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Abstract 

In this paper, we present the design, implementation, and evalua-
tion of a system that executes complex event queries over real-time 
streams of RFID readings encoded as events. These complex event 
queries filter and correlate events to match specific patterns, and 
transform the relevant events into new composite events for the use 
of external monitoring applications. Stream-based execution of 
these queries enables time-critical actions to be taken in environ-

ments such as supply chain management, surveillance and facility 
management, healthcare, etc. We first propose a complex event 
language that significantly extends existing event languages to 
meet the needs of a range of RFID-enabled monitoring applica-
tions. We then describe a query plan-based approach to efficiently 
implementing this language. Our approach uses native operators to 
efficiently handle query-defined sequences, which are a key com-
ponent of complex event processing, and pipeline such sequences 

to subsequent operators that are built by leveraging relational tech-
niques. We also develop a large suite of optimization techniques to 
address challenges such as large sliding windows and intermediate 
result sizes. We demonstrate the effectiveness of our approach 
through a detailed performance analysis of our prototype imple-
mentation under a range of data and query workloads as well as 
through a comparison to a state-of-the-art stream processor.       

1 Introduction 

Sensor devices such as wireless motes and RFID (Radio Fre-

quency Identification) readers are gaining adoption on an increas-
ing scale for tracking and monitoring purposes. Wide deployment 
of these devices will soon generate an unprecedented volume of 
events. An emerging class of applications such as supply chain 
management [14], surveillance and facility management [18], 
healthcare [14], tracking in the library [25], and environmental 
monitoring [9] requires such events to be filtered and correlated 
for complex pattern detection and transformed to new events that 

reach a semantic level appropriate for end applications. These re-
quirements constitute a distinct class of queries that perform real-
time translation of data describing a physical world into informa-
tion useful to end applications.  

An expressive, user-friendly language is needed to support this 
class of queries for complex event processing. Specifically, these 
queries can address both occurrences and non-occurrences of 
events, and impose temporal constraints (e.g., order of occurrences 
and sliding windows) as well as value-based constraints over these 

events. Publish/subscribe systems [1][6][12][24] focus mostly on 
subject or predicate-based filters over individual events. Languages 
for stream processing [3][8][19] lack constructs to address non-
occurrences of events and become unwieldy for specifying com-
plex order-oriented constraints. Complex event languages [5][7] 
[15][16][22][29] developed for active database systems lack sup-

port for sliding windows and value-based comparisons between 
events. While it is not our intention to design a brand new lan-
guage in this work, we leverage existing complex event languages 
with substantial extensions to address the needs of a wide range of 
monitoring applications using RFID technology. 

Given a suitable language, it is imperative that queries ex-
pressed in this language be efficiently executed to meet demanding 
performance requirements. Most work on complex event languages 
in the area of active databases lacks implementation details. Stream 

processing systems in the relational setting [2][8][10][19] are not 
optimized for complex event processing, whereas event processing 
systems recently developed for tracking and monitoring [18][25] 
[28] have not focused on fast implementations. In this work, we 
investigate a fast implementation of our proposed event language. 
In particular, we address the following challenges that arise in the 
context of large-scale event processing:  
• High volume streams: The volume of events generated by large 

deployment of receptor devices can reach thousands of events 
per second or even higher. For example, a retail management 
system set up for a large store receives events whenever items 
are moved from or to the backroom, placed on or picked up 
from a shelf, purchased, returned, and taken out of the store. 
Complex event processing must be able to keep up with such 
high-volume event streams.   

• Extracting events from large windows: Event monitoring appli-

cations usually apply a sliding window (e.g., within the past 3 
hours) to a sequence of events of interest (e.g., an item was 
picked at a shelf and then taken out of the store without being 
checked out). In many scenarios, such windows are large, and 
the events relevant to a query can be widely dispersed among 
all the events occurring within the window. Unlike simple de-
tection algorithms that report “the query has just been 
matched”, extracting all relevant events and creating all possi-

ble results causes significant increase in processing complexity.  
In this paper, we present SASE, an event processing system 

that executes complex event queries over real-time streams of 
RFID readings. These complex event queries filter and correlate 
events to match specific patterns, and transform the relevant events 
into new composite events for the use of external monitoring ap-
plications. Stream-based execution of these queries allows a moni-
toring application to be notified immediately when all relevant 

events have been received; as a result, time critical actions can be 
taken to prevent loss in value and mitigate harm to life, property or 
the environment. Specifically, the contributions of our work in-
clude the following:  

1. We propose a complex event language that significantly ex-
tends existing event languages [7][29] to meet the needs of 
RFID-enabled monitoring applications. The extensions include 
flexible use of negation in sequences, parameterized predicates, 
and sliding windows. The language is compact and amenable 

to fast implementation, as we demonstrate in this work.   



!. #e de'elo* a ,-er/ *lan12ased a**roac5 to im*lementing t5e 
lang-age, mod-lari;ing di<<erent e'ent *rocessing tas=s. T5is 
a**roac5 is in s5ar* contrast to e?isting com*le? e'ent s/stems 
t5at *ro*ose im*lementation models 2ased on <i?ed data str-c1
t-res s-c5 as trees @AB, <inite a-tomata @CDB, or Petri nets @CFB. 

Moreo'er, o-r a**roac5 di<<ers <rom stream s/stems in t5at it 
-ses nati'e o*erators Has o**osed to IoinsJ to 5andle ,-er/1
de<ined se,-ences. S*eci<icall/, Le de'ise nati'e se,-ence o*1
erators to read ,-er/1de<ined se,-ences e<<icientl/ <rom e'ent 
streamsM Le t5en *i*eline t5ese se,-ences to s-2se,-ent o*era1
tors in eac5 ,-er/ *lan, ena2ling t5e -se o< relational tec51
ni,-es in t5ose s-2se,-ent o*erators. 

N. O-r ,-er/ *lan12ased a**roac5 ena2les -s to e?*lore alterna1

ti'es to o*timi;e t5e *rocessing <or tLo salient iss-es t5at arise 
in com*le? e'ent *rocessing o'er streamsP large LindoLs and 
*otentiall/ large intermediate res-lt si;es. #e de'elo* intra1
o*erator o*timi;ations to e?*edite se,-ence o*erations in t5e 
*resence o< large LindoLs, and inter1o*erator o*timi;ations 
t5at strategicall/ *-s5 *redicates and LindoL constraints doLn 
to se,-ence o*erators to red-ce intermediate res-lt si;es. 

Q. #e demonstrate t5e e<<ecti'eness o< t5e a2o'e tec5ni,-es 

t5ro-g5 a detailed *er<ormance st-d/ -sing a range o< data and 
,-er/ Lor=loads. #e also com*are SASS to Telegra*5TU, a 
state1o<1t5e1art stream *rocessor. T5e res-lts o< t5e latter st-d/ 
'eri</ t5e need <or -sing nati'e o*erators and 5ig5l/ o*timi;ed 
,-er/ *lans <or 5ig51*er<ormance com*le? e'ent *rocessing. 
T5e remainder o< t5e *a*er is organi;ed as <olloLs. #e de1

scri2e a com*le? e'ent lang-age in Section !. #e *resent an o'er1
'ieL o< a ,-er/ *lan12ased a**roac5 in Section N and a large s-ite 

o< o*timi;ation tec5ni,-es in Section Q. #e re*ort on t5e res-lts o< 
a detailed *er<ormance st-d/ in Section F. Section D co'ers related 
Lor=. Section A concl-des t5e *a*er.  

! " $omple* +vent /anguage 

Vn t5is section, Le *resent t5e com*le? e'ent lang-age t5at SASS 
-ses, and ill-strate 5oL t5is lang-age can 2e -sed to s-**ort a 
range o< emerging RXVD12ased a**lications.  

!.1 5asic $oncepts  

#e <irst descri2e an e'ent model and some 2asic conce*ts t5at 

ser'e as a 2asis <or t5e lang-age Le de<ine in t5e ne?t s-2section.  
9nput. T5e in*-t to an e'ent *rocessing s/stem is an in<inite 

se,-ence o< e'ents, L5ic5 is re<erred to as an event stream. An 
e'ent re*resents an instantaneo-s and atomic Hi.e., 5a**en com1
*letel/ or not at allJ occ-rrence o< interest at a *oint in time @AB.  

Similar to t5e distinction 2etLeen t/*es and instances in data1
2ase s/stems and *rogramming lang-ages, Le incl-de in o-r 
model e'ent t/*es t5at descri2e a set o< attri2-tes t5at a class o< 

e'ents m-st contain. An e'ent consists o< t5e name o< an e'ent 
t/*e and a set o< 'al-es corres*onding to t5e attri2-tes de<ined in 
its t/*e. #e re*resent an e'ent e as AHvC, v!, Z, vnJ, L5ere an -*1
*er1case letter He.g., AJ denotes t5e t/*e and loLer1case letters Lit5 
s-2scri*ts He.g., vC, v!, Z, vnJ re*resent t5e 'al-es o< t5e attri2-tes.  

Sac5 e'ent e is assigned a timestam* <rom a discrete ordered 
time domain. #e ass-me t5at s-c5 timestam*s are assigned 2/ a 
se*arate mec5anism 2e<ore t5e e'ents enter t5e e'ent *rocessing 

s/stem and t5e/ re<lect t5e tr-e order o< t5e occ-rrences o< t5ese 
e'ents. X-rt5ermore, Le ass-me t5at e'ents are totall/1ordered. 
T5is latter ass-m*tion, L5ic5 ma/ not 2e tr-e in all scenarios, is 
acce*ta2le in o-r target a**lications and alloLs -s to <oc-s on 
man/ lang-age and *rocessing iss-es critical to t5ose a**lications. 
S-**ort <or conc-rrent e'ents Lill 2e addressed in o-r <-t-re Lor=. 

:utputP Xor eac5 e'ent ,-er/ de<ined in o-r lang-age HL5ic5 
Lill 2e descri2ed s5ortl/J, t5e o-t*-t contains a se,-ence o< com1
*osite e'ents. Sac5 com*osite e'ent re*resents a -ni,-e ansLer to 
t5e ,-er/M it descri2es to L5ic5 e'ent eac5 com*onent o< t5e ,-er/ 
is matc5ed. More s*eci<icall/, i< a ,-er/ contains m com*onents to 

2e matc5ed 2/ m e'ents, a com*osite e'ent created contains t5e 
concatenation o< t5e attri2-tes o< all t5ese m e'ents. As s-c5, a 
com*osite e'ent *ro'ides s-<<icient in<ormation <or monitoring 
a**lications to cond-ct <-rt5er actions 2ased on t5ose e'ents. [n1
li=e *re'io-s Lor= t5at <oc-ses on com*le? e'ent \detection] Hi.e., 
onl/ re*orting t5at an e'ent ,-er/ is satis<ied 2-t not 5oLJ 
@AB@CFB@CDB@C^B, Le e?*licitl/ re*ort L5at e'ents are -sed to satis</ 
t5e ,-er/. T5is signi<icantl/ increases t5e com*le?it/ o< ,-er/ 

*rocessing, as Le s5all s5oL in Sections N and Q.  
To a'oid con<-sion, L5en necessar/, Le re<er to eac5 e'ent in 

t5e in*-t stream as a primitive event. As can 2e seen, an e'ent 
,-er/ in o-r lang-age ta=es a se,-ence o< H*rimiti'eJ e'ents and 
*rod-ces a se,-ence o< Hcom*ositeJ e'entsM t5at is, o-r lang-age 
satis<ies t5e clos-re *ro*ert/.  

!.! /anguage Specification 

#e ne?t *resent a com*le? e'ent lang-age t5at addresses filtering, 
correlation, and transformation o< e'entsP it s*eci<ies 5oL indi'id1
-al e'ents are <iltered, 5oL t5e remaining e'ents are correlated 'ia 
time12ased and 'al-e12ased constraints, and 5oL a ,-er/ ansLer is 
constr-cted <rom t5e correlated e'ents. Possi2le e?tensions o< t5is 
lang-age Lill 2e disc-ssed at t5e end o< t5is section.  

#e e?*lain o-r lang-age -sing e?am*les draLn <rom t5e sce1
nario o< retail management -sing RXVDP RXVD tags are attac5ed to 
e'er/ *rod-ct in a retail store. RXVD readers are installed a2o'e t5e 

s5el'es, c5ec=o-t co-nters, and e?its. T5e/ create a reading L5en1
e'er a *rod-ct *asses 2/. Vn o-r e?am*les, Le ass-me t5at readings 
at t5e s5el'es, c5ec=o-t co-nters, and e?its are re*resented as 
e'ents o< t5ree distinct t/*es. As Le descri2e o-r lang-age con1
str-cts, Le -se a s5o*li<ting ,-er/ as a r-nning e?am*leM t5is ,-er/ 
re*orts items t5at Lere *ic=ed at a s5el< and t5en ta=en o-t o< t5e 
store Lit5o-t 2eing c5ec=ed o-t.  

!.!.1 Filtering  

Vndi'id-al e'ents can 2e <iltered -sing an e"ent t&'e test. Xor e?1
am*le, a ,-er/ \S3ELF-READI;<] ret-rns onl/ t5ose e'ents L5ose 
t/*e is S3ELF-READI;<. S'ents can <-rt5er 2e <iltered -sing sim+

',e 'redicates t5at address t5e 'al-es contained in t5ose e'ents. A 
sim*le *redicate is a com*arison 2etLeen an attri2-te o< an e'ent 
and a constant -sing one o< t5e relational com*arators H_, !, >, <, 

", #J. A set o< sim*le *redicates can 2e connected -sing logical 

and H$J and or H%J o*erators and a**ended to an e'ent t/*e test 

Lit5in a bHc bJc *air. Tonsider t5e ,-er/ \S3ELF-READI;< Hcate-

gory_b<oodc $ mid _CJ]. Vn addition to t5e t/*e test, it contains tLo 

sim*le *redicatesP t5e <irst re,-ires t5e 'al-e o< t5e attri2-te cate-

gory to 2e \<ood] and t5e second re,-ires t5e 'al-e o< t5e attri2-te 
mid Hman-<act-rer idJ to 2e C.  

!.!.! $orrelation 

Torrelation is a main <oc-s o< t5is *a*er. S'ent alge2ras *ro*osed 
in *rior Lor= on acti'e data2ases @FB@AB@CFB@CDB@!!B lac= a**ro*ri1
ate constr-cts to e?*ress e'ent correlations re,-ired in man/ emer1
ging monitoring a**lications. T5e e'ent lang-age t5at Le *ro*ose 
not onl/ s-**orts 2asic o*erators s-c5 as sequence, negation, A;B, 
etc. t5at t5e e?isting e'ent lang-ages 5a'e, 2-t also adds neL con1
str-cts s-c5 as parameteriCed predicates and sliding windows. 
X-rt5ermore, none o< t5e *rior Lor= o<<ers s-<<icient semantics o< 

negation <or o-r target a**lications or resol'es t5e semantic 
s-2tlet/ o< negation L5en -sed toget5er Lit5 sliding LindoLs. #e 
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P- %+44-#( ()*%/ .$ 4#-2*"$ ! .*1"-. -4$#!(-# 8GPXGI> !% ! ,*1!#6 
-4$#!(-#/ 8GPXGI (!K$% !1 $2$1( $@4#$%%*-1 !% ()$ '$5( -4$#!1" !1" 

! (*9$ 4$#*-" # !% ()$ #*3)( -4$#!1"7 G( #$O+*#$% ()$ %4$0*5*$" $2$1( 
-# $2$1( %$O+$10$ (- -00+# .*()*1 ()$ .*1"-. P7 D-#9!''6/ *( *% 
"$5*1$" 5-# B?Q !1" B?QW8GPXTYP !% 5-''-.%>  

8GPXGIEB?QE!L/ N/ !-F/ #F E+F ! " +:#F+LR!R+1S( !LE+LF#N#!-E+1F 

8GPXGIEB?QW8GPXTYPE/L/ [>\/ /2F/ #F E+F ! 

" +3#F+LL!R+L.R+2LR!R+2-S+ 

!LLE+LLF#N#!L.E+L.F#!2LE+2LF#N#!2-E+2-F#E$+"%E+L./ +2LF"> E+"FF 

]$5*1*(*-1% !#$ !'%- 3*2$1 5-# ()$ (.- %4$0*!' 0!%$% -5 
B?QW8GPXTYP/ 1!9$'6/ 1$3!($" %(!#( !1" 1$3!($" $1"> 

8GPXGIEB?QW8GPXTYPE[>\/ /2F/ #F E+F ! " +3#F+2LR!R+2-S+ 

!2LE+2LF#N#!2-E+2-F#E$+"%E+3#/ +2LF "> E+"FF 

8GPXGIEB?QW8GPXTYPE/L/  [>\F/ #F E+F ! " +3#cLG+LLR!R+L.R+ 

!LLE+LLF#N#!L.E+L.F #E$+"%E+L./ += "C E+"FF 

G( *% *94-#(!1( (- 1-($ -+# %4$0*!' (#$!(9$1( 5-# 1$3!($" $1" .)$1 

()$ 8GPXGI -4$#!(-# *% !44'*$"> ()$ 5*#%( $2$1( *1 /L *% #$O+*#$" (- 
-00+# !( (*9$ +:#cL7  8$ !"" ()*% 0-1%(#!*1( (- !2-*" !1-9!'*$%7 
P!K$ U8GPXGIEB?QW8GPXTYPE!/ [>\F/ #FV 5-# $@!94'$7 8*()-+( ()$ 
0-1%(#!*1( ()!( ! (64$ ! $2$1( 9+%( -00+# !( +:#cL/ ()$ O+$#6 0!1 ,$ 
%!(*%5*$" ,6 !16 ! $2$1( 1-( *99$"*!($'6 5-''-.$" ,6 ! > $2$1(/ 
,$0!+%$ .$ 0!1 %*94'6 0)--%$ + !% ()$ 4-*1( *1 (*9$ #*3)( !5($# ()$ 
! $2$1( (- %!(*%56 ()$ O+$#67 H% .$ $@4$0( %+0) 9!(0)$% (- ,$ +1*1:
($#$%(*13 (- 9-%( +%$#%/ .$ !"" ()*% !""*(*-1!' 0-1%(#!*1( (- $1%+#$ 
()!( !1 ! $2$1( -00+##$" !( +:#cL !1" 1- > $2$1( 5-''-.$" *( +1(*' 

(*9$ +7 
D-# $!%$ -5 +%$/ .$ 4#-2*"$ ! %)-#()!1" 1-(!(*-1 5-# ()$ 8GPXGI 

-4$#!(-#> *( 0!1 ,$ %*94'6 .#*(($1 !% ! 8GPXGI 0'!+%$ !5($# ! %$:
O+$10$ -4$#!(-#7 `$(+#1*13 (- -+# $@!94'$/ ! #$O+*#$9$1( -5 ! d:
)-+# *1($#2!' ,$(.$$1 ()$ #$!"*13 !( ()$ %)$'5 !1" ()$ #$!"*13 !( ()$ 
$@*( 0!1 ,$ %4$0*5*$" +%*13 ()$ %)-#()!1" 1-(!(*-1 !% ,$'-.> 

B?QE/012'341!5678/ aABC7#14D41!5678/ 196#341!5678F 

8GPXGI d )-+#% 

8+*+9#,#*4:#7 )*#741+,#;7 ?2$1(% 0!1 ,$ 5+#()$# 0-##$'!($" +%:
*13 4#$"*0!($% ()!( 0-94!#$ 2!'+$% -5 ()$ !((#*,+($% -5 ()-%$ $2$1(%7 
P- "*%(*13+*%) 5#-9 %*94'$ 4#$"*0!($% !44'*$" (- *1"*2*"+!' $2$1(%/ 

.$ #$5$# (- %+0) 4#$"*0!($% !% :($(.&+&$"H&@ :$&@"=(+&* E! %*9*'!# 
1-(*-1 .!% 4#-4-%$" *1 ;d0=F7 T+# '!13+!3$ -55$#% ! %$'$0(*-1 -4:
$#!(-# E&F ()!( 0!1 ,$ +%$" (- !44'6 ! %$( -5 4!#!9$($#*f$" 4#$"*:

0!($% 0-11$0($" +%*13 # !1" '  -4$#!(-#% (- !1 $2$1( %$O+$10$7  

P- 5-#9!''6 "$5*1$ &/ .$ *1(#-"+0$ ()$ +%$ -5 2!#*!,'$%7 D-# 

B?QE!L/ N/ !-F/ .$ +%$ 2!#*!,'$% gIL/ N/ gI- (- #$5$# (- ()$ $2$1(% 
*1 #$%4$0(*2$ 4-%*(*-1% *1 ()$ %$O+$10$7 G1 ()$ 4#$%$10$ -5 1$3!(*-1/ 

$737/ B?QW8GPXTYPE!LL/ N/ !L./ [>\/ !2L/ N/ !2-F/ .$ +%$ !1 !""*:
(*-1!' 2!#*!,'$ gIJ (- #$5$# (- $!0) 1$3!(*2$ 0-94-1$1(A ()!( *%/ .$ 
+%$ ! 2!#*!,'$ (- #$5$# (- $!0) 0-94-1$1( -5 ! %$O+$10$7  

Z$( ( "$1-($ ! %$( -5 4!#!9$($#*f$" 4#$"*0!($% 0-11$0($" +%*13 

# !1" '7 H %$'$0(*-1 -4$#!(-# !44'*$" (- B?Q 0!1 ,$ "$5*1$" !%> 



!!"#$!!%& (& !")&  ") !#) # $ #%* !*#n,-  

!%!#%)%(%!"!#n) % !") 

./-e -1a- i4 " 5/n-ains a 7redi5a-e re4erring -/ an a--ri;u-e =%&>'& 

and -1e e?en- den/-ed ;@ =%& d/es n/- 5/n-ain a--ri;u-e '&& -1e 
7redi5a-e e?aAua-es -/ ()*+ ;@ de4ini-i/n in /ur Aanguage> B1is is 
designed -/ 1andAe C.D /7era-/rs used in "#$!)>  

B/ de4ine ! 4/r "#$EFGBHIJB& Ke reKri-e " in-/ a disLun5-i?e 

n/rmaA 4/rm "%&(&", Ki-1 ea51 "& re7resen-ing a 5/nLun5-i/n /4 

7arame-eriNed 7redi5a-es> Fe 4ur-1er reKri-e "& as "&-%"&.& Ki-1 "&- 

den/-ing -1e 5/nLun5-i/n /4 -1/se 7redi5a-es -1a- d/ n/- use a ?ariO
a;Ae re4erring -/ a nega-i?e 5/m7/nen-& and "&O re7resen-ing -1e 

res-> B1en ! a77Aied -/ "#$EFGBHIJB 5an ;e de4ined as 4/AA/KsP 

!!"#$EFGBHIJB!!%%& (& !%/& Q0R& !S%& (& !S")&  ") !#) # 

!!"#$EFGBHIJB!!%%& (& !%/& Q0R& !S%& (& !S")&  "%-%"%.) !#) &( 

!!"#$EFGBHIJB!!%%& (& !%/& Q0R& !S%& (& !S")&  ",-%",.) !#)  

!!"#$EFGBHIJB!!%%& (& !%/& Q0R& !S%& (& !S")&  "&-%"&.) !#) # 

$ #%%* !*#%/*#S%*!*#S",# 

  !%%!#%%)%(%!%/!#%/)%!S%!#S%)%(%!S"!#S") % !"&-) % 

  '#&(!#%/& #S%) "!T !#&) % !"&.)) 

Ue?isi-ing /ur s1/7Ai4-ing eVam7Ae& -1e reWuiremen- -1a- readO
ings in -1e seWuen5e mus- ;e /;-ained 4r/m -1e same UXGY -ag 5an 
;e s7e5i4ied as Z!!"#$!12345.63!789:& [;<=9(36.63!789:& 

3>8(.63!789:)&  =%%?&@A=%S?&@%=%%?&@A=%\?&@)]& K1ere -1e ?aria;Ae 

=%% re4ers -/ an 12345.63!789:& =%S -/ an@ ;<=9(36.63!789:& 
and =%\ -/ an 3>8(.63!789:> B1e &@ a--ri;u-es /4 -1/se e?en-s are 

5/m7ared 4/r eWuaAi-@> #WuaAi-@ 5/m7aris/ns /n an a--ri;u-e /?er 
an en-ire e?en- seWuen5e are eV7e5-ed -/ ;e 5/mm/nA@ used in 
UXGYO;ased a77Ai5a-i/ns> X/r ease /4 eV7/si-i/n& Ke re4er -/ su51 
an a--ri;u-e as an eWui?aAen5e a--ri;u-e /4 -1is Wuer@& and -1e se- /4 
eWuaAi-@ 5/m7aris/ns /n -1is a--ri;u-e an e"#i%&'e()e te,t>  

Fe again /44er a userO4riendA@ Ka@ -/ s7e5i4@ 7arame-eriNed 
7redi5a-es> Xirs-& Ke 7r/?ide a FH#U# 5Aause -/ Ais- aAA -1e 7rediO
5a-es -1a- ! 5/n-ains> "e5/nd& an eWui?aAen5e -es- /?er an a--ri;u-e 

!e>g>& &@) 5an ;e sim7A@ Kri--en as -1e a--ri;u-e name en5A/sed ;@ a 
7air /4 sWuare ;ra5^e-s !e>g>& _&@`)> a/re/?er& i4 an eWui?aAen5e -es- 
4ur-1er reWuires aAA e?en-s -/ 1a?e -1e same ?aAue !e>g>& b%c) 4/r -1e 
a--ri;u-e &@& Ke 5an eV7ress i- as _&@,b%c`> TeA/K is -1e 5/m7Ae-e 
s1/7Ai4-ing Wuer@ Kri--en using FH#U# and FGBHG. 5AausesP 

"#$!12345.63!789:& [;<=9(36.63!789:& 3>8(.63!789:) 

FH#U# _&@`  
FGBHG. \ 1/urs 

Gn /ur Aanguage& -1e a;/?e 4i?e /7era-/rs 5/ns-i-u-e a minimaA 
/7era-/r se- 4/r de-e5-ing 5/m7AeV e?en- 5/rreAa-i/ns> Cddi-i/naA 
/7era-/rs 5an ;e de4ined using -1em> X/r eVam7Ae& a use4uA /7eraO

-/r J.IUY#U#Y!!%& !S& (& !") reWuires an e?en- /4 ea51 s7e5i4ied 
e?en- -@7e -/ /55ur& ;u- Ki-1 n/ s7e5i4i5 /rdering am/ng -1/se 
e?en-s> B1is /7era-/r 5an ;e de4ined using C.D and an enumera-i/n 
/4 di44eren- /rders /4 /55urren5es using "#$> Gn -1is K/r^& Ke 4/5us 
/n -1e minimaA /7era-/r se- and s-ud@ i-s im7Aemen-a-i/n issues>  

!"# $%am()e+,(()i.a/i0ns++

Gn -1e 7re?i/us se5-i/n& Ke iAAus-ra-ed /ur Aanguage using /nA@ -1e 

s1/7Ai4-ing eVam7Ae> Iur Aanguage is a5-uaAA@ sui-a;Ae 4/r man@ 
-as^s in re-aiA managemen- _%d` and a Kide range /4 a77Ai5a-i/ns 
in5Auding 1eaA-15are _%d`& sur?eiAAan5e and 4a5iAi-@ managemen- 
_%e`& en?ir/nmen-aA m/ni-/ring _f`& ne-K/r^ se5uri-@ _S\`& e-5> Gn 
-1e 4/AA/King& Ke dem/ns-ra-e -1e eV7ressi?eness /4 /ur Aanguage 
using m/re eVam7Aes 4r/m re-aiA managemen- and 1eaA-15areP  

3e/ai)+ managemen/> Tesides s1/7Ai4-ing& an/-1er im7/r-an- 
-as^ in re-aiA managemen- is 1andAing mis7Aa5ed in?en-/r@ _%d`& 

K1i51 5urren-A@ -a^es an immense am/un- /4 -ime /4 re-aiA 7ers/nO
neA> B1e 5/m;ina-i/n /4 UXGY -e51n/A/g@ and /ur e?en- Aanguage 

7r/?ides a means -/ au-/ma-e -1is 7r/5ess& sa?ing -remend/us 
1uman e44/r- as KeAA as eV7edi-ing s1eA4 re7Aenis1men-> C Wuer@ 
1andAing mis7Aa5ed in?en-/r@ 5an ;e Kri--en in /ur Aanguage asP 

"#$!12345O63!789:& 12345O63!789:& [C.D!;<=9(36O 

63!789:& 12345O63!789:)) 
FH#U#   _&@` % =%%>s1eA4Eid ) =%S>s1eA4Eid  

              %  =%%>s1eA4Eid , =%\>s1eA4Eid  

FGBHG.  % 1/ur 

B1e Wuer@ s7e5i4ies -1a- a mis7Aa5emen- 5ase 5/nsis-s /4 a reading 
/4 an i-em a- "1eA4 %& 4/AA/Ked ;@ a reading /4 -1e same i-em a- 
"1eA4 S& K1i51 is n/- 4/AA/Ked ;@ an@ reading /4 -1e i-em a- a 

51e5^/u- 5/un-er /r ;a5^ a- s1eA4 %> B1e 7arame-eriNed 7redi5a-e 
Z=%%>s1eA4Eid ) =%S>s1eA4Eid] ensures -1a- -1e -K/ 4irs- 12345O

63!789:s re4er -/ di44eren- s1eA?es> Cnd -1e 7redi5a-e 
Z=%%>s1eA4Eid , =%\>s1eA4Eid]& using =%\ -/ re4er -/ a nega-i?e 5/mO
7/nen- /4 "#$& ensures -1a- i4 -1e C.D /7era-/r re-urns a 12345O
63!789:& -1e reading is n/- 4r/m "1eA4 %>  

Iur Aanguage 5an ;e aAs/ used -/ s7e5i4@ /-1er re-aiA -as^s su51 
as res-/5^ /4 re-urned i-ems and de-e5-i/n /4 4auA-@ de?i5es> 

5ea)/6.areP B1e 71arma5eu-i5aA indus-r@ is m/?ing -/Kard a 
s-andard in K1i51 UXGY -ags KiAA ;e 7Aa5ed /n 7iAA ;/--Aes& a44/rdO
ing a 1eaA-15are s@s-em an /77/r-uni-@ -/ de?eA/7 s/Au-i/ns 4/r 
medi5aA 5/m7Aian5e> F1en UXGY readers are 7Aa5ed in -1e en?iO
r/nmen- K1ere medi5ines are ^e7-& -1e s@s-em 5an -ra5^ i4 -1e rig1- 
medi5a-i/ns are ;eing -a^en a- -1e rig1- -ime ;@ -1e rig1- 7ers/n 
_%d`> X/r eVam7Ae& -1e 4/AA/King Wuer@ 5an ;e used -/ raise an aAer- 
i4 a 7a-ien- 1as -a^en an /?erd/se /4 an-i;i/-i5s in -1e 7as- d 1/urs> 

"#$!B378;893(!C39& B378;893(!C39)  
FH#U# _name,Zg/1n]` % _medi5ine,ZCn-i;i/-i5s]` % 

!=%%>am/un- h =%S>am/un-) i %jjj 
FGBHG.    d 1/urs 

Cn/-1er eVam7Ae K/uAd ;e -/ de-e5- i4 g/1n 1as -a^en /-1er mediO
5ines -1a- ad?erseA@ in-era5- Ki-1 -1e an-i;i/-i5s in 1is 7res5ri7-i/n> 
aan@ /-1er eVam7Aes K1ere /ur Aanguage is a77Ai5a;Ae in5Aude 
sa4eguarding eWui7men- use& a5-i?i-@ m/ni-/ring 4/r -1e eAderA@& 
e-5> $ueries 4/r -1em are /mi--ed due -/ s7a5e 5/ns-rain-s> 

!"8 9imi/a/i0ns+

G- is im7/r-an- -/ n/-e -1a- -1e g/aA /4 -1is K/r^ is -/ 7r/?ide an 
e?en- Aanguage -1a- is 5/m7a5- @e- use4uA -/ -/da@cs UXGYO;ased 
m/ni-/ring a77Ai5a-i/ns> Iur Aanguage 5urren-A@ 1as se?eraA Aimi-aO
-i/ns& K1i51 Ke KiAA address in /ur immedia-e 4u-ure K/r^> 

2&+)')DEF GH DG/,I+% +J+"# #F,+K> Iur Aanguage aAA/Ks Wueries 
-/ -rans4/rm e?en-s 4r/m sim7Ae -@7es -/ 5/m7AeV -@7es& ;u- 5urO
ren-A@ n/- 4r/m 5/m7AeV -@7es -/ !e?en m/re) 5/m7AeV -@7es> B1e 
5A/sure 7r/7er-@ /4 /ur Aanguage a5-uaAA@ aAA/Ks i- -/ ;e eV-ended 

-/ -rans4/rma-i/n am/ng 5/m7AeV -@7es> Gn -1is 7a7er& 1/Ke?er& 
Ke 4/5us /n -1e sim7Aer 7r/;Aem and see^ a 4as- im7Aemen-a-i/n /4 
i-& K1i51 ser?es as an im7/r-an- s-e7 -/Kards m/re s/71is-i5a-ed 
7r/5essing -1a- reaAOK/rAd a77Ai5a-i/ns ma@ reWuire in -1e 4u-ure> 

(G#'I G)@+) G" +J+"#K> Ue5aAA -1a- /ur Aanguage assumes -/-aA 
/rdering /4 e?en-s> C ^n/Kn issue Ki-1 -1is assum7-i/n _Sf` is -1a- 
a 5/m7/si-e e?en- usuaAA@ /;-ains i-s -imes-am7 4r/m /ne /4 i-s 
7rimi-i?e e?en-s> F1en su51 5/m7/si-e e?en-s are miVed -/ge-1er 

Ki-1 7rimi-i?e e?en-s -/ de-e5- m/re 5/m7AeV e?en-s& -1e assum7O
-i/n /4 -/-aA /rder /n aAA e?en-s n/ A/nger 1/Ads> B1is& again& KiAA ;e 
5/nsidered K1en Ke address 1ierar51i5aA 5/m7AeV e?en- -@7es>  

!LL)+L'#+K> Iur Aanguage 5an ;e eV-ended -/ su77/r- aggreO
ga-es su51 as 5/un-! ) and a?g! )> Cs aggrega-es /?er s-reams 1a?e 
;een eV-ensi?eA@ s-udied in -1e 4ieAd /4 s-ream 7r/5essing _\`_e` 
_%j`_%\`& Ke eV7e5- -/ ad/7- man@ s-ream 7r/5essing -e51niWues in 
/ur s@s-em> B1is -/7i5& 1/Ke?er& is ;e@/nd -1e s5/7e /4 -1is 7a7er> 



!! A $uer( Plan-.a/ed Approa34 

Ha#ing descri-ed our complex e#ent language5 we next present a 

7uer8 plan9-ased approach to implementing this language; <ur 
approach is moti#ated -8 the o-ser#ation that most existing e#ent 
s8stems use implementation models -ased on =ixed data structures 
such as trees >7@5 directed graphs >AB@5 =inite automata >AC@5 or Petri 
nets >AE@; Fn these models5 7uer8 execution strictl8 =ollows the 
internal organiGation o= a speci=ic data structure and is una-le to 
explore alternati#e approaches to e#aluating the 7uer8; Further9
more5 we =ind it hard to extend such implementations to support a 

richer 7uer8 language =or emerging ad#anced applications; Fn con9
trast5 our approach modulariGes complex e#ent processing into 
pipelined operators as in relational 7uer8 processing; As such5 it 
pro#ides =lexi-ilit8 in 7uer8 execution5 ample opportunities =or 
optimiGation5 and extensi-ilit8 as the e#ent language e#ol#es;   

As descri-ed pre#iousl85 a 7uer8 in our language maps a se9
7uence o= primiti#e e#ents to a se7uence o= composite e#ents; To 
realiGe such mapping5 a 7uer8 plan in SASL =irst turns a se7uence 

o= primiti#e e#ents into a se7uence o= e#ent se7uences according to 
the 7uer8 speci=ication5 and then trans=orms each e#ent se7uence 
into a composite e#ent; Such 7uer89speci=ic e#ent se7uences are a 
Me8 component in translating =rom the 7uer8 input to output; Con9
structing these se7uences5 howe#er5 has either -een done using 
expensi#e Ooin operations in stream s8stems or -een ignoredPunder9
addressed in other e#ent9related s8stems; <ur approach is uni7ue 
in its wa8 o= handling these se7uences: Re =irst de#ise nati#e op9

erators to read 7uer89speci=ic e#ent se7uences e==icientl8 =rom 
continuousl8 arri#ing e#ents; Re then use these operators to =orm 
the =oundation o= each plan5 =eeding the e#ent se7uences to the 
su-se7uent operators; This arrangement allows the su-se7uent 
operators to -e implemented -8 le#eraging existing Se;g;5 rela9
tionalT 7uer8 processing techni7ues; 

Fn this section5 we descri-e -asic 7uer8 plans; A large suite o= 
optimiGation techni7ues will -e presented in the next section; 

!51! A .a/i3 $uer( Plan 

A 7uer8 plan in SASL consists o= a su-set o= six operators: se#

$uen'e s'an5 se$uen'e 'onstru'tion5 sele'tion5 /indo/5 ne1ation5 
and trans2ormation; For a concrete example5 consider Uuer8 A: 

Uuer8 A: SLUSA5 V5 WC5 DT  

RHLRL >attrA5 attrZ@ ! [4A;attr\ ] ^A_ ! [4A;attr` a [4`;attr`  

RFTHFN T  

Fn this 7uer85 A5 V5 C5 D represent =our distinct e#ent t8pes; The 
RHLRL clause contains a set o= conOuncti#e predicates: SAT two 
e7ui#alence tests on the respecti#e attri-utes denoted -8 attrA and 
attrZ5 which are common attri-utes o= A5 V5 C5 and D5 SZT a simple 
predicate on attr\ o= a t8pe A e#ent5 and S\T a parameteriGed predi9
cate that compares a t8pe A e#ent and a t8pe D e#ent on attr` using 
^a_; The letter T represents a speci=ied window siGe;  

A -asic plan =or Uuer8 A and a data=low created =rom an ex9
ample e#ent stream are illustrated in Figure A; Fn the e#ent stream 

presented at the -ottom o= the =igure5 a lower9case letter Se;g;5 ^a_T 
represents an e#ent o= the t8pe denoted -8 its corresponding upper9
case letter Se;g;5 ^A_T5 and the num-er -elow each e#ent is its as9
signed timestamp; A-o#e the =low5 rounded rectangles represent 
operators in the plan; From -ottom9up5 these operators are: 

8e9uen3e /3an and 3on/tru3tion SSSCT; Se7uence scan and 
se7uence construction are alwa8s used together5 =orming a compo9
nent re=erred to as SSC; For a 7uer8 using the SLU operator in our 

language5 SSC handles the positi#e components o= SLU5 which 
maMe up a su5#se$uen'e t67e o= the original SLU speci=ication; For 
example5 the su-9se7uence t8pe =or Uuer8 A is SA5 V5 DT5 which 
results =rom remo#ing cWCd =rom SLUSA5 V5 WC5 DT;  

SSC trans=orms a stream o= e#ents to a stream o= e#ent se7uen9
cese each e#ent se7uence represents a uni7ue match o= the SSC 
su-9se7uence t8pe; Fn Figure A5 the output o= SSC is illustrated 
with se#en e#ent se7uences created =rom the -ottom stream; Lach 
e#ent se7uence consists o= three =ields corresponding to the respec9

ti#e components o= the su-9se7uence t8pe SA5 V5 DT; The e#ent in 
each =ield is denoted -8 a lower9case letter =or its t8pe and a su-9
script =or its timestamp;   

Fnternall85 SSC contains a se7uence scan operator SSS"T that 

scans the e#ent stream to detect matches o= a su-9se7uence t8pe5 
and a se7uence construction operator SSC#T that searches -acM9

ward Sin a data structure summariGing the e#ent streamT to create 
all e#ent se7uences; The8 will -e explained in detail shortl8;   

8ele3tion S$T; As in relational 7uer8 processing5 a selection 

operator here =ilters each e#ent se7uence -8 appl8ing all the predi9
cates including simple and parameteriGed ones; F= the e#aluation 
succeeds5 the e#ent se7uence is emitted to the output; Fn Figure A5 
three out o= se#en input e#ent se7uences pass the selection; 

;indo< SRDT; The window operator imposes the constraint 

o= the RFTHFN clause; For each e#ent se7uence5 it checMs i= the 
temporal di==erence -etween the =irst and last e#ents is less t8an 
the speci=ied window T; Fn the example in Figure A5 T is assumed 
to C5 and as a result5 the second input e#ent se7uence is =iltered out; 

Negation SNGT; The negation operator handles the negati#e 
components o= a SLUST operator which ha#e -een ignored -8 SSC; 
Fn the example o= Figure A5 =or each input e#ent se7uence5 this 
operator checMs i= there exists a ^c_ e#ent that arri#ed -etween the 

^-_ and ^d_ e#ents in the se7uence and has the same #alue o= attrA 
as the ^-_ e#ent Sthus the same #alue as the ^a_ and ^d_ e#entsT;  F= 
such a ^c_ e#ent exists5 the e#ent se7uence is remo#ed =rom output; 
Fn Figure A5 the second input e#ent se7uence to NG is =iltered out;  

?ran/@orAation STFT; Finall85 the trans=ormation operator 
con#erts each e#ent se7uence to a composite e#ent -8 concatenat9
ing attri-utes o= all the e#ents in the se7uence; 

The execution o= the a-o#e operators is pipelined: i= an arri#9

ing e#ent constitutes a match o= a 7uer8 with some pre#ious 
e#ents5 a corresponding e#ent se7uence is emitted =rom SSC right 
awa85 pipelined through the su-se7uence operators5 and added to 
the =inal output; Such processing is crucial to returning results in a 
timel8 =ashion so that monitoring applications can trigger =ast reac9
tion to the current situation; The implementation =or selection5 
window5 and trans=ormation is straight=orward; Fn the =ollowing5 
we explain the implementation o= SSC and negation in more detail;  
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large sliding windows an$ large intermediate result si0es% &s men*
tione$ in .ntro$u1tion, large sli$ing win$ows are 1ommonl6 use$ 

in monitoring a77li1ations% Se9uen1e 1onstru1tion :rom e;ents t<at 
are wi$el6 $is7erse$ in large win$ows 1an =e an ex7ensi;e o7era*
tion% Moreo;er, i: a large :ra1tion o: e;ent se9uen1es 1reate$ 1an*
not lea$ to :inal results, tremen$ous wor@ in se9uen1e 1onstru1tion 
is waste$ an$ <ig< o;er<ea$ is in1urre$ in t<e su=se9uent o7era*
tors% &s in $ata=ase s6stems, su1< interme$iate result siAes a::e1t 
9uer6 7ro1essing 7er:orman1e% Sin1e stream*=ase$ 7ro1essing 
usuall6 <as stringent 7er:orman1e re9uirements, re$u1tion o: 

interme$iate result siAes is o: 7aramount im7ortan1e in our 1ontext% 
.n t<is se1tion, we ex7lore alternati;e 9uer6 7lans to o7timiAe 

1om7lex e;ent 7ro1essing wit< res7e1t to t<e a=o;e two issues% Be 
$e;elo7 intra*o7erator o7timiAations to ex7e$ite se9uen1e s1an an$ 
1onstru1tion CSSDE in t<e 7resen1e o: large win$ows, an$ inter*
o7erator o7timiAations t<at strategi1all6 7us< 7re$i1ates an$ win*
$ows $own to SSD to re$u1e interme$iate result siAes% & me1<a*
nism s<are$ =6 all t<ese o7timiAations is to in$ex rele;ant e;ents 
=ot< in tem7oral or$er an$ a1ross ;alue*=ase$ 7artitions% 

!"1 $%&'(')'n+ -./0.n1. -1an and 45n6&701&'5n 

&s $es1ri=e$ in Se1tion F%G, t<e =asi1 algorit<m :or se9uen1e 1on*
stru1tion sear1<es t<e runtime sta1@ :rom t<e most re1ent e;ent all 
t<e wa6 =a1@ to t<e ol$est rele;ant e;ent Ct<e ol$est e;ent in t<e 
1urrent win$ow t<at 1ontri=utes to t<e 9uer6E% T<is 1an =e <ig<l6 
ine::i1ient w<en 9ueries use large win$ows% T<ere:ore, we em7lo6 
an auxiliar6 $ata stru1ture, Acti%e (nstance Stac- CA(SE,G to ex7e*

$ite se9uen1e 1onstru1tion% T<e algorit<m wor@s as :ollowsI  
-./0.n1. -1an% .n se9uen1e s1an, t<e JF& exe1ution runs as 

=e:ore% .n a$$ition to t<at, an a1ti;e instan1e sta1@ is 1reate$ at 
ea1< JF& state to store t<e e;ents t<at triggere$ transitions to t<is 
stateL su1< e;ents are re:erre$ to as active instances o: t<is state% 
Following t<e exam7le in Figure M, Figure M s<ows t<e 1ontent o: 
t<ree &.S sta1@s a:ter t<e e;ent stream at t<e =ottom o: t<e :igure 
is re1ei;e$% .n ea1< sta1@, :rom to7*$own, t<e a1ti;e instan1es Cin 
=ol$ lettersE re7resent t<e tem7oral or$er o: t<eir o11urren1es% 

From le:t to rig<t, a series o: t<ree sta1@s 1a7ture t<e se9uen1ing 
re9uirements o: t<e 9uer6% Netween a$Oa1ent sta1@s, t<e tem7oral 
or$er rele;ant to t<e 9uer6 is en1o$e$ using an extra :iel$ o: ea1< 
a1ti;e instan1e e, w<i1< stores t<e most recent instance in the pre5

vious stack CP.QE at t<e moment w<en e o11urre$% Ta@e t<e a1ti;e 
instan1e =R in t<e N sta1@ in Figure M% T<e most re1ent instan1e in 
t<e & sta1@ =e:ore =R is aS, so t<e P.Q :iel$ o: =R is set to aS, s<own 
in TCU TEU 7re1e$ing =R% T<is P.Q :iel$ tells t<at an6 instan1es in t<e 

& sta1@ u7 to aS 1an =e mat1<e$ wit< =R i: e;ent se9uen1es in;ol;*
ing =R nee$ to =e 1reate$% T<e in:ormation o: P.Q 1an =e ;isualiAe$ 
=6 $rawing two ;irtual e$ges :rom =R to aM an$ aS Cs<own =6 t<e 
arrows in Figure ME% 

-./0.n1. 45n6&701&'5n% Se9uen1e 1onstru1tion is initiate$ :or 
ea1< a1ti;e instan1e o: t<e a11e7ting state% Bit< a1ti;e instan1e 
sta1@s, t<e 1onstru1tion is sim7l6 $one =6 a $e7t< :irst sear1< in 

                                                             
G &1ti;e .nstan1e Sta1@s C&.SE in S&SV are similar in s7irit to Qat<Sta1@s 
WSX $e;elo7e$ in t<e 1ontext o: YMZ 7attern Mat1<ing% [owe;er, t<e im*

7lementation $etails $i::er an$ S&SV o::ers a large set o: o7timiAations 
=ase$ on &.S, as 7resente$ t<roug<out t<is se1tion% 

t<e D&G t<at is roote$ at t<is instan1e an$ 1ontains all t<e ;irtual 
e$ges rea1<a=le :rom t<e root Cnote t<at our im7lementation onl6 
uses t<e P.Q :iel$ o: ea1< a1ti;e instan1e wit<out 1reating t<e ;ir*
tual e$gesE% Va1< root*to*lea: 7at< in t<e D&G 1orres7on$s to one 
uni9ue e;ent se9uen1e% T<e t<ree e;ent se9uen1es 1reate$ :or t<e 
a1ti;e instan1e $^ are also s<own in Figure M%  

!"8 906:'n+ 97.d'1a&.6 ;5<n 

[a;ing $es1ri=e$ a1ti;e instan1e sta1@s :or im7ro;ing se9uen1e 
1onstru1tion, we now turn to a$$ress interme$iate results siAes% &n 
im7ortant o7timiAation :or t<is 7ur7ose is to e;aluate 7re$i1ates 
earl6 in a 9uer6 7lan as in $ata=ase s6stems% .n S&SV, we $e;elo7 
a series o: o7timiAations to strategi1all6 7us< sim7le an$ 7aram*
eteriAe$ 7re$i1ates $own to SSD% 

!"8"1 906:'n+ an ./0'=a>.n1. &.6& d5<n &5 --4  

.n PF.D*ena=le$ a77li1ations, 9ueries 1ommonl6 use e9ui;alen1e 
tests to 1orrelate e;ents t<at re:er to, :or exam7le, t<e same PF.D 
tag, t<e same 7atient, t<e same me$i1ine, et1% V;aluating su1< 
7re$i1ates in SSD 1an 7re;ent man6 unne1essar6 e;ent se9uen1es 
:rom =eing 1onstru1te$% .n t<e :ollowing, we 7resent a s1<eme :or 
7us<ing one e9ui;alen1e test $own to t<e se9uen1e s1an o7erator%  

&n e9ui;alen1e test essentiall6 7artitions an e;ent stream to 
man6 small onesL e;ents in ea1< 7artition <a;e t<e same ;alue :or 

t<e attri=ute use$ in t<e e9ui;alen1e test Cre:erre$ to as t<e e9ui;a*
len1e attri=uteE% _ne straig<t:orwar$ solution is to 7artition t<e 
stream :irst an$ t<en run t<e 9uer6 7lan =ottom*u7 :or ea1< 7arti*
tion% For =etter 7er:orman1e, we use an a$;an1e$ te1<ni9ue, 1alle$ 
Partitioned Acti%e (nstance Stac- CPA(SE, t<at 7ro;i$es two =ene*
:itsI CME it simultaneousl6 1reates t<e 7artitions an$ =uil$s a series 
o: a1ti;e instan1e sta1@s :or ea1< 7artition $uring se9uen1e s1an, 
an$ CGE it in1urs no o;er<ea$ Ce%g%, 7artitioning 1ostE :or t<ose 

e;ents w<ose t67es are irrele;ant to a 9uer6%   
T<e =asi1 i$ea o: Q&.S is t<at at ea1< state, a1ti;e instan1es are 

7artitione$ =ase$ on t<eir ;alues o: t<e e9ui;alen1e attri=uteL an 
a1ti;e instan1e sta1@ is 1reate$ :or a1ti;e instan1es in t<e same 
7artition% Furt<ermore, t<is sta1@ is 1onne1te$ to t<e sta1@ in t<e 
1orres7on$ing 7artition at t<e 7re;ious state using t<e &.S algo*
rit<m in Se1tion S%M% Figure M s<ows su1< an arrangement :or t<e 
SSD su=*se9uen1e t67e an$ e;ent stream use$ in t<e 7re;ious ex*
am7les% T<e e9ui;alen1e test 7us<e$ to SSD is on t<e attri=ute 

attrM% T<e ;alue o: attrM in ea1< e;ent is s<own =elow t<e e;ent in 
t<e stream% T<e Q&.S algorit<m is =ase$ on two mo$i:i1ations o: 
t<e &.S algorit<m $uring se9uen1e s1an, $es1ri=e$ as :ollowsI  

Attribute5based transition filteringI &t an6 state ex1e7t t<e 
start state, w<en t<e JF& $e1i$es to ma@e a transition :or t<e 1ur*
rent e;ent Ce%g%, transition :rom state M :or =RE, Q&.S retrie;es t<e 
;alue o: t<e e9ui;alen1e attri=ute :rom t<e e;ent Ce%g%, ;alue TGU 
:rom =RE an$ 1<e1@s i: t<e a1ti;e instan1e sta1@ in t<e 1orres7on$*

ing 7artition at t<e 1urrent state Ce%g%, 7artition TGU at state ME is 
em7t6% & non*em7t6 sta1@ means 7re;ious e;ents o: t<e same 
attri=ute ;alue Ce%g%, aSE exist, so t<e transition to t<e new state is 
ne1essar6% _t<erwise, t<e 1urrent e;ent is $ro77e$% 
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Stack maintenance! #n%e a trans+t+on +s made/ t0e %1rrent 
e2ent +s added to t0e a%t+2e +nstan%e sta%3 at t0e new state 5ased on 
+ts 2al1e 7e8g8/ 5: +s added to t0e sta%3 +n ;art+t+on <=> at state =?/ 
and +ts @+eld o@ t0e most re%ent e2ent at t0e ;re2+o1s state +s set to 
t0e last +nstan%e +n t0e %orres;ond+ng ;art+t+on at t0e ;re2+o1s state 

7e8g8/ set to aA @or 5:?8  
B+t0 PDES/ seG1en%e %onstr1%t+on +s onlH ;er@ormed +n sta%3s 

+n t0e same ;art+t+on/ ;rod1%+ng s+gn+@+%antlH @ewer res1lts8 En 
I+g1re J/ t0e %onstr1%t+on @or dK onlH ;rod1%es one e2ent seG1en%e/ 
%om;ared to t0ree 5e@ore8   

!"#"# $us'ing multiple e1ui2alen4e tests do7n to SS9  

Q1er+es %an %onta+n m1lt+;le eG1+2alen%e tests/ @or eMam;le/ to 
%orrelate e2ents t0at re@er to t0e same ;at+ent ta3+ng t0e same 

med+%at+on 51t at d+@@erent ;o+nts +n t+me8 Entermed+ate res1lt s+Nes 
%an 5e @1rt0er red1%ed +@ all eG1+2alen%e tests %an 5e ;1s0ed down 
to SSO8 D naP2e eMtens+on to t0e PDES algor+t0m +s to %reate m1lt+Q
attr+51te ;art+t+ons and 51+ld a ser+es o@ a%t+2e ;at0 sta%3s @or ea%0 
;art+t+on8 Rn@ort1natelH t0+s a;;roa%0 does not s%ale as t0e n1m5er 
o@ ;art+t+ons grows eM;onent+allH w+t0 res;e%t to t0e n1m5er o@ 
eG1+2alen%e tests8 En t0e @ollow+ng/ we ;ro;ose two alternat+2e 
a;;roa%0es to ;1s0+ng m1lt+;le eG1+2alen%e tests to SSO w+t0o1t 

+n%1rr+ng s+gn+@+%ant memorH o2er0ead8 
:ager Filtering in SS!8 S0e @+rst a;;roa%0/ %alled Mu#t%&

'()*/ ;1s0es all eG1+2alen%e tests to seG1en%e s%an/ +n 0o;es to 
@+lter more e2ents +n t0e Ttrans+t+on @+lter+ngU ste; o@ t0e PDES 
algor+t0m8 Ior ease o@ eM;os+t+on/ we %ons+der a s+m;le s15Q
seG1en%e tH;e 7D/ V? and two eG1+2alen%e tests on attrJ and attr=8 
I+g1re J s0ows t0e PDES arrangement @or +t! at ea%0 NID state/ a 
%olle%t+on o@ ;art+t+oned a%t+2e +nstan%e sta%3s/ denoted as PAISi/ +s 

%reated @or ea%0 eG1+2alen%e attr+51te attri8 So 1nderstand t0e %onQ
tent o@ t0ese sta%3s/ we des%r+5e 0ow t0e sta%3s are %onstr1%ted 
1s+ng t0e M1lt+QPDES algor+t0m! 

/ross-attribute transition filtering! Dt anH state eM%e;t t0e start 
state/ w0en t0e NID s1ggests a trans+t+on @or t0e %1rrent e2ent 
7e8g8/ a trans+t+on @or 5: @rom state J?/ t0e e2ent +s @+ltered 5H 7J? @or 
ea%0 attri/ ;ro5+ng PAISi at t0e %1rrent state 7e8g8/ PAISJ and PAIS= 
at state J? and retr+e2+ng t0e rele2ant sta%3/ denoted as stacki/ and 

7=? +nterse%t+ng all t0e stacki 7iYJ/ =/ Z?8 D nonQem;tH res1lt o@ t0e 
+nterse%t+on means @or t0e %1rrent e2ent 7e8g8/ 5:? t0ere +s a ;re2+Q
o1s e2ent 7e8g8/ a[? t0at mat%0es on all eG1+2alen%e attr+51tes8 En 
t0e ;os+t+2e %ase/ t0e trans+t+on +s made8 En t0e eMam;le o@ I+g1re 
J/ t0e %rossQattr+51te @+lter+ng @a+ls @or 5\/ so +t +s dro;;ed8  Note 
t0at 5\ %an not 5e @+ltered +@ we onlH 0a2e a PDES o2er attrJ8 

Multi-stack maintenance! Dt t0e new state a@ter t0e trans+t+on/ 
t0e %1rrent e2ent +s added to t0e a;;ro;r+ate sta%3 +n ea%0 PAISi @or 

attri8 Ior eMam;le/ at state =/ 5: +s added to t0e sta%3 +n ;art+t+on <J> 
o@ PAISJ and t0e sta%3 +n ;art+t+on <[> o@ PAIS=8  

Dlt0o1g0 M1lt+QPDES ;er@orms aggress+2e @+lter+ng +n seQ
G1en%e s%an/ s1;er@l1o1s res1lts %an 5e ;rod1%ed +n seG1en%e %onQ
str1%t+on8 ]ere/ seG1en%e %onstr1%t+on %an 5e r1n +n anH o@ t0e 
PAISi 7iYJ/ =/ Z?8 Va%3 to t0e eMam;le +n I+g1re J/ no matter 
w0+%0 PAISi we %0oose/ two e2ent seG1en%es are %reated @or 5:/ 
alt0o1g0 onlH a[ a%t1allH mat%0es 5: on 5ot0 attrJ and attr=8 Sa3e 

PAISJ @or eMam;le! 5: +s erroneo1slH mat%0ed w+t0 aJ/ 5e%a1se 
t0eH 0a2e t0e same 2al1e o@ attrJ^t0+s +s eMa%tlH w0at PAISJ tr+es 
to remem5er/ d+sregard+ng t0e +n@ormat+on o@ ot0er attr+51tes8 S0+s 
re2eals t0e ;ro5lem o@ TlossHU en%od+ng w0en m1lt+;le PDESs are 
%reated se;aratelH @or +nd+2+d1al attr+51tes8 S0+s ;ro5lem %annot 5e 
a2o+ded w+t0o1t %reat+ng m1lt+Qattr+51te ;art+t+ons8 Ds a res1lt/ t0e 
sele%t+on o;erator o1ts+de SSO +s st+ll needed to @+lter o1t t0e s1Q
;er@l1o1s res1lts %reated 5H t0e M1lt+QPDES algor+t0m8 

D>nami4 Filtering in S9"8 S0e se%ond a;;roa%0/ +,nam%0 

2%#ter%n5/ ;1s0es one eG1+2alen%e test 7t0e most sele%t+2e one 

w0en stat+st+%s +s a2a+la5le? to seG1en%e s%an/ and t0en ;1s0es all 
ot0er eG1+2alen%e tests to seG1en%e %onstr1%t+on8 S0ese eG1+2aQ

len%e tests are ;er@ormed +n t0e sear%0 o2er t0e DDG em5edded +n 
t0e a%t+2e +nstan%e sta%3s 7see Se%t+on A8J?8 S;e%+@+%allH/ +@ +nQ
stan%es on a rootQtoQlea@ ;at0 +n t0e DDG 0a2e t0e same 2al1es @or 
ea%0 eG1+2alen%e attr+51te/ an e2ent seG1en%e +s %reateda ot0erw+se/ 
t0e ;at0 +s +gnored8 S0e @1rt0er deta+ls are om+tted 0ere d1e to 
s;a%e %onstra+nts8 Oom;ared to M1lt+QPDES/ DHnam+% I+lter+ng 
%annot @+lter as manH e2ents +n seG1en%e s%an/ t01s 0a2+ng more 
+nstan%es +n t0e sta%3s/ 51t does not need to ;aH @or t0e o2er0ead o@ 

%rossQattr+51te trans+t+on @+lter+ng and m1lt+Qsta%3 ma+ntenan%e8 
SDSb %an also ;1s0 s+m;le ;red+%ates 7+8e8/ ;red+%ates a;;l+ed 

to +nd+2+d1al e2ents? to seG1en%e s%an +n SSO8 S0e deta+ls are 
om+tted +n t0e +nterest o@ s;a%e8 

!"? $us'ing @indo7s Do7n 

S+m+lar to ;red+%ates/ w+ndow %onstra+nts %an also 5e e2al1ated 
earlH +n SSO to red1%e t0e n1m5er o@ e2ent seG1en%es %reated8 Ds 
ment+oned +n Se%t+on [8=/ w+ndows %an 5e ;1s0ed to seG1en%e 

%onstr1%t+on 7SO"? t0at 1ses De;t0QI+rstQSear%0 7DIS? o2er a 

DDG %onta+ned +n t0e r1nt+me sta%38 S+m+larlH/ w0en a%t+2e +nQ
stan%e sta%3s are 1sed/ w+ndows %an also 5e dHnam+%allH %0e%3ed 
+n t0e DIS o2er t0e DDG em5edded +n t0e a%t+2e +nstan%e sta%3s8 
Be %all t0+s algor+t0m 6%n789s %n *;8 Be also o@@er a te%0n+G1e 
t0at @1rt0er ;1s0es w+ndows down to seG1en%e s%an 7SS!?/ t01s 

re@erred to as 6%n789s %n **8 S0+s te%0n+G1e o@@ers two 5ene@+ts! 

7J? +t ;er@orms w+ndowQ5ased @+lter+ng o@ e2ents/ so @ewer e2ents 
are a%t1allH added to a%t+2e +nstan%e sta%3sa and 7=? +t dHnam+%allH 
;r1nes a%t+2e +nstan%e sta%3s 5H remo2+ng e2ents t0at 0a2e @allen 
o1t o@ t0e sl+d+ng w+ndow8 S0e latter +s +m;ortant +n stream ;roQ
%ess+ng w0ere r1nt+me data str1%t1res need to 5e ;r1ned to a2o+d 
memorH de;let+on8 Be om+t t0e deta+ls d1e to s;a%e l+m+tat+ons8  

9indows in SS and 9indows in S/ %an 5e 1sed toget0er! S0e 
@ormer @+lters some o@ t0e e2ents so t0eH are not added to a%t+2e 

+nstan%e sta%3s and ;r1nes eM;+red +nstan%es @rom sta%3s8 S0e latter 
sear%0es t0ose sta%3s and ;er@orms w+ndow %0e%3+ng onQt0eQ@lH @or 
ea%0 e2ent seG1en%e to 5e generated8  

!"! $utting At Bll Coget'er  

Now we a;;lH t0e o;t+m+Nat+on te%0n+G1es ;resented +n t0+s se%Q
t+on to Q1erH J 7@rom Se%t+on [8J?8 D res1lt+ng ;lan +s s0own +n  
I+g1re #8 Oom;ared to t0e 5as+% ;lan +n I+g1re J/ t0+s ;lan 0as t0e 
@ollow+ng d+@@eren%es! 7J? t0e w+ndow o;erator +s ;1s0ed to 5ot0 

SS! and SO"/ as des%r+5ed a5o2ea 7=? t0e eG1+2alen%e test o2er 

attrJ 7ass1med to 5e t0e more sele%t+2e one 5etween attrJ and attr=? 
+s ;1s0ed down to SS!a 7[? t0e s+m;le ;red+%ate D8attr[ Y <J> +s 

also ;1s0ed to SS!a and 7A? t0e eG1+2alen%e test o2er attr= +s 
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pushed to SC!, instead.  Figure 2 also shows a dataflow created 

for the event stream at the bottom. Here, SSC in the optimized plan 
only produces two event sequences (as opposed to seven in Figure 
1), so the intermediate result sizes have been greatly reduced. 
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SC$!" (A, B, D)

"" A.attr4<D.attr4

Window T
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Figure 2: An Optimized Query Plan for Query 1 

5 Performance Evaluation 

In this section, we present a detailed performance analysis of 
SASE. We demonstrate the effectiveness of its query processing 
and optimization techniques. We also compare SASE to a state-of-
the-art stream processor to provides insights into the strengths and 
limitations of different design and implementation strategies. 

5.1 Experimental Setup 

We implemented all the techniques presented in the previous sec-
tions in a Java-based prototype system. All the experiments were 
performed on a workstation with a Pentium III 1.4 Ghz processor 
and 1.5 GB memory running Sun J2RE 1.5 on Fedora Linux 
2.6.12. We set the JVM maximum allocation pool to 1 GB, so that 
virtual memory activity had no influence on the results. 

To test the system, we implemented an event generator that 
creates a stream of events using the parameters shown in Table 1. 
In our experiments, we considered 20 events types and 5 attributes 
for each event type excluding the timestamp. For each attribute, the 
number of possible values this attribute can take (i.e., the domain 
size) was chosen from the range [10, 10,000]. 

Table 1: Parameters for event generation 
Parameter Description Values used 

! Number of event types 20 

!# Zipf distribution of occurrences of event 
types  

0 

$ Number of attributes per event 5 

%& (&=1…5) Number of values allowed for attribute attr& [10, 10,000] 
 

We also created a query generator based on the parameters 
listed in Table 2. Among them, *+ specifies the number of equiva-
lence tests (each contains equality comparisons across all events in 
a sequence on a specific attribute), and ,+ determines the number 
of other parameterized predicates each of which is an inequality 
comparison between two events. The size of the sliding window, 
-, is specified using the number of events. 

Table 2: Parameters for query generation 
Parameter Description Values used 

. Length of the sequence in each query 2-6 

!/ Zipf distribution of event types in a sequence step 0 

*+ Num. of equivalence tests per query 1-2 

,+ Num. of other parameterized predicates per query 0-1 

S+ Num. of simple predicates per query 0-1 

1 Num. of negations in the sequence  0-2 

- Window size 10K-100K 
 

In this study, we define query selectivity as the number of re-
sults generated per event (averaged over a sequence of events). 
Based on probability theory, we derived formulas to approximate 
true query selectivity using our query workload parameters. For 
example, the formula below is for a query with one equivalence 

test over attr& and no negations.  
Query Selectivity = (- choose .)/(!.  

" %&
.2# 
" -)       (1) 

In our experiments, we used such formulas to choose appropriate 
settings in data and query generation to control query selectivity. 

The performance metric used in all our experiments is 
throughput, that is, the number of events processed per second. In 
each run of an experiment, we used an execution model that 

switches between event generation and event processing, and com-
puted throughput as follows:  

!e#eat 

(1) Create a batch of - events based on current configuration; 

(2) Start stopwatch; 
(3) Execute on the current batch; 

(4) Stop stopwatch; 

(5) Compute throughput as an average over the last 6 batches; 

'nt)l throughput converges; 

The criterion for convergence is such that the difference between 
the throughput computed for the current batch and that for the 
previous batch is within a threshold (set to 5%), and this trend 
holds true for 3 successive batches.  

5.2 Optimizations of Sequence Construction 

We begin our study by examining the effectiveness of our optimi-
zation of sequence scan and construction (SSC). We compare two 
algorithms: the Basic algorithm (presented in Section 3.2) that 
constructs event sequences from the runtime stack used by the 
NFA,3 and the AIS algorithm (presented in Section 4.1) that builds 
active instance stacks for sequence construction.  

In this set of experiments, we used the following template for 
creating queries: !"#$"1& "(& ) & "*+ ,-"." /011213 ,45-46 ,, 

where E1, E2, … EL represent different event types. Each query 
contains a single equivalence test over attribute attr1. In order to 
decouple the impact of optimizations for predicate evaluation from 
this study, we did not evaluate the equivalence test in this set of 
experiments. Instead, we “simulated” the effect of the equivalence 
test on query selectivity by increasing the number of event types 
by a factor of V1

(L-1)/L (derived from formula (1)). Predicate 

evaluation is the focus of the next set of experiments. We pushed 
windows down to SSC for their evaluation. 

Experiment 1-Varying domain size V1. In the first experi-
ment, we considered a modest window size of 10,000, and exam-
ined the performance of the two algorithms as the query processing 
load varies within the fixed window. To do so, we fixed the path 
length at 3, and varied the domain size V1 of attr1 (used in the 
equivalence test) from 100 to 10,000.  In this range, the query se-

lectivity decreases fast from 0.2 to 0.2x10-4.  
Figure 8 shows the throughput results of the two algorithms. 

Note that the X-axis is presented in a logarithmic scale. As can be 
seen, AIS outperforms Basic by a large factor when the domain 
size is relatively small, e.g., x18 at the point of 100. In the range of 
small domain sizes, sequence construction is invoked frequently 
and significant numbers of results are generated in each invocation. 
As Basic has a cost proportional to the window size for sequence 
construction, frequent sequence construction magnifies its over-

head. AIS avoids this problem by using active instance stacks, 

                                                             
3 The basic algorithm is an improved version of YFilter [11]. Although we 

did not directly compare to YFilter, the results reported here provide in-
sights into the performance gains that SASE may have over YFilter.  



resulting in remarkably improved performance. As the domain size 
increases, both algorithms improve, because the number of query 
results decreases. They become close at the point of 10,000 where 
less than 1 result is created over each period of 10,000 events. 

Experiment 2-Varying window size W: In this experiment, 

we investigate each algorithm’s sensitivity to large window sizes. 
We fixed V1 at 10,000 and L at 3, and varied W from 10,000 up to 
100,000. As we set V1 large, query selectivity is high and W only 
has a modest impact on it, e.g., from 0.2x10-4  to 0.2x10-2.  

The results are shown in Figure 9. As W increases, the Basic 
algorithm decreases its throughput much faster than the AIS algo-
rithm. The reasons are two-fold. First, sequence construction in 
Basic incurs a cost linear to W, whereas AIS searches a DAG em-

bedded in the active instance stacks, whose depth is only L. Sec-
ond, the runtime stack that Basic uses grows large with increasing 
values of W, causing significant memory overhead. With active 
instance stacks, AIS eliminates the need of using the runtime stack 
other than the top element for the most recent event, thus avoiding 
the penalty of excessive memory usage.    

5.3 Optimizations for Predicate Evaluation 

In this set of experiments, we evaluate the effectiveness of our 
techniques for pushing predicates down to SSC to reduce interme-
diate result sizes. For query generation, we added various predi-
cates to the basic template: SEQ(E1, E2, E3) WHERE [attr1] WITHIN 
10000. We used AIS for sequence construction and pushed win-
dows down to SSC in all these experiments. 

In an initial experiment, we evaluated the PAIS algorithm (as 
described in Section 4.2.1) for pushing the first equivalence test 
down to the sequence scan operator (SS!) in SSC. We compared 

it to a basic query plan that evaluates predicates in the selection 
operator outside SSC. The latter actually could not complete the 
experiment as it created too many (e.g., hundreds of millions of) 
intermediate results. These initial results show that pushing at least 

one equivalence test down to SSC is a must. In the following, we 
investigate the efficient evaluation of additional predicates. 

Experiment 3-Two equivalence tests: In this experiment, we 
added a second equivalence test [attr2] to the basic query template, 
and compared three strategies to evaluate it: (1) evaluating it in 
Selection outside SSC, (2) pushing it all the way down to sequence 
scan (SS!) using the Multi-PAIS algorithm (see 4.2.2), and (3) 

pushing it down to sequence construction (SC") using the Dy-

namic Filtering algorithm (also see Section 4.2.2). Assuming that 
we can push the more selective equivalence test down to SS! 

(when statistics is available), this experiment seeks a strategy ap-
propriate for the second equivalence test corresponding to the se-
lectivity of the first one already pushed down. To do so, we varied 
V1 (domain size of attr1) from 10 to 10000 while fixing V2 (domain 
size of the attr2) at 20 or 5. In the healthcare scenario, for example, 

V1 would be for the patient name and V2 for the medicine name. 
The results for V2=20 are reported in Figure 10(a). Again the 

X-axis is in a logarithmic scale. This figure shows that Dynamic 
Filtering outperforms the other two by a wide margin when the 
domain size V1 is relatively small (e.g., !500). Surprisingly, by 
doing eager filtering in SS!, Multi-PAIS yields throughput even 

worse than Selection. As V1 increases, the difference among three 

algorithms decreases, as the query selectivity increases. After the 
point of 500, three algorithms perform similarly.  

The results for small values of V1 are of particular interest. 
Two factors contribute to these results. First, in sequence scan, 
Dynamic Filtering and Selection only evaluate the 1st equivalence 
test, while Multi-PAIS also evaluates the 2nd equivalence test. By 
doing so, Multi-PAIS reduces the number of invocations of se-
quence construction (as verified by our profiling results), but at an 

extra cost that does not exist in the other two algorithms. Second, 
in sequence construction, Multi-PAIS actually creates much more 
results than Dynamic Filtering (but somewhat less than Selection), 
despite a lower number of invocations. For example, Figure 11(b) 
shows the actual number of results (in a logarithmic scale) created 

over a period of 10000 events. Due to the lossiness of its stack 
encoding, Multi-PAIS creates many superfluous results, as dis-
cussed in Section 4.2.2. In contrast, Dynamic Filtering can filter 
out many unnecessary results during sequence construction. Com-
bining both factors, Dynamic Filtering performs the best, and 
Multi-PAIS is the worst. The overhead of Multi-PAIS is magnified 
in the case of V2=5 where the 2nd equivalence test is less selective. 
Details are omitted here in the interest of space. 

The results of this experiment imply that if we push down the 
more selective equivalence test, say [attr1], to SS!, there are two 

main cases to consider for [attr2]: If [attr1] is selective, we can use 
any strategy for [attr2]. Otherwise, pushing the even less selective 
[attr2] to SS! is not effective; instead, a better way is to evaluate it 

dynamically in SC". Therefore, we always use Dynamic Filtering 

for the 2nd equivalence test in the following experiments. 
Experiment 4-Adding more predicates: In the next experi-

ment, we further added simple and generic parameterized predi-
cates. Due to space constraints, we only summarize the results 
here: Pushing down simple predicates always helps reduce inter-
mediate results, thus improving throughput. Once equivalence tests 
and simple predicates are pushed to SSC, evaluating other param-
eterized predicates in Selection incurs little overhead. 

Other experiments. We also ran experiments to evaluate the 
techniques for handling windows and negations. We omit details of 
these experiments in the interest of space. In summary, pushing 
windows down to both sequence scan and sequence construction is 
effective in reducing intermediate results. The cost of processing 
negation is modest when the intermediate result sizes are small, 
and can become more significant otherwise. This suggests that we 
might even consider pushing negation down to SSC.    

In the rest of this section, SASE was configured based on the 
results reported in the above experiments: Specifically, it uses 
Active Instance Stacks for sequence construction; for typical que-
ries such as Query 1, it pushes equivalence tests, simple predicates, 
and windows down to SSC, as illustrated in  Figure 2. 

5.4 Comparison to TelegraphCQ 

In this section, we compare SASE to a relational stream processor, 
TelegraphCQ (TCQ) [8], developed at the University of California, 

Berkeley. We chose to compare to TCQ because it is a full-fledged 
stream processor with the software publicly available. In addition, 
TCQ has a well-supported user community, which facilitated this 
comparative study.  

As TCQ does not support negation, we focused on a relatively 
simple template for query generation: SEQ(E1, E2, … , EL) WHERE 
[attr1 (, attr2)?] WITHIN W. Queries were created based on specific 

settings of L, W, V1 (domain sizes of attr1), and V2 (domain size of 
attr2), if used. Then, each event query was translated to the TCQ 
language. For example, a query created with L=3, W=10,000, and 
one equivalence test [attr1] can be expressed in TCQ as: 

WITH 

R AS        (SELECT * FROM ES e WHERE e.event = ‘E1’) 
S AS        (SELECT * FROM ES e WHERE e.event = ‘E2’) 
T AS        (SELECT * FROM ES e WHERE e.event = ‘E3’) 

(SELECT  * 
  FROM    R r [RANGE BY 10000] 

                    S s [RANGE BY 10000] 

                    T t [RANGE BY 10000] 
 WHERE   r.attr1 = s.attr1 AND r.attr1 = t.attr1 AND  
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!he abo(e results i/0ly that a relational strea/ 0rocessor such 
as !45 is not desi7ned or o0ti/i8ed for co/0le: e(ent 0rocessin7; 
!he a00roach that <=<> takes@ in 0articular@ usin7 nati(e o0erators 
to handle e(ent seAuences and hi7hly o0ti/i8ed 0lans to reduce 
inter/ediate result si8es@ is indeed necessary; !he abo(e results 

also 0ro(e the s0ecific techniAues that <=<> uses to be effecti(e 
and scalable for co/0le: e(ent 0rocessin7; 

! "e$ated()or,(

Much related work has been co(ered in 0re(ious sections; Dere@ 
we briefly discuss other related work in a broader set of areas; 

-./$0123S./15r0/e; !raditional 0ublish/subscribe syste/s FGH 
FIHFGJHFJKH 0ro(ide 0redicateLbased filterin7 of indi(idual e(ents; 
<=<> si7nificantly e:tends these syste/s with the ability to handle 
correlations a/on7 e(ents and transfor/ 0ri/iti(e e(ents into new 

co/0osite e(ents; Recent work on ad(anced 0ub/sub FNOH offers an 
e:0ressi(e lan7ua7e to s0ecify subscri0tions s0annin7 /ulti0le 
e(ents@ si/ilar to the lan7ua7e in <=<>; In co/0arison@ it su00orts 
ne7ation in a li/ited way; Its i/0le/entation@ based on an NR=L
based /echanis/@ focuses on /ultiLAuery o0ti/i8ation but has not 
addressed issues related to creatin7 co/0osite e(ents as final reL
sults and /ana7in7 inter/ediate results@ whereas <=<> uses a 
lar7e suite of techniAues to handle the/ for 7ood 0erfor/ance; 

Se6.en5e( data/a1e1; <5SLstyle lan7ua7es ha(e also been 
0ro0osed to su00ort order in data with a new data /odel and an 
orderLaware al7ebra FJOH@ and to su00ort seAuence Aueries that 
0erfor/ ti/e series o0erations such as co/0utin7 runnin7 a77reL
7ates FJIHFJTH; !hese lan7ua7es do not offer fle:ible use of ne7aL
tion; !he <>5 syste/ FJTH uses relational techniAues to i/0le/ent 
seAuence Aueries@ whereas <=<> uses an NR=Lbased /echanis/ 
and /any o0ti/i8ations in this fra/ework to handle e(ent seL

Auences;  
89ent(-ro5e11or1; = few e(ent 0rocessors ha(e been recently 

de(elo0ed; 4o/0=< FGUH 0ro(ides a holistic a00roach to filterin7 
0ri/iti(e e(ents and detectin7 co/0osite e(ents; DiRi FGNH a77reL
7ates e(ents alon7 a treeLstructured network on (arious te/0oral 
and 7eo7ra0hic scales and has li/ited su00ort for co/0lete e(ent 
0rocessin7 FJVH; <ie/ens RRID /iddleware FJUH offers a te/0oral 
data /odel and declarati(e rules for /ana7in7 RRID data but no 
solid i/0le/entation; !hese syste/s lack the e:0ressi(eness to 

su00ort our tar7et a00lications and o0ti/i8ations for hi7hL(olu/e 
e(ent 0rocessin7; 

: ;on5$.10on1(and(F.t.re()or,(

In this 0a0er@ we 0resented <=<>@ a co/0le: e(ent 0rocessin7 
syste/ that efficiently e:ecutes /onitorin7 Aueries o(er strea/s of 
RRID readin7s; We first 0ro0osed a co/0le: e(ent lan7ua7e that 
allows Aueries to filter and correlate e(ents and transfor/ the releL
(ant ones into new co/0osite e(ents for out0ut; !he lan7ua7e 
0ro(ides features such as seAuencin7@ ne7ation@ 0ara/eteri8ation@ 

and windowin7 necessary for e/er7in7 RRIDLbased /onitorin7 
a00lications; We then 0resented a Auery 0lanLbased a00roach to 
i/0le/entin7 this lan7ua7e@ which uses nati(e o0erators to conL
struct e(ent seAuences while le(era7in7 relational techniAues for 
other 0rocessin7 tasks; We also described a lar7e set of o0ti/i8aL
tions for handlin7 lar7e windows and reducin7 inter/ediate result 
si8es; We de/onstrated the effecti(eness of <=<> in a detailed 
0erfor/ance study; Results of this study show that <=<> can 

0rocess KO@OOO e(ents 0er second for a hi7hly co/0le: Auery in a 
Ya(aLbased i/0le/entation; Results obtained fro/ a  co/0arison 
between <=<> and a stateLofLtheLart strea/ 0rocessor confir/ that 
<=<>Zs nati(e seAuence o0erators and o0ti/i8ed 0lans 0ro(ide 
/uch better scalability for de/andin7 workloads;   

We 0lan to continue our research in the followin7 directions; 
Rirst@ we will e:tend our lan7ua7e by addin7 a77re7ates and conL
structs for handlin7 du0licate e(ents@ and e:0lore issues related to 
hierarchical co/0le: e(ent ty0es; <econd@ it will be useful to co/L
0are <=<> to recently de(elo0ed ad(anced 0ub/sub and e(ent 

0rocessin7 syste/s for insi7hts into the stren7ths of each a00roach; 
Rinally@ for de0loy/ent in RRIDLbased a00lications@ we will also 
enhance <=<> with su00ort for si/ultaneous Aueries@ diskLbased 
inde:in7 of e(ents@ and distributed e(ent 0rocessin7;  
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