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Abstract Many events in real world applications are long-lasting events which have certain durations. The temporal re-
lationships among those durable events are often changeable and complex. Moreover, when there are out-of-order
events, the query processing becomes more challenging. In applications of internet of things, ordered arriving of order
events is strictly required. However, network latencies and machine failures often cause events to be out-of-order. In this
work,we analyzed the preliminaries of event temporal semantics. A tree-plan model of out-of-order durable events was

proposed. A hybrid solution was correspondingly introduced, Extensive experimental studies demonstrate the efficiency

of our approach.
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TRAPET A ] B R R BT B A AT
K.

WERBEMBERENAF, A& EOESHR
HATERE A B R — B R PR R, T H AT E &
5, R RETEMNHEN, CRETRY,. BRIREGRTELH
PR HEEYRMFET IS HERENEEREH S
BAb s | P B AR A AR, Bk, EXMEL T HE
TR AT, RRRERE T EE RO BFAEA. LB
JEHEER BRG], A BEUE —1 RFID 74, RFID %
FRPRERERIL RO E, HER EK O M 0%,
IARFEBR BRSO A RE-RSENBIE -4, BREMN
#F 2 (8] OS5 I OV AL BRI B2 4, AR 45X A 43 FT RE AT 3
T ERAMRESK O LAKIERSFHRETILF BLHR
SWRE—-EHENGRIE R HEROTERS, NTE4
AhIBEER R R B RIRIE. B4R, BRL . SEAT b A 7
MEFREG RO TR,

AEWRERAEMAEREEEF A NFA RGN F
gl BRET NFA B5RTFTE 3 NFREI& 4.
(DIAHET NFA 77 SR RS F BB %
WP EY; ()7 NFA P REE#AZOBE M IESR M (3NFA
REFRE A PR HT RS, B, 30
H T ETROERERZRE N E BN LS.

FICH) FE TR -

< BT RERE R E P HE TR R B R T
PR B — BT R T R

< Bl T R BELF B R B A B RN AL, DA R
X LS AT O 125 5

cRETETRNE S EHEREN, 7 LUET 2L
AR

« BT AR A 77 85 R A DR T R BB A
T LUAR S5 78 SR 7R B P A S o 2 [ AT U4

A5 2 T BRI R TAE: 55 3 WRBE MRS
4 4Rt ELA I IR R SR P AR AE B BLIF 2B (B R R I 7 k5
555 RN — R IR A BOMR DT B A — LA SRR 5 55 6 TR
LWERG T BRIGRAWRE.

2 MxIE

B R0, FEELF B4 FET 8] B IR (4 7 T AR A — LA o5 B9 B
RIME. RMERIIFTH, TRAERRTEEHESESLE.
Rt 2% iR AL Py B4 T (] B S 4 ZE Bk ) op e R R R
Fefp oAy [alRE

P EH TR TS AR RE. —REET
SR, HE AR EATFH; 55— R THEm i, K
HZREAFN. BARAZIEASIEPHEHREILFH,
FrLie hELP B AR G A, SCRR(10]9 faifii i ALF
MBI, R T — MR85 PR BE (aggressive strategy)
WhE. ERRAFFGROMELT, ER RS> E R
KEREHER. AR, N TRIEFEGRRRIEL,
(REEME SR BRI T —H3E M AR AME T B

MBEREHEREE TN RFE—BEIMIE XE
BBt K-Slack B FBLEHREFF , PR PR v & 5t 50130
5, TEANEEN BT TS, SEALFFHEHRR

« 180 -

MR 2 A A K-Slack BN LT WA B MR LR A
. BEMNEARTIR B ASMHZE N K S8R B RS
RIEH A PP, K-Slack FH:M BB AR K 9
Wk BR ), & k& i B REID 326 2% I 28 o W 4% 3E IR B9
A, BN, K #—A-4& BRE AT AR E 9 45 b S 3 58 5R 1)
BRME. AW, FEE F RN AB A, K ATRE ST X
O TG W — SR B, H 7= A D B RO EE R ) B
T/NCRTA R LAGE g ik 0 BL P 244 0F BLr= AR 48R i
R, EIEM B2 T, K-Slack FEWEBERSMEZSE, H
PHEEZIER,

Ao —RhabFREL P B4 89 T i 2 ) AR B AF i (punctua-
tion) o XA H AR I 7 F 44 i o B A AW S (assertions) ,
FRBRE N E W ERE B AR R AR P ARE
HEE, SCRO10]F M X A E AR R T — AR R
BT ERRELFEHRERENERT, €0 B
PR UMFIEROEE R . R IF IR (Partial Order Guarantee,
POG) M H 18X M B IS BIRE . X RBAR (B
REMNTEFLEFAFLERS I BE LB A—-LEE.

RFrEBEM, B E&FRE WP TAEDSS0,
Kam 555 R 0 —Fp B, FI 5 4 ) 33k 0 0k & BUO %
BRI, SR, R IR R AR A, AT = A 1R
ZEMER. Papapetrou FV R T —FHE L H-DFS, fR#E
H e () B P AR AR 2, X LT SE LAEERH ID 51 B =44
FHREARIIRREF R, —FHH D FHIS5HbEHS
8 ID FHI& 3, A=A i SH, EREERARRKE
RIS, X AR AR R R, Wu W RH T —FE
B TPrefix, FIok M B (6] Bt 28 44 dz Sl 4k s A S
TPrefix B 55 MBS ECE R b R 38 50T B B4 SR 5 AT 45
AIZHE 2R AR BB oh 7 A B W] R AR i =5
JRER A PSEER R G R B H . TPrefix 5 KA
JER B JR BR A, B 7 %o B8 PE AT 2 R 133l , B A R AT
Al SR ARG KB/ N HIAS ], N T ARG SR G , SCRR8 ]+
GH T —MNBNRE T NRERFHNRBEREEW, H
B4R T8 TEMiner, I3k M & 8] B354 HR & B350 5 Ao it
AR, AT AN TOUNA X Fh R X T R AT 2, M A
& BELF E

3 WEHIR

3.1 HHIEX

BAEHHAE A 1D M RRE . A B A AR
TR EHRMEE A F R R BLAR MRS RREHEF
AP AT B SR Bt a] . o7 A A R AR 48 BT LA 4 ik —
43 KRt (A & A RO, R A 28 Y B N b S
[EAREE ) — L E B .

TEX V(RFIRPRLEE) B TEDRL B 2 AR R R B 4 TR
RORLEE , InFb . 4r e VR VBB A VFE.

ERBENRRNZR, B E ChFE MR,
R, BORE Z B M LR AT RE R AT ER . Hln, BEHAA
#3 s AR TAE B MU/NST Z 8] 6t B 8RR R B B #

ENX 2B @i H={T\, -, T} B—1TLMHERH
%Bﬁl‘ﬁjifﬁ%’%’ﬁcp vxﬂ'ﬁ:‘ﬁ:/l\ 1<i<n,%ﬂ3ﬁ T STt
Bt H = {minute, hour, day, month, year} , . H minute =



hour, H FHEANBEIBERE—1n JTH @, 1) P T
R 1<i<n, ¢, BEFRIBIE T, SH— AR B,

EIBREF R <g #THDT . BRmEE T=(,
ot )< T'=(t" 1, DY A UEFE A i A<i<n) f#l
ti<Titi/ FEFEXMTFHER j=i+1,,n8H t; __-tj/o R,
W i=n, WA=t/ T<uT FRTHET ZHEL;T=
T'#m T M T RIE &4, ‘

EXIFEFEME 4 ears Hle s FHIRTEHF e 3
AR IR LR AR, A — T FHW S:ere, )
ey Ho €. ats<lez. ats<l++<le,. ats, 3T SHHEEWHIF
1 e Fle; (1<i,j<n) , IR ;. 15<Te;. ts, FEH e, ats<le;. ats,
NWRZEHRRE TR 6. ts<lei. ts, 7 H ¢;. ats™e;. ats,
0 e B—PELFEMS,

WA 1 FrREF P B e —e BERARERETFH,
{812 e, WBARTEH . 3 B, X ATBR =4 TELF .

eL.ts ents es.ts €418
\ \ e timestamp
e.ats es.ats e,.ats esats  arrival time
Bl ALFEHS
3.2 HfER

BB E T MEE G ERT %, U REA-H4m
i B R FE A LR R A B R B, BTFafH B R =M,
HE WA a4 AP R ST B AR AT
3.2.1 #7EZMBX

BTEAEKEREHEM LB RGN ELD)
BB, BT ZEISEMAFRITT , B4 Z [ RBME, XX E &
BAERNERARAN. A THEIEREE, A5 M RASH,
REME =t A R P BAE TR — I S, 2 w.
g, an SR 2 &1

MMM TV. €1, ,n—1,#HE e. endtime<ley,. start-
time;

(2)e,. endtime—e: . endtime<<w,

W seq(ersez s sensw) MTH—NEEHEM, K 1 =e. start-
time,t; =e,. endtime, Ft,seq E—RINBF XL LE
BHEMLT.

A 2 B2 BAR .. ENEEANFTERELRE
S B CARL IS 2 s A AT R SRR ER M R e
BERMEFZE) . BIREMEAMZEZTHREREH 30
SHERNIRZS . ISR RN B IR B TT 3R A SR I ] L e UK
HIFF SR FIGE TR B a] , (HLR 7 R B ) FF 3R i ] 22 BV A B IR
TR BB LR AT, X B R £k HH BT (R S TR AR,

l-.Iave Ta.k'e Washing Goto
dinner medicin sleep
s s s.ts

e
hd.ts hd.te tm. tm.te w8, ws.te gs.ts Time

H2 BsirEiaE=S
3.3.2 HAAHEmEX
HOTERERXREHLHE RGNS — R, L H 3t Tt
B EREMHEREL. HTEREEE, AMEEHITHHTE
EEAFRN. HTERERNME - EYE, iTE w.
B, pallersers e sw) B — MR AEH, o 1 =min

{e1. starttime, **+, e,. starttime}, t = max {e1. endtime, ***,

.. endtime} , FH-H tp —tr <w, W, pal RIFFEHZHHE
BRMLF. #EAESRMTRA IR, SRERE
AR BEHAENBAR w WEE, SHERAIF L TR
RREE A, B E B, BE _EEEFNRIAR w HEE.

W 3 FEE TR, B RAT A T B S, B
REEHET NAE P LB —f KA E. BARITHH
EPRERBEZM, TUTFEIL G ERFITHALEE P H
WRER . MARLHESNRSERAR, ERBENEPE
KATRE R B0 A 15 M.

Processor 1

A=\

lR1|R21 |R8lR9I 'Rn| .
~
M IRTEER

4 BEANEFEERENELF S

ENATHFEHANEXEETESBMREZE, &
748t B B Al RS T RRAE O FL P SR O
4.1 RAHEFEESTENSHEER

meEE 3 W AABK, BNEMHA LIRRHAUAD, Vs, Ve,
Os,0e,Ss,Se, Ky, H Vs fl Ve 43 5 F R B4 HHBIFIHR
FEEHR T E]; Os 1 Oe 43 BN S0 K A 9 T 4H A5 R 18] 5
Ss FRBEHB K8 RGERIETBRETR] ; Se FARBHLERITWHR
GEntia); K R AR MR RS BRAE, B R1E
FREMRIE 2 BT I EE LRI/ Se B9l . R T HHAARZ S, =
R REPRA AR B, I E 8 BT,
411 FHREFHX

EAEHME IR T (K Event Pattern i@ i AN [F
B (R VE R S S B 5] s WHERE 3@ i3 35 4 22 8] 4915 18]
ENE RN FFSGWITHIN @ X TAHER N E AR
R HE WA (] FE ]  Real-time Factor FSRARTEA B P X LB
HEHFER
(Query)::=EVENT (event pattern)

[WHERE (value constraints) ]

[WITHIN (time constraints) |

[Real-time Factor {0,1}]

(event pattern) : | =SEQ/PAL((E;(relationship) E;)

(1Ex) (relationship) E;) ) (154,35 k, I<Cn)

relationship : . = { contain, overlap, before, after, meet, finish,

In order Out-of-order

"']R1|R9| IR8|R2| anl :

equal}

(time constraints) : : =Time Window length W

B 2 PPN LIRAR KR Query 1, A RRHZ
MR ; B.C 3 RRMZ 25 UEMK; D £ EIREES. ¥4 B
1 C AT LAIHAT A AT .
Query 1  Elder Care Processing
EVENT PATTERN SEQ(A(Before) PAL(B,C) (Before)D)

WHERE A. Oe<B. Os
AND A. 0e<C. Os
AND A. Oe<<D. Os
AND B. Oe>D, Os
AND C. Oe>>D. Os
WITHIN 4 hours

Real-time Factor 1
i1 AR Q B 4 FR TEMHER Q—1
4.
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Input Events

REAL-TIME FACTOR 1

Q:

EVENT Pattern (A (before) B (before) D)

WHERE ID E:‘;( Seq/Pal: (A,B,D,4) ):j)( Cons ( OEa<OSb<OEb<QSd<OEd) )
WITHIN 4 hours

1D and time ID and time
series constraints

B4 2W1HBEERTTX

4.1.2 HBEEAFFX

H T, A FBRRE BSWL(NFA) BT 2 & F 4R &%
RRTEY . A S FR, RE 1 REBHRVA, HEHA
RERBRBRE 2, B RAEN  HRIIRE 3; 4 CRE
i, FHRBBAWR LIRS, 4 NFA B3 RLORE, B
WHIZMKNRITEL . AT, BT NFA =48 B R S
B AEGRET NFA 7 BN H#A SO RIS E B4
FHFATEM. . TR T {E4H) NFA FRI7E, R EM
Ql FRMAE 5(b). M BEC RAER, fa™4 P RERK
D23, RE4BRRFIEARKHRARE. AW, 6T
F1F B 5 C Z[AFEEH B. price<<C. price, HH{f B Flik
I, BN 9 EC AR B B9 44 C 7] BB b 1A B3k By LAAR A ) B
HOREF G, FXey B NFA Fikd k44 A 18
AT R, TXFAR SUTE R E) B 2R % .

OEa<0Sb
0,00

OEa<0OSc

(a) NFA-based status transition (b) the extended NFA expression

B 5 #F NFAMFERFE

it F i a] B A R A FOR SR A UK T F
PR, T HBUR TH M4 Z B R R AIERE, &SRB T —
METHWEREATEAENEEMYERR, AT
12 E e N = B - gk A A L I N Ly e e
 FERIAME TG, PR R T RE R R R 4R
B~ rP 8] S AR DL ) P — NMRIERF L R — R FE .
K () RREM Ql MBI H ., X2 —BREER, BN
A M Pal {5e4E KNSR B S DILEL. F#,Pal f1D
BRES AEHEE A LRMETRURFITH,

W& SEA — MR 4 SRR AR T
FHSTFHFH RO MPREGERGEFRET . MR
BE—RINCRE, BRICREIE AN FHRE, 458 X
BRI ARG RS E] . X TR o &AL i FF e 1], 3
H—NWSNE PreFve XICFAT— RS P B 3% BB AT
] P 5 HES B B AR B — AN L (B 1D W FEA L6
ISR AT E] , PreEve & 5648 8 H X R B FF 4G BT ). MHFF 45
B AL H A SE B8 PreEve B, 3 PreEve SR 5 1) 12 55
B, B, & 6(b)H,OFEa(7)#) PreEve B 5 E X 0Sa (3),
2R A 9 Sa #eH B 85 OSb (6) B3 B LB OSa(3), B
LL OSb(6) ) PreEve 54815 OSa (3) , i OEa(7)#y PreEve %
HFFER OSb(6), HE]FT S FF IR AL i B B X E &
S0 BT TR 5 A 0 J5 . T 2R ] B e 45 TR ]

BRI REOEEER
Input: The number of events in the stack,N;

The occurrence start time of the event,OS;
The occurrence end time of the event,OE;
One of the events that is already stored in the stack, k;

Output; The correct TList of the stack;
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string[ ] A;

1. for i=0; i<{N; i++ do

2. forj=1; j<<=N; j++ do

3. if A[iJ. OE has arrived and there is no k satisfying the prior
pointer of A[k] is A[j]. OS then

4, the prior pointer of A[j]. OS is set to A[i]. OE;
5. the prior pointer of A[j]. OE is set to A[jJ. OS;
6. else if A[i]. OE has arrived and there is a k satisfying the prior
pointer of Alk] is A[j]. OS then
7. the prior pointer of A[j]. OS is set to Ali]. OF;
8. the prior pointer of A[j]. OE is set to A[k];
9. else if A[i]. OE has not arrived and there is no k satisfying the
prior pointer of A(k] is A[j]. OS then
10. the prior pointer of A[j]. OS is set to A[i]. OS;
11. the prior pointer of A[j]. OE is set to A[j]. OS;
12. else
13. the prior pointer of A[j]. OS is set to A[i]. OS;
14. the prior pointer of A[j]. OE is set to Alk];
15, end if
16. end for
17. end for
Overlap ) —® Root Node
Internal Node Befoe OEb>08d
OEa<OSh OEc>0S8d
OEa<0Sc
D {— LeafBuffer
Hash on Event Type
0OSa OEa OEb OSc OEc OSa OSb OEa OEb OSc OSb 0OSd
317 9 m 12 13] 16 17 20 22 6 19 iowevent
t stream
(a)a tree plan model
[OSb(16)] OEa(17) {OEa(17)] OEb{20)
[} 0Sa(13) [OSa(13)] OSb(16) [OEb(20)] OSc1(22)
[OSb(6)] OEa(7) [OEa(17)] OEb(9) [OSc(11)] OEc(12)
[ 0Sa(3) [OSa(3)] OSb(6) [OEb(9)] OSc(11)
Sa Sb Sc
(b)leaf buffer storage
Seq/Pal|  {OSa(3),08b(6),0Ea(7), |Cons
Input OEb(9),08¢(11)} N (0Sa(3),08b(6),0Ea(7),
Events {0Sa(13),0Ea(15),08b(16), Y OEb(9),08c(11))
0Sc(18),0Eb(20))

(c)Producing results
K6 EFROYWEERFE

B 6(b) RARMREI P AW RHARAFE . EERT,
£ SRR BR LB 3K B IR B L i T A7 (IR 2)
S FA TR, B BIA A FUR R B AT BT A RLAR Y
JEH, 3 PreEve 18 MBTE R MBS — N F. AT, XFHE
BRI AR A TERLFEHREA. —AELFEH
e: € EAFHCT BN E: MIRIAR  , 3F Bk R Bk (Al
. IMRKEN B fkk TR BT ISR A E



REIK,FHHEH e, WITLEFTIE e, starttime™>y e;. starttime
(e;. endtime) , BR 4 e.. starttime 8 PreEve ¥:45 ] e;. start-
time(e;. endtime) ; 75 W , ¥ 55 5 GR IR B 5 SR AT[A] . JSR HTFF
AR B 23k, IR AE S o WG RN ep. endtime B
PreEve #38 6] H X 7 B9 FF 48 BF 18] ey, starttime, BI40, B 6
(©OF  BIRFIEELF M OSH(8) F OEB(10) ., 7E OEb(9 F|
B Z R, OSh(8) Y PreEve ANEEBE L E  OSa (3), H M 7ERT
% 8 Z A0, MBI H {4 B W IT LG edE], T A SR B,
B,0Eb(10) Yy PreEve & OSb(8) , FH Ay F Xt i B9 FF i et
[BIE £33k,
Bk 2 RMGIEARME

Input: The current number of events in the stack,Nj;

The occurrence start time of the event,OS;

The occurrence end time of the event, OE;

The new received event 1D, k;

The maximal size of the stack, MS;
Output: The correct TList of the stack;
1. While k<<MS do
2. if all events in the stack are in order then
3 the prior pointer of A[kJ. OS is set to A[N], OE;
4, the prior pointer of A[k]. OE is set to Alk]. OS;
5. else if there are out-of-order events in the stack, and the end time

of all events have arrived then

6. fori = N—1;i>=0;i——do

7. if A[k]. OS>A[i]. OS then

8. the prior pointer of A[k]. OS is set to Ali]. OS;
9. else

10. the prior pointer of A[k]. OS is set to ALi]. OE;
11. the prior pointer of A[k]. OF is set to A[k]. OS;
12, end if

13. end for

14,  else

15. wait until there is no absent end time;

16. end if

17. end while

event

l Ordered data l Out-of-order

4.2 EfFmMEHEESENILFEGRNS R

ITHRUETHEHBRNATFEG FEEL IR
Sync(a synchronization point, [@#5). £ 15|ATEHFZE
BT ARG A TR T L RE, T8 Sync WItER
KT X FHEALBME, Sync=0, ; 3 THIER#AE, Sync=0..,
TR Sync MAFESIATEFFHNERE, MR~
MRFPAFEITF IS, M HICHRE S, #HTHF WEHN
LRWF S5 BIRE XRBF (Sync, SO #HITHF I F 4 &
RBRFEE—H.

x£1 FHERER
K Syne Os Oe Ss Se
Eo 1 1 10 0 7
Eo 5 1 5 7 10

5 RAMEHFEMHINIFEHRRATR

BEXERRT

FiR T A RERR G 7 R, FEAE 3 E
. KIREREBEIRE . E RIS .PDAPC %, BIFMH K
FEHRIR . X ek B ARSI FENEHRER FH0. FEL
HE | Bk AR HENEG S — S WL, R
BB S B R R, MR ER AR AR
SFEEMHRERF. AmZEHEFLBTIEHBELRAER
Fior = R SUR B B RN AL 5. 3 W . R E Yy
EEF T RInR EMNZRINRR, U R — SRR,
BORE A A TR LR HIDR AL EHICRE A&
WAt BORE BN R — D APUE, S — AN ER R, i
725 1B B A5 B RNIE Lt 77 B T RBAT A . MR B b T A
MK R T R ALEBZERRTEHZENXER. EEREHN
KRB, RRUE—RIITTH, AL SR [ F1E X
MEE. BIEEETHXRARGE THRANTARFR, X8
& TR BB H R

5.1

Termin%ayer
&rmbilc Smart phone

PDA

Push-based N
Raw data

Laptop

l/ Event Processing Engine

Otdered Data Management
e W
Event stream time data elationshi Output results
Knowledge base

fsome query event is absent, \
en roll back to find it, Frll-based

M7 RAE R A AL R AR

B TR ZIN FFENERRERBRE SR
M., 5sBE4ERRERE, W EREAERNRER
FEB . XA Ui R 2 A R R AR IERRE .

Bl £ £k (A Overlap B) Overlap C, g1l £ L3
WCIUN5BEE KECRNSABESE. HSHET
R SRR R R, XEAR KB RRSSB0TRA
BUIR RN EGRERIENT. 8 T RPN, SCIRI8 148
HT —MERERERRTE, EREDBERRE R L5
AT—SRERBNH 5 MEREEHE o %REE f,
HXEH m EBHHE o, FHEE o RX 45 FHA W REMHE
. B ZEEFEHEARRA:

E=(E, Ri{c, fsmr0,s]E)Re[cy fymyo,s]E; ) Roy
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