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Outline of the Talk
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Complex Event Processing (CEP)

e Event

 Message of something happening
 at a specific time (the occurrence time)

12
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Complex Event Processing (CEP)

e Event

* Message of something happening

* at a specific time (the occurrence time)

* Event Stream
* Event Query
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Complex Event Processing (CEP)

e Event

* Message of something happening

* at a specific time (the occurrence time)

* Event Stream

* Event Query
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Semantic Query Optimization (SQO)

» Future contents of event streams often predetermined by
application logic and physical laws

« Example: An Auction

« Bidder Registration: Within the first 20 minutes

e Item Offer:

— Bids with an increasing price
- Hammer beats after 30 seconds without any bid
— Item sell after three consecutive hammer beats

« Use semantics for a more efficient event query evaluation:

 bid event queries return no answer during the first 20 minutes of
an auction

« A query for the number of item sells can return '1" when there
was at least one Bid
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Subject of the Work

« SQO requires a formal representation of
application semantics

* Instantiating Hierarchical Timed Automata
(IHTA)
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Requirements: State

enrollment- ltem-
Begin Description
l item- l
Bidder Description Item
.
enrollment offer

enrollment-
Begin

auctionEnd
auctionEnd
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Requirements: Hierarchy

enrollment- Item Offer
Begin |
| . bid
item-
L Bidder Description bid
enroliment >@
hammerBeat
ltem- bid .
gr;roilrl]ment- Description
° hammerBeat
bid
5
auctionkEnd hammerBeat
auctionEnd @sell .
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Requirements: Instantiation

Online Sale
Auction
enrollment- Item Offer
Begin
: | , bid
item-
' Description bid
L] Bidder P 5
[= enrollment
@ hammerBeat
f= bid
= ltem-
'% Sr;roilrl]ment- Description 4
o J hammerBeat
bid
5
auctionEnd hammerBeat
auctionEnd @sell .
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Requirements: Event Data

Online Sale

§ Auction
()
)
S | enrollment- tom- tem Offer
% Begln{{A}}l Description{{A, bid{{A,1}}
g I*—itemID
5 Bidder [unique Y7]}} B Piatin. i}
= enroliment
1 hammerBeat{{A,1}}
< T ltem- bid{{A,1}}
= Snro_ mzn i Description{{A,
2 eginti/} I*—itemID hammerBeat{{A,1}}
M [unique Y7]}} bid{{A, [}}
9O )
O
® auctionEnd{{A}} hammerBeat{{A,1}}
|

auctionEnd{{A}} @Sell{{A,l}} -
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Requirements: Time

Online Sale
Auction
enrollment- item- Item Offer
Begin{{A}} Desc_:rlpnon{{A, -
e(this)-e(a)<20min I*—itemld b|d{{A, 13}
? | [uniq ue Y*]}} . e(this)-e(last)<30s
< . 20min<e(this)-e(a) bld{{A, |}}
? Bidder e(this)-e(a)<21min @ e(this)-e(last)<30s
[s)) enroliment
& J bid{{A, I}} hammerBeat{{A,l}}
cC ; ! e(this)-e(last)=30s
o ltem- e(this)-e(last)
= |enrollment- - <30s
S |Be inf{A}} Description{{A,
© e(th/g)-e(a)<20min I*—itemld LR, Beat{{A,l
© aue Y* =30s bid{{A,Il}} yammerbea {A1}}
I_ [unlque ]}} e(this)-e(las?) e(this)-e(last)=30s
e(this)-e(last)<1min <30s

auctionEnd{{A}}
e(this)-e(a)>20min

auctionEnd{{A}}

e(this)-e(last)<1min

hammerBeat{{A,1}}
e(this)-e(last)=30s

I}}

sell{{A,
@ e(this)-e(last)<1min
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Related Work

* Timed Finite Automata (TFA)

Model-checking and solving of scheduling problems

* Hierarchical Timed Automata (HTA)

Model-checking of complex real-time systems

Event Data

Event Occurrence Time
Temporal Constraints on ...
Order of Events in a Stream
Non-Determinism Semantics

Hierarchy of states

TFA HTA IHTA

Time Point Time Point Time Interval

Strict (<) Strict (<) Partial (<)

No Yes Yes

Number of concurrent processes | NN NN
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* Event Query Terms, Temporal Constraints

IHTA Syntax

e States, Transitions

Online Sale

auctionEnd{{A}}

e(this)-e(a)>20min

e(this)-e(last)<1min

auctionEnd{{A}}

e(this)-e(last)<1min

Auction

enrollment- item- ltem Offer

Begin{{A}} Description{{A, _

e(this)-e(a)<20min I* itemld bid{{A,1}}
? [uni que Y*]}} e(this)-e(last)<30s
< ) 20min<e(this)-e(a) bid{{A,1}}
= Bidder e(this)-e(a)<21min o )elthis)-e(last)<30s
> enroliment -
e bid{{A,I}} hammerBeat{{A, I}
c _ this)-e(last) e(this)-e(last)=30s
2 |enrollment- ltem g
o - Description{{A,
T I?;gg)m({ {JAz}O} i I*—itemld now-e(last) ammerBeat{{A, [}}
P e(this)-e(a)<z20min — H )
T_ [unique Y*]}} =30s bld{{A’I}} e(this)-e(last)=30s

e(this)-e(last)
<30s e

hammerBeat{{A,l}}
e(this)-e(last)=30s

I}

sel{A,
@ o (this)-e(last)<1min
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Classification of States of IHTA

______________ >
| States
Super-State of .-
;/Sub-’Staté/ of
/ e —\\
Proper States Pseudo States > Role
| Nc;n—Atomic . .
Atomic States Exit States Entry States
States
. )
Y
Complexity
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Classification of Transitions of IHTA

Transitions
Pr —
Oper Pseudo Role
Transitions Transitions

" . Instantiatin Terminatin
Event-Transitions Delay-Transitions . & Y 5
Transitions Transitions

Y Y

Trigger Role

Sandro GielRl - 05.05.2011

18 Slide 16/26



IHTA Configuration

* Dynamical tree of instances:

Representation of an automaton during its run

i1: root

-

state = A
variableBindings = ...

identifierBindings = ... |

i2: A

state= E

variableBindings = ...
identifierBindings = ...

7

i3: A

ia: A

state = |
variableBindings = ...

identifierBindings = ...

state = Al

variableBindings = ...

identifierBindings = ...

7

r Y v \I/ P )
is: E i6: E i7: |
state = E1 state= E1 state = |2

variableBindings = ...

identifierBindings = ...

variableBindings = ...

identifierBindings = ... )

variableBindings = ...

identifierBindings = ... J
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IHTA Conflguratlon Instantiation

- root | a{ID[1],ID2[1]} root
state = A Instantiation > State_)(
X
state= Y
variableBindings
=Y X ID[1],Z > 1,
state= B Y- ID2[1],V=>1
a{X* > ID[Z¥],
Y* > ID2[V*]} / X

@
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a{x* > |D[2°'°],Q
Y* S ID2[V*]}

b{X,Y* = ID2[V*]}
\ﬁo ———————————————————————— 0
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IHTA Configuration: Concurrency

. root b{ID[1],1D2[2]} :root a{ID[2],ID2[1]} s root
state = X Instantiation > state = X Instantiation > sate - X
N L N
state = Y state= Y state = Y state = Y
N B Sk e Sk N
Y LY LY 1Y 7 -y
state = B state = B state = B state = B state = B state = B
b T |
X—ID[1],Z - 1, X—=>ID[1],Z = 1, X—=>1D[2],Z > 2,
Y= ID2[1], V> 1 Y= ID2[2],V > 2 Y= ID2[1], V> 1
T

a{X* - ID[Z*],

Y* S ID2[V*]} 4

X

a{X*%ID[Z*],Q b{X,Y* = ID2[V*]} ;
@ Y* > ID2[V*]} ,}C ________________________ ?Q

@
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IHTA Configuration: Terminatio

—_—

b

: root c{} : root
state = X Join > state= C
L N
[ x| =X
l state = Y J state= Y
state= B state= B state= B
a{X* = ID[Z*],
Y* = ID2[V*]} / X
2 ID[Z*],Q b{X,Y* = ID2[V*]} ;
0 Y* > D2ve]) ft 777777777777777777777777 o
@ oo
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IHTA Configuration: Nondeterminism
* The configuration can represent multiple non-

deterministic runs

' — — — — — — — — — — — — — — — — — — — — — —
I state=A state=A state=A
variableBindings = variableBindings = variableBindings =
identifierBindings = ifier = identifierBindi
I i3:A i3:A ia: A i3:A ia: A
state = | state = A1 state = | state = A1 state = | state = A1
variableBinding: variableBindings = variableBindings = variableBindings variableBindings = variableBindings = variableBindings variableBindings = variableBindings =
I identifierBincings. identifierBindings = .. identifierBindings = ... identifierBindings = ... identifierBindings = .. identifierBincings identifierBindings = ... identifierBindings = ... identifierBindings = ...
iz 1 is:E [ I6: E is:E [ I6: E iz
state = E1 state = E1 state = 12 state = E1 E1 state = 12 state = E1 E1 state = 12
I identifierBindings identifierindings identifierinding: identifierBindings identifierindings identifierBindings identifierBindings identifierindings identifierBindings
I state=A state=A state=A
variableBindings = variableBindings = variableBindings =
identifierBinding identifierBin identifierBin
I iz: A a: A a: A
state = | state = A1 state = E state = | state = A1 state = E state = | state = A1
variableBindings = variableBindings = variableBindings variableBindings = variableBindings = variableBindings variableBindings = variableBindings =
I identifierBindings = .. identifierBindings = ... identifierBindings = ... identifierBindings = .. identifierBindings = ... identifierBindings = ... identifierBindings = .. identifierBindings = ...
iz 1 is:E [ I6: E is:E [ I6: E i
state = |2 stare = E1 state = E1 state = |2 stare = E1 state = E1 state = |2
I identifierBindings =... | [ _identifierBincings =... | | identifierBindings = ... identifierBindings =... | [ _identifierBincings =... | | identifierBindings = ... identifierBindings =... | [ _identifierBincings =... | | identifierBindings = ...
I — — — — — — — — — — — — — — — — — — — — — —
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IHTA Configuration: Nondeterminism

a”> o) (2]




Partial-Order Event Stream yg s, xg, 20

ey

[Q[xyﬂ][Q[xzw Q[VXd Q[VZH [szxw][gﬂzyﬂ]
dela;é x{} | delay L__(]:d elay Cd elay
' [Q: z,y]] [Q- [X,x,Z]] [Q- [3|/,z,X]]

delay | P [z _ y{}! | y{t y{}| | y{

UJ

E D A E A E ]
“12,y] A lyl ) | Q:[x,Z] Q: [x,Z] Q: [z,X] Q: [z,X]
x{} delay z{}

[ QB[z] J QE[z ]M[Qr{i} ]
]
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Conclusion

* Formal semantics of IHTA has been defined

* Each iteration of the algorithm at time point

'"now' terminates

* Complexity of each iteration:
€O(nxn,!*n *n *(n,+n,))

n: Number of non-deterministic runs
n_: Number of events with equal

occurrence times
n: Max. number of instances in a run

n: Number of transitions (constant)

Initialization

v

progress time point 'now'

Can
execute

ransition
?

yes

delay transitions &
event transitions




Conclusion

* Formal semantics of IHTA, coping with

* Arbitrary number of processes
* Non-determinism

* Partially ordered events in a streams
* Kind of knowledge captured by IHTA:

* Cardinality of events and states
* Functional dependency between events and states

 |[HTA are concise, modular and therefore readable
and (ex-)changeable



Future Work

* Deriving states from IHTA at run-time
« Adapting SQO methods of database systems to CEP

« Constraint language suitable for CEP
* Deriving constraints from IHTA

A visual editor for IHTA
« Additional use cases
 Events matched by many instances

 Extended event queries in transitions

Improved efficiency of operational semantics of IHTA
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