DSN ldviauanimlugiuuuvasnim Datalog la
o A a . .
1531091 Snlog Fodunusndouldsunsunuuasing (Logic Programming
Language) W#31 DSN ﬁfu"l@i"aaﬂLLﬁJumLﬁaLﬂummszﬁuga (High-Level Language)
ém%’unWiLﬂﬂuIﬂiLLniuw°aludaumaomiﬁ‘f@mﬁaga wazMIBluIzAUTHIATaANE
A od a o @ a o < A . val . @ o .
Tanidoullsunsndndudaadoumavhnulutweiainohazlilinsdedayaruguls
dauflizidisulusunsuieriusndadalwszegulsunsuydszand (Application Layer)
wannBugLdumadsuNeszINN ANz (Local Behavior) WL AT

a v
anad 4

foudinezdpasTopine i uyiszuuswlonanianslemeidalszmauu

=} 1 = L= v v 1 N Qs = “| dl L o =)
wnTetnpaauiuun lineidd gt i nnlan ldinsugdssmeaanltlunseuaia
Tayauuuiondrlasuadiioingasuiiuylsagidugudeyaiinis lavuasuuy
ATaUARA (Global) undaidmatadespdazilanuivlugiuaiveingunlyled
mmé’uw"'ufﬁ'umww:mﬂ‘luﬁﬁuiﬁ";Lﬁmﬁaﬁ_’ﬁugﬁﬁauﬁm WANAMNRNNUTALGITY

Slagfldluszuvdadudsdauinnglunuideouil

o



=
Unn 3
¥
ﬂ'liaﬂﬂtlﬂﬂﬂ']iﬂiz&l')aNa‘??l’i’]ﬂ']ﬂ'lﬂL‘%Hﬂ‘ﬁ’]LLUUﬂiaﬁJﬂQN

o [ =~ ] o o Y ¥
d1IuLAlIaaun EIGI'J‘STJ:&:LUJ‘]J1$&’]EI

nmisanuuumMIlEianatadinutsnduuLATaUARUEINILLATET L6
o o o a AN o oo & VYo o a Y o A
sujuuulimolunwinewusitldeanuuulasdlaladoddny 3 dezmsdaenu fa 1)

o d ° o v o o . A Yo o o

Waswnlg bl lunmswidiaausmiutadiniy (Energy Consumption) Saiduiasadan
éi'm%"um'%’:mh:Jéi'ﬁujl,muvﬁamﬁﬁwé'amuayj’asjnaﬁwﬁ'@ 2) anuaNyItiueIfiInay
(Completeness)  fatrasiaauflaainnisadedadiony iy aasdsznaudiudinay
& dAa . a o A ° A
ninuafiflagaisluszuy 3) anaaaAqairaleldaday (Soundness) Aalulmadiaaud
laannssstadianyluwwasshiidrabunaeussnungwioriilvassnz liiduaiaie
UuannuLrasiaay

3.1 ﬁaamwag1% (Assumptions)

Qi

nIsanuuEmIlsaaTadinu s uATa LA UAWILLATETIN B
susuuulsmefazeduuidaun g aslt

(Y
= a =3

1) szuuvhaueguudasdyanmlias (Wireless Channel) T4 lfinan gL Foun

\ia (Packet Loss) uazaufansalumisseynzaua (Bit Error)
2) sruvfinszuIwpiasiteyanuuLaiale (Reliable, Communication)

¥ Aa 1 c'i/ Ai A tdl o dl o v oA v [
TB&NN@gW%L%ﬂW%LWﬂ%QﬂLﬂEldﬂtyﬂ']ﬂﬂ']l‘lﬁl,ﬂ@"llﬂgﬂg@%’]ﬂl%izuua%

A % a A — = it o A o &
Lua\‘m’]ﬁ]’mmyty’]m’mSg‘i’ll“ﬂ%ﬂ’ﬁm“naﬂa ‘ﬁ\‘]ﬂqiﬂaﬂﬂu%iaLLﬂ%mmaHaqm“’]ﬂLV\a’]uaﬂ

]

HANLAHAVA LAY DI HINEANINT T
3.2 LUUIIABIANB

WU AN B LN 385190 ) MIaTaganuny alflutfenunuATE
Q v A 1 1 v
aaden (ide 2.1.1) Fudwaatesvasmmllsdenlasendouagluglvesdaniu

6 A A ] [ [ & @ .ff
g8 (Horn Clause) lagfisuaziduauasudasayansniaid
3.2.1 W3ALARA (Predicate)

wadaaimdusyansainltlunusasanudunusvesdays 1w inidian
temperature(NodelD, Temperature) WXAIANNFUWUTTZRIINANBIAVVRIFDRAITLS

A A [ Ad Ao o oA < ! v
Lﬁa;f[ﬂﬂﬂa NodelD ﬂ‘Uﬂ’]aqm%ﬂum’lﬁﬂ’mm’li‘ugmaNiﬂduumuﬂﬂ@ﬂa Temperature,



13

LWIALAA location(NodelD, X, Y) UsaIANMUFNRUETzWINInaneasasanidITuy

o oA

Wauled Node ID NUFIANALAK X LAzATRNALNY Y WasaniarTusidonlaani tiu

U
v

Atk

Q L {d‘ [l =3 £ g dl a 1
myanwnmagimamumumwawmwmmﬂ@ 153 NodelD, Temperature,
& a , &a & a A o o &a e o o
X, Y 38310130 Nna (Argument) 2a9NIALAA TIENLTBUENINULNBAUUAUALE
Q = 1 1 =Y 3 Q A Iq/ 1 { v
danmilngazmineanuiariiwudiudwdiuds Siaansngnunuie BANAIN L6l
9’9/ =) &, v v Qs Qs Qq: 1 r—Y Qq/’
T e N g UaI T AN U AU UA WAL AIDNHTLRNTWANILAITNTIDTI AL UG L T

“ ai”
AN

TLUURIRIUNIIUTENIAN AT 0 ATDTRET LS N WA NI W T LA VI NI TS
Uszinnuasinsataaaantdin 3 Ussian fs

u

a dl v & Yo J 9 .
1) L‘wmLﬂsmqﬁmﬂuwmﬁu@mummg (User-Defined Predicate)
|

a = “ . & & o o A
L‘Wi(ﬂLﬂ@ﬂizmﬂu’i}zgnﬂ’mu@mumI@ UIﬂiLLﬂiNLN ﬂiay[fﬁim_lll PININIIN

nuaduanuduiuslo gizgn Nunisauna i 195z Dudains
2) WIALAANI MNNNALIE YL (General Built-In Predicate)

¥
> Fn
a ; = o A ¥ ¥
widaalminnitidunadinanatidis: vy lddaweionliwldsunsuwedils

szuvldvhnsldleslidasimuaiasfiangy . -

g

A0 1N Y TS CH P Gh S S b P bbb

a & Y o a o 1 v
INIALAA “sum(A, B, S)” T4 TRIMILNMIAUIMNATINYIAT A uaz B lagld

o =) a té Y o s o 1 >
dasuvaINaTIdu S @ia 1nidiaa “absd, 2y FelEEmTuMIdwImdEuY ol
(Absolute Valug) 2a4f1A lapladnauiidy 2 dsdannnny |A| A3awsaiaadszinn “”,

£ \ \ o
o vz = gglFlunindSuuisuaigaddn 1w

@ eda o

£ l&’ o 0 o .
3) AR A ANIRN DA NURINNAVAIATUINNUIN DI UL (Sensor-Specific  Built-In

u

Predicate)

Lwa‘aLﬂ@lﬂi:mwﬁﬁmﬂmwﬁm@ﬁﬁaagjuumwmmiﬂmmﬁﬁuf LT LI
1A® temperature(NodelD, Temperature) 7 benanalidrsdusin ﬁlzifuagﬁ‘ummmmm
lun1asadugungivesdiiug stﬁmﬂﬁuqﬁ'agluﬂszmﬂﬁ loun twsdiaa
humidity(NodeID, Humidity) tAaldlunsenuenanaududunng, twsditaa light(NodelD,

Light) tiwalglunsanuaranuituwas tludn
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3.2.2 221119939 (Fact)

Twnuwinmwusiidainiaaisaznansfsdaiinasauuya (Ground Fact) it
A o & a a { A o . {2 o & a A
TifaiinsiRanIAleafinn ga1iiwudgnunudoadi Sidaiinisazdudnuan

o o [

1 { L YV A { a a Il&, e W e v { Q
ﬁamﬁmiugmmwvlmmﬁmm’mmemmﬁmuﬂummmmsmaamsugﬁﬁmﬂu
SZUU L% temperature(5, 25) wunofisdngunndnanibiaulosmunony 5 anaduld
1 = = v A 1 dl v o v Q d’ =)

WINAU 25 a9ALTRLTUR LDWe mmﬂum‘nQ’Lm:uun’mu@%mﬂm‘lm:uuwm@ﬁrm

A ~ o o g . . K o A ~
mem@m@’lmﬁugﬂmuwumm L% location(1, 33, 45) RUNSDIAILAUINFTDIWN
Wan leavunuLay 1 @"&ﬂg;ﬁaﬁﬁ'mmu X WiNY 33 LaTWNALNY Y WNU 45 lwnImin

;fl,‘*ﬁ“/‘iwmsﬁmum‘hmeﬂﬁ'@mUm“ﬂﬁn”uamﬁﬁaﬂmium%aﬂwf;l
3.2.3 0 (Rule)

=) v di v A v =1 A |$ Q/ v
ﬂQNVL’JLWQE’leﬂu (Deduce) ‘lmﬂmamwwlmmumiﬂUmﬂﬂg’mmmgﬁnﬂ
v = A a AaAa = ) & ~ o &
Tainiudundegmelisadu o sainnguusidontiaglulveseydzlvagaiu
é EZ 1 a - ; 1 Qs 1 Qs
(Horn Clause) $9tsafoudnganius (Head) Laz&Iu@l (Body) LTuLA8IALANEN

Tisunsuanandanlunita2. 141 )

datsvaangluldsiniuilszanduesaiatioaisuiuuy e igu dun
dasnsihamiidanlosdmlemuiangasndguiniilaunnit 50 aseiadog az

sanndowdunglaaazdn 3.1

hotNode(NodelD) :- temperature(NodelD, Temp), Temp > 50.

v

a a A A
EIJ‘YI 31 ﬂQ@liQ%ﬁﬂUﬁﬂW%LﬁﬂNI&l\‘]ﬂiau

faaun lasuannghandudrinuiasatszdrarsafiibanloy (NodelD)
mww:ﬁmmﬁuqmﬁgﬁvl@ﬁﬁu 50 @A R ITH L T

sznlaingiiaanmslinumwsiag 2 aadrsni lagaausnfsinidiag
. , 4 A dX o v o wda o
temperature(NodelD, Temp)” @aiilu IwsdlaaAIuALANNFINNTAVDIAITUZ AT
a wn 2 a o aa ) = @ a v ald
UL wazwsdtae > Fadwwsfeara lUndunnuszuy wssinnsssranstnalninge
! d a { v Vo &‘
71 hotNode(NodelD) Faiduiwsdiaafigllfidugrimuaduuies

lugauarvasnguunenanaziduinsdiaalszinnany quas gysunsardung
depdauagdrului laiwdsiniiu i dundasnsmaniidenlosfiasaduainuda
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v v 1 1 ai U 1 A di n' a 1 =1 di uq/' £ a
LRI LA uNINAINLINGINTT uadIanluANtANIgaHTan oot duwani
4 { o A A ' ' { ° v v Y a &
L%awimﬁma%m&nqmﬁgwmumﬁmﬁw’m’mm%msl Fetudoungaudndnues
Lﬁﬂu"l,@”@”agﬂﬁ 3.2

interestingNode(NodelD) :- temperature(NodelD,Temp), Temp > 50,
light(NodelD,Light), Light < 20.

A A Ao . Aa
El]qﬂ 3.2 ﬂg(7']3’371]aaﬂﬁﬂq%LﬁaNIUGﬂiauLLﬂza%1%7]1]@

uAzLAY lei et temperature(NodelD;Temp), Temp > 50 Hulnlauny
Qs [l 1 v A Y o £ L £ o 09; v 1 >
ngluaraganauntndili lakanasainton uaa asniaansassenglnalagande

nyLanniled ldasgun 33

interestingNode(NedelD) :- hotNode(Nddng), light(NedelD,Light), Light < 20.

4 g e\ o Ao
U7 38 nasasang lnilauandon giauniagan

A = X ~ @ v&) ' o a A ° @
Feazrnlannmadounglusnsmetazssliindoung lasussussrilian

= v v Y J
Sunldonunganlalaiedn

wananiTaldsung el ladamaadslndnd s tonaldnglunmsssioswy
wn (Alias) e 17w daszuudinsaiaa coordinate(X,Y) thavaniniananfiitoulosag

& { . 4 1Y @ v o X o {
Wi i fsuanuiuidu location(X, Yiualwildnunlalduniu digun 3.4

location(X,Y).:-,coordinate(X,Y.).

U7 3.4 nslgngaiamumwa
3.2.4 YaA1013 (Query)

ﬂTa@‘hmuﬁuslfﬁLﬁaQ’Lfd’mﬁaamsﬁmaunﬁuﬁuw’mizuu Tauanumuadta

o U-q: J v v { v v a { v v v
FONNBBIZTUABAILLATDIRANY 2- URINANIALaaNdasn1Iony uazdarineaas
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\ATBINANEA LU ?-hotNode(NodelD). 1aldTasvadnauiidununoindszdrdraniii

L%awimﬁ‘d%m}ﬁﬂuﬂﬂm’mﬂg hotNode(NodelD):- tempearature(NodelD,Temp), T > 50.

v

AF DN AN DL Iaan el 4 mju@i”mﬁ'u R

v

1) YadanuiialilunsaTiageudaIiaase

v o & v = a A & a A

°11ammuﬂi:mwm:lﬂumsmnaamwmmasam:q"lﬂuuuagma‘lu
Jeuunsa la I@Uﬁﬂmss:qaﬁﬁfsLuuﬁmaastﬁmmﬁaUmmﬁﬁ?ﬁmw%aLﬂustﬁLﬂmﬁTa
& a ' A v & a A A A
L9939 1% ?- temperature(2, 25). WNalwlunnsaTiareudaiiaasenit aanfibanles

RUNELRY 2 ﬁfummsnm%ﬁuqmﬁgﬁvl,ﬁwi'lﬁu 25 a9anLaLgas LuaSansa bl

2

° p— 'Jdvdd a, A = & i a
laufnaaua sl agaanuil sz AN AuINL “239” w3a ‘Wi’ it laidnezd
v ~ a c?( ] dl o 3
TaiaaTsilegluszuund aetiiety
vi‘
v o dl a £ < a qq/'
2) dasanunalaliiniaSudaliaaiansnus

ﬂ’aﬁ’m’lNﬂizLﬂﬂﬁ%ﬂ‘ﬂ%ﬂ’]ﬁﬂ%]ﬁﬂ@aﬂmaGLWS§Lﬂ@]ﬁLS’]i:qﬂ$\mN@ﬁﬁa%lfl,u
J2UY G‘ﬁaﬁmamfuaamﬁaaﬁ'uLfﬁiau"lmﬁnﬁzﬂﬂuaﬁﬁaquﬁmaaLWiﬁLﬂmluﬁaﬁﬂnm
\Tw ?- temperature(X,Y). Lﬁalﬁumﬁufé;ﬁm%wﬁ%ammaaamﬁﬁauimlwG]LLa:ﬂ'ﬂ
qmwnﬂﬁﬁmmsnmﬂﬁlm ?- temperature(X,25). Waltlunssutamiaasirsvuanes

A A o Vo — a @
aﬂquL%ﬂUIﬂﬂﬂa’]N’]Tﬂ@l'ﬁ'}ﬁ]ﬁ]UQM%QNVL@ 25 Q_\‘iﬂ’]L‘HaLGﬁUa Lﬂ%(ﬂ%

2

3) dafmunlgluaisasiaseiing

Fadnonulssinnilezasanutadiounltlumsasaseuteianss onut
LL@i’.hLwﬁm@m%ﬂmfmﬂuﬂgﬁﬁagl]'maﬂm:uu \Tu ?-  hotNode(5). ialdluns
av1amauiBaondigoulusfiinaionalszdindaiins Aseandosnung
hotNode(NodelD) :- temperature(NodelD, Temp), Temp > 50. %30 bl

s Y o Y o Al Ala L o oA
ﬂ’]@]mJ“nvl,@ﬁ]’mﬂJE]ﬂ”lﬂ’mﬂl‘ﬂuﬂ’]i@]ﬂ’%aavﬂguL‘WEH] 2 ﬂizl’cﬂ'ﬂlfﬁuﬂu e

“939” LAY “1NA”

v

4) TadmunlslumstufaaunInuaInng

Tadnudszinnitazltlunmsegaunudainaiininuanaeaadasniungluda
A1010 1% 2~ hotNode(X). tazanunsiarlszdidvatannibidenlominuandaglu

s:uuﬁaa@ﬂﬁaaﬁ'ﬂﬂg hotNode(NodelD) :- temperature(NodelD, Temp), Temp > 50.
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& v o { 09: v ¥ o g/
Gﬁﬂiumﬂﬂﬁﬂ"mﬂiﬂﬂ‘ﬂﬁ3 WAZ 4 BUTIRINITORINT AN DNLULLTENGN

& Y
Ana b
v o =) 3’ -
3.2.5 JaAauuLUULSynNG (Recursive Query)

PaANDNNALLT WL DA DTN LU UL AT NIALAAUDIT AN DN WA NITLIEN
AA o a Y A ' @ & ) a Ao
npndanwmeaainguuuisendd da lusginarvaingnwulnavldrsiwstinanize
Weanunuwsaaadiwiivaingey augulugun 3.5

1) danger(ArealD) :- temperature(NodelD,. T); #> 80, area(NodelD, ArealD).
2) danger(ArealD) :- humidity(NodelD, H) H <40,
area(NodelD, ArealD), adjacent(ArealD, AdjArealD),
winddir(AdereaID.iAAreaID), danger(AdjArealD).

?- danger(X).

P o : A, a by
31]7] 3.5 @naﬂ’]\‘]ﬂga’]%i-p"ﬂﬁj]_ﬂ’]ﬂqllul]llLjﬂﬂqﬂ

4. & A, 2 T a ¥ 4 a
ﬂg'ﬂ 1 ummm’nﬂummgﬁu (Bas‘eé-Case) ?laﬁﬂg]LL‘]JULiﬂﬂslﬁ PIdUNE
[ & ddd A a & A & 4 o o A o A
Qmaﬂﬂmzmadwu‘nwaumw GﬁG%UWN@"IQJﬂQ%ﬂﬂ ‘Wuﬁﬁ]zl,ﬂuaum']zlmuamauasmua

a A sl AE A o all v a ] =
aﬂqulfﬁﬂuiﬂ\‘iﬂqUluwuﬁuusﬁﬂﬁqwqiﬂﬂj')ﬁ]ﬁ]Uﬂ’]qm‘ﬁ{}NvL@Lﬂuﬂ')'] 80 DIFNLTRLDY

A & a ' Ada a by . < A ) o
ngN 2 BuwIanindunsmndnisipng (Recursive Case) wnfaluaingd
_~ % 1 [ & U
289n7) VW3O danger(AdjArealD) Lﬂmﬂmmﬂyaaﬂsznauagmm FINUTZUINNE
=3 a aql’t:' o A t:i :’ A Og: 1 6a [l U
fawsdtaafifazinnisisenngn 1 $ranasslagadaninatawe bwdianld lag
A o ' & A o A A i a A A A @ AR
NN LABINT 112 lueretaeiifa mwu‘nvl,uuamumaﬂmﬂmnwqmvxgwm 80
I Ly -~ ) U o v p.i =) d' 09: A dv Av 3
aNGRIE RIS (uuﬂavl,uaa@ﬂaaaﬂungmaw 1) geniitTasl sotinaci o duiNunauasnon
A’l/ ai a Oq; aAA = d'l ai > 2( > > q/é 1 A
A luuSasnilaaibenleINaT19UANNTURNANT LAe1NT1 40%  (WIB01NA

v = s dy d' dl 1 o o Y
L) LLatﬂJﬂNW@]N’lﬁ]’mﬁ]’lﬂWWﬂ‘ﬂ8Qi%ﬂ%@]i’]ElLWSWZK’]N']‘EE]‘YH‘L%‘WLWQﬂﬂ’]ﬁJN’]vL@]\‘]’lil

laan3dszunanatagaunuRULLI SNt I%RasiNTUszIaNanguInNnan
d' ] U =3 o 1 a =l :’ = ‘dl >
wwnaLia ligaanaasdsllviungda ldawianissandt lasmsazidaaiioanunis
U320 ANAITNE DI IR 3.3.1.2
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lurznunldwaulunuwidod Weszuuiiuinu dldnuszuuaans
MnuataLnaaisuazngNaesmsls linaunazasdofauas ldsszuule

3.3 daidaanssuszuy (System Architecture)

‘::uuﬁaaﬂLmumLﬁasaﬁuiaﬁwmmmm“?ﬂﬂsﬁwﬁnwﬁ'um%miwd’ﬁujl,l,uu
1Faolunuiapilarinnisudsaantdn 2 §aunan AosIwUIZNIANATAAINN AT 8%

ﬂszmawamnﬁmamw%ga @”dLLam’Lugﬂﬁ 3.6
3.31 d@miszunanatananl (Query Processing Engine)

| g | A o | A . A A o A o
mumﬂumuﬂ“ma’mﬂguuan’mg’m (Base Station) ‘ﬁ\?“%%’]ﬂﬂaﬂluﬂqi

¥
[ 3

dodanugltuizuy ulasldsunaanfipldussuugndunnidaiiaats ny uazda

o ¥ o @ A 1

ANDNY WAEHNINTUIENaKA af N U BN FIANG I UNRDAARDINUT DA DN NNALANE

a
|‘

AlF Iz
lusaudszaudtna®afinewudsznaulddiogen 3 dudsznavdagde
' % : \ N ' . A @
wihsaanlnees, wigdlgudanamathog uasniasdalszanueiatie lavazls
& = = E { = Y
seuuyldsfan (tuProlog) A[23] “d@stduszunlisfonfiusuiudrionsllsuninanin
(Java) \usutlszananagii(Base Engine)ilazasauagunarnuluniisaenniaed
' o d )% ety '-.J"ﬂ v d ' °
wazwihpdsziaanaavinw Gelusudsifissniu U inisdssanananaiauuss

P

nihodalseawaInang Y Lol
H | ; d - -
3.3.1.1 Buaaax wiaas (Compiler Unit)
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Abstract—Several research efforts have
sensor networks as relational databases w!

query mechanisms and globally log
necessary for powerful uses as in deduei
paper, we propose an approach for :
networks as deductive databases that cg
and logic-based queries. Our apj
reasoning and data relating on a query
non-recursive. Additionally, the app
users because the users no longer ne
behaviors of ecach sensor node. We
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LogicQ uses a data filtering and sup
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savings. Our performance analysis
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. INTRODUCTION
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ipported queries in the previous works are quite
ple. there is only one table accessible at a time.
rk in networks of heterogeneous sensors. In

ressions are limited to operations of an
nstant. As aresult. tuple selection is inflexible.
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e tuple as well as the same node [8].
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ving data that is related with other data from
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Unsurprisingly.
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opt
querying
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gic-based query frequently used in deductive
databases and expert systems [8. 9. 13].
In this paper, e propose an abstraction of WSNs as

uctwe databases that enable recursive logic-based queries

*ﬂ y

n-level _users (Section Ill. and 1V). Unlike
/ ﬁn be globally deduced from
Furthermore, we also present LogicQ, an underlying system for

rs| a flexibly selected as needed.
pmcessaloglc-based subquv in an energy-efficient

OS [14] (Section V)

08 simulator [15]
(Section VI). Our result indicates that LogicQ completely
supports logic-based queries while consuming minimal energy.
However. several mechanisms can still be improved and
extensive evaluation is needed in order to realize the full
potential of our work (Section VII).
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Our work has been informed and influenced by a variety of
research efforts as follow.

RELATED WORK

A. Wireless sensor networks as relational databases

The WSN abstraction as a relational database has first been
introduced in the COUGAR project [7]. Each sensed data item
is represented by a tuple in a table of a backend relational
database whose queries are formulated in an SQL variant. An
approach for in-network query processing for this system ha
also been proposed [8. 13]. y

The combination of COUGAR and directed ditlusi
considered a precursor of motes and TinyDB |; t.:\"
query processor for database managem::nt in®
TinyDB, TAG [13] focuses on query proe
and provides a service for users to a
minimizing power consumption.

Similarly. Govindan et al. [6] have prese
data item should be stored in a vi
preserves location transparency.

All of the above works a.re d

Decades ago, logic programming is
databases in order to construct dedu
support a powerful formalism and oper:
very large data sets. Their powerli
capability to process recursive quec
expressiveness over relational databa
PROLOG system [17] can be loosely co!
database system [18] to become a deductive  J4
(i.e., a relational database system with an inferex
frequently-used query Ianguage for de;lumd;
Datalog. a simplified logic p :
consists of facts and rules (seg’
Our early work in abstracting y N

been presented in [20].

Recently, Chu et al [12] have further develoy
into Snlog. a dialect of Datalog. Ei programming WSNs and
for enabling recursive queries. Snlog, however, is designed to
be a declarative programming W for low-level
programmers,

application-level useﬂtrﬁiﬂ-I %E ﬂ
programmers must les"by sing on lo avior.

of each sensor node (instead of the global behavior as a holc}
Additionally. the Snlog pmgrammer must deal with net nrkmg

details
data coll data
systems dec e on h 1t they ee gc thi

data.

I1I. WIRELESS SENSOR NETWORKS AS GLOBALLY DEDUCTIVE
DATABASES

In this section. we describe our architecture and abstraction
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of WSNs as globally deductive databases. Datalog is used in
this explanation as the query language.

In brief. deductive databases consist of predicates, facts.
rules, and queries. Predicates are relations of data or tables in
the relational database terminology. For example. a predicate
temperature(NodelD, TemperatureValue) describes a relation
between a sensor node id and a reading temperature value.

Facts are already-existing data in a system. such as
temperature(2, 45). the sensed temperature of 45 degrees at a
node with the identification number 2. Rules are clauses that

‘ ce new facts from existing facts. Rules are represented as
auses that contain head and body parts. An example of a
wn in Listing 1.

AreafArealD):- temperature(NodelD, Temp)
. Temp = 50
. area(NodelD, ArealD).

ing 1. Example of a rule.

ture with a value over 50 degrees. The
clause. hasHotSpotArea(ArealD), is called

eries can be classified into 4 groups. The first
ccking query that is intended for checking the

certain facts. The second group includes
queries that are designed for retrieving all data
atisfy the fact types and constraints in the queries. The
p consists of queries for checking the existences of

- followed by a predicate and a dot.
o(SpotArealX).. is a query to retrieve ids

~a hot sensor node.
query will Zﬂzursivc if its predicate matches with a

recursive rule who dy contains the same predicate name as
that in its head. For example. one can write recursive rules for

ing sensor nudcs in danger as shown in Listing 2.
ok Tk
, area(NodelD, Areal D).
Rule2: dangeriArealD):- humiditv(NodelD, H), H < 40

HNIN Y vd

Query: ?-danger(X).

” r(A‘ € .-' perature(NodelD, T), T = 50

Listing 2. Example of recursive rules.

The rule 1 is a base case of a recursive program that
describes properties of areas in danger. An area will be in
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danger if there is at least one node (in that area) whose sensed
temperature is greater than 50 degrees. The rule 2 is a recursive
case. Basically, an area will be in danger if there is at least one
node (in the area) whose sensed relative humidity is lower than
40 % and its adjacent area is in danger.

Unlike Snlog, our database is globally deductive.
Specifically. we abstract the entire WSN as one large deductive
database. New facts are globally deduced from facts in different
nodes rather than locally deduced in each node as in prior
works. Therefore. users do not need to construet rules that
depending on local behaviors of each node. Specifi
do not need to program low-level mechanisms 3
dissemination. route computation, data collecti

IV. QUERY PROCEssé
Query processing schemes for dedu
proposed for many years. Howeve

designed for WSNs. The mention
categorized into three main groups:

similar to the top-down systems i
starts from the goal and a query ca
each sub-goal until the deduced fa:
Prolog-style systems produce
whereas top-down methods produce
in-order execution of sub-goals.

Conversely. the bottom-up methods s
and attempt to deduce new facts from
the query. Only facts that match with the g
selected as the answers. Due to the page li
[18] for more information of each imple

Many works suggest that the bottom-up method

that top-down and Prolog

advantages over top-down methods in traditi .. Mua 9:'4"
database systems [11. 18, 21]. However: in Sﬂﬁfﬁéa@(fc‘
o5 i 2
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ArealD). which means a sensor node can detect an object with
the identification number Object/D in the region ArealD. When
a user injects a query ?- detect(oiltank,X). only sensor nodes
that can detect an object named oiltank will send answers back.
Even though this idea is similar to TinyDB [8]. the difference
becomes more evident in other queries, such as ?-detect(oiltank,
area?’f). In our system. only the first node detecting oiltank will
reply. although there may be other nodes that detect the same
event. This is reasonable. given that one reply about the fact
existence is sufficient to satisty the query. Therefore. the first
teeting node does not need to forward the query further. Thus,
is no other replier (see Section V for more details).
. each node in TinyDB still forwards the query to all
in the network; therefore. energy is consumed
u
“Forareeursive query, the top-down strategy can also be used
inference engine for processing recursive
¢ on the central server instead of distributed
n is that a user usually injects queries
. not from arbitrary sensor nodes. The
red to the user eventually.

gs of other facts somewhere else. Naively
over the network to several inference
xcessive energy consumption.

most relevant facts are pulled from the

ts can be cached or kept in the backend
srence engine for future uses.

. We can use an answer set [rom the previous
to filter out (or suppress) the irrelevant facts of the

opal, For example, consider the rule in Listing 3.

alD) :- detect{ObjectlD, ArealD)

appropriate.
Understandably. facts in a WSN

an environment. They are locally of

sent to the base station only whenaested‘ Top

in a bottom-up manner, we need facts from all relevant nodes so

that new facts can be globally deducsd. Therefore, each node

may be required to send its data to_a ous point (¢.g..
base station, an inf engi for su
Undoubitedly, the mentione cl m £ons ‘

energy. To reduce this Q’rgy consumption. only relevant data
should be delivered. “

However,. it i i ¥ selectively s vant da
because Qo ﬁn% \ﬂc s ha A\
certain sensed v or facts that ely sallstby |

fact in a n0¢ may be relevant simply because another fact
somewhere else happens to have a certain value.

Conversely. the top-down approach can use information
from a query to suppress irrelevant facts from being sent. For
example, if the system has a predicate detect(ObjectID,

, temperature(Object!D, Temp)
Jdemp = 50.

3 Exalﬁe of a rule that two predicates related
to each other with ObjectID.

DWhen a user injects a query ?-hotObject(X, area7l)).. the
stéihdil ¢ h the above rule. Therefore. the
ri tiealD in le will be bound with the constant

area’f). Then, the system will attempt to match each predicate

in the body of the rule. Each body predicate becomes a

sub. t needs to be satisfi

-querdtha

1 i al . the) firs u is detect(Object!D,

a’fl)). This s u disse ted info the network. Only
cligible repliers are nodes with facts or rules that match the
sub-query. Others are suppressed. Consequently. only objects
in area70 will be bound to the variable Object/D. Then, each
ObjectlD will be used to bind the temperature(ObjectiD,
Temp) predicate and can be used to filter out or suppress

irrelevant facts from being sent. Furthermore, we can also use a
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constraint Temp > 350 as another filter before injecting a
sub-query temperature(ObjectID, Temp) to the network.

Due to this filtering technique, this top-down approach can
significantly reduce the consumption of energy that is limited in
WSNs [5].

V. LoGIicQ

In this section, we present LogicQ, the underlying system for
sub-query processing in WSNs. Running on each sensor node
LogicQ is implemented in TinyOS [14], the de i‘acio 0
system for the motes. The functionality of Logic
answers for each sub-goal that needs data from

A, Built-in predicate

Sub-goal predicates that LogicQ is re
built-in predicates related to senso
include predicates that are related to
sensor nodes. such as remperature(Nod
sensing the temperature. connect( s
checking connectivity, etc. T
predefined during the system installati
will solve the sub-goals that ama
predicates by injecting sub-queries
sub-goals into the network.

B. Rowting Tree

When sensor nodes start up, LogicQ
for disseminating sub-queries fron
nodes and for collecting answers that 5
We use a drain tree of TinyOS as our rg
tree is the gateway node connected to th
node can have many child nodes but o

necessary to be forwarded because the
satisfied).
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existence-checking query (Line 1), a sensor node checks its
facts locally first whether it has a fact that satisfies the query or
not (Line 2). If'a sensor node has a satisfying fact. it will send
an answer “true” to its parent immediately (Line 3). Given that
one answer is sufficient for this query type. the replying node
does not further forward the query. Otherwise. it will forward
the query to its children (Line 4 - 5).

If the query type requires all satisfied answers (Line 6), a
sensor node will forward the query immediately (Line 7).
Regardless of the local existence of the satisfying facts, the
stem still needs satisfying answers from all sensor nodes.
rwarding the query, the node checks for local satisfying
f it has one, it will send the answer up to its parent

ery()
uery type == ask_for all satisfied

-suppression  mechanism, LogicQ can
/ transmissions. In addition to our recursive
v dissemination differs from TinyDB’s that
very query to all nodes.

VL

duct our preliminary evaluation of LogicQ on
‘inyOS-simulator). We assume the reliable
no packet loss because of bit errors or

PRELIMINARY EVALUATION

C. Sub-query tvpe
In Section 111-A., we classifw
in a sensor node’s view, each su

an m C
two types: one for existence chccl@‘and another fo
all satisfied predicates. To check dn existence of a fact, every

argument in this first query type is cwl Egt and the answer is

only true or false (e.g.,detectfoilt il
and area7() are cons eref i ‘
necessarily disseminated If ol

has a fact that satlsf' ied the query, thc system does not necd
answers from other nodes Conversely. the second qu‘y type

requires
AN
constant ar nee. st il

answer of anch‘D that is detected in area70. It is necessary to

amoum of ene
MI scn‘m i ﬂ
We comparc our proposcd 0

1SC0 ﬁ the problem caused by radio

Chthd LogicQ is an underlying layer, we

at th is an inference engine running on the
2

hase station. Thiﬁ ine is responsible for injecting each
sub-goal of the rul¢to the network.

¢ evaluate LogicQ in 3 metrics: completeness, soundness.
ication cost. Completeness is measured by the
mber o i answers to the total number of
wers int twirks. We measure the soundness

vy the ratio of the number of relevant answers retrieved to the
total numhcr of retrieved answcr Communication cost
indicates'thé cd by the system. In this
ured by the number

wn method with the

bottom-up method to justify the v1ab1l11y of our approach. In
the bottom-up method. all facts are sent to the base-station for
the inference engine to process. We do not take the cost of
routing into account because we use the same routing tree for

disseminate this type of queries to all nodes.

D.  Processing algorithm

The sub-query processing algorithm for each sensor node
can be written as a pseudocode in Listing 4. Once receiving an
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Fig. 1. Communication cost of the query detect{Obyect!

%

Bbmiar of M o) Sowmb otk el

munication cost of the query hashotspotarea(Ohjectil), Areall)

both methods. Finally. we will als
completely supports recursive queries.

Our preliminary result indicates tha
nearly 100% completeness of the.a

ata. unlike the bottom-up approach that needs
ilters out by the inference engine at the base

al
S%
i s¢ +in Listing 1 to evaluate our system about its

5 'éap ili ocess sub-queries. We simulate our system by
. > clin, 20al of the query hasHotSpotArea(ArealD)
S|mulat|or1 are due to the packel Iosstha iglcau sel hat s to the above rule. Expectedly, the result

S i : : t our system outperforms the bottom-up
of the query types (including the

suppmssmg mechanism can decréas
in the system, the probability of bull
Thus, LogicQ can achieve better
achieve 100% completeness, a cong

gs in non-constant queries is reduced
des is increased. This indicates that our

WSNs may be required. il - L scale well for non-constant queries. This

LogicQ also preserves 100% 3 5 g _' ﬂ s due to the naive implementation of our approach. In
suppressing technique. The irrelevant answ "__ node .. i ation. each answer from the previous sub-goal is
will be suppressed from sending to its pare | i ¢ variable in the current sub-goal. The number of

Furthermore,  LogicQ  incurs i i ¢ current sub-goal depends on the number of
communication cost than the bottom-up m
query types (Figure 1). In this simulation, v
of messages sent in the our system in order to ans
queries using a simple predicate, derecr(OQ;gttEJﬁ«b :
The first query is for checking the existence of a predlcate. M’l &
arguments in the query are co

one constant argument and on
query. all arguments are variable

variable with a different value.
¢ number of nodes is increased. the number of answers
evious sub -goal is also increased. ConseQuemly. the

messages sent into larger networks.
an be solved by sending only one
ub-goal with a list of different values

Our message counts in answerf : i d wit] variable. Nevertheless, we have not yet
are compared with that of the bottom=up mcthod ardle implemented this optimization in this paper. We intend to
the argument types, the bottom-up approach always incurs a  further explore this technique and other optimization
certain amount of messages sent b@iu all facts must be chcs in our future work
delivered to the base s ly. are used for preliminary testing

LogicQ will signltﬁ}ﬂl ﬁ @J%ﬂﬂ ﬁg Ql[ 1d su oﬂ the recursive query. In our
the query contains at ntt eacontains 10 nodes equipped with
irrelevant  answers. ever LogicQ will incur the temperature and humidity sensors. The base station contains

commumcauun cost similar to that of the bolwm-up appﬁach if stauc Fawf the ac{;acem predw For example. the fact

all argum is ected to the area 1.
facts are rde 1 ﬁ&:& non=¢ j H as at ﬂ:ﬂde whose sensed
under our |n tl ated sc tu 50de plies danger. Area

Neverthelds, in our simulation, we assume all nodes are 2 and area 6 are the areas where there are at least one node with
equipped with the same sensor type. If the sensor nodes are  low humidity that implies possible danger if at least one of their
heterogeneous, LogicQ will still reduce the communication  adjacent areas is in danger.
cost significantly even with the non-constant query because Under this scenario, LogicQ correctly returns area 5 and area
only relevant nodes with the matched sensing capability will 6 as its answers. However. LogicQ sends slightly fewer
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