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Stream Reasoning

Problem:

• Continuous pattern matching over data streams
• Reasoning over complex temporal specifications:

• cyclic dependencies
• deadlines

• Low latency

Approach:

• Complex temporal specifications =⇒ Event Calculus

• Efficient stream reasoning =⇒ Run-Time Event Calculus
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Applications

• Multi-Agent Systems (MAS) for:
• Voting
• Negotiation
• Argumentation

• Complex Event Recognition (CER) for:
• Maritime Situational Awareness
• Commercial Fleet Management
• Activity Recognition
• City Transport Management
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Complex Event Recognition

3

https://www.youtube.com/watch?v=8WaMzzFtGXE&feature=emb_logo
https://www.youtube.com/watch?v=QwVsPZy-0lY&feature=emb_logo
https://www.youtube.com/watch?v=GCm3oqJ04hM&feature=emb_logo
https://www.youtube.com/watch?v=H-5dXRX-cbU


Event Calculus1

• A logic programming language for representing and reasoning
about events and their effects.
• Key components:

• event (typically instantaneous).
• fluent: a property that may have different values at different

points in time.

• Built-in representation of inertia:
• F =V holds at a particular time-point if F =V has been

initiated by an event at some earlier time-point, and not
terminated by another event in the meantime.

1
Robert A. Kowalski, Marek J. Sergot: A Logic-based Calculus of Events. New Gener.

Comput. 4(1): 67-95 (1986)
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Run-Time Event Calculus (RTEC)2

A stream reasoning system based on the Event Calculus:

• windows

• caching and indexing

• interval manipulation constructs

• efficient handling of cyclic dependencies

• efficient handling of deadlines

2
Artikis A., Sergot M. and Paliouras G., An Event Calculus for Event Recognition. In IEEE

Transactions on Knowledge and Data Engineering (TKDE), 27(4), 895–908, 2015.

5



RTEC: Main Predicates

Predicate Meaning

happensAt(E ,T ) Event E occurs at time T

initiatedAt(F =V ,T ) At time T a period of time for which
F =V is initiated

terminatedAt(F =V ,T ) At time T a period of time for which
F =V is terminated

holdsFor(F =V , I ) I is the list of the maximal intervals
for which F =V holds continuously

holdsAt(F =V ,T ) The value of fluent F is V at time T

unionall([J1 , . . . , Jn], I ) I =(J1 ∪ . . . ∪ Jn)

intersectall([J1 , . . . , Jn], I ) I =(J1 ∩ . . . ∩ Jn)

complementall I = I ′ \ (J1 ∪ . . . ∪ Jn)
(I ′, [J1 , . . . , Jn], I )
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Fluent-Value Pair Specification

Definition:

initiatedAt(F =V , T )← terminatedAt(F =V , T )←
happensAt(EIn1 , T ), happensAt(ET1 , T ),
[conditions] [conditions]

. . . . . .
initiatedAt(F =V , T )← terminatedAt(F =V , T )←

happensAt(EIni , T ), happensAt(ETj
, T ),

[conditions] [conditions]

where

conditions: 0−KhappensAt(Ek , T ),
0−MholdsAt(Fm =Vm, T ),
0−Natemporal-constraintn
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Example: Leaving Object

Definition:

initiatedAt(leaving object(P,Obj)= true, T )←
happensAt(appear(Obj), T ),
holdsAt(inactive(Obj)= true, T ),
holdsAt(close(P,Obj)= true, T ),
holdsAt(person(P)= true, T ).

terminatedAt(leaving object(P,Obj)= true, T )←
happensAt(disappear(Obj), T ).
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Computing the maximal intervals of
Fluent-Value Pairs*

Definition:

initiatedAt(F =V , T )← terminatedAt(F =V , T )←
happensAt(EIn1 , T ), happensAt(ET1 , T ),
[conditions] [conditions]

. . . . . .
initiatedAt(F =V , T )← terminatedAt(F =V , T )←

happensAt(EIni , T ), happensAt(ETj
, T ),

[conditions] [conditions]

Computation:

time

0
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Hierarchical Knowledge Bases (Example)

drifting

highSpeedNC

withinArea

trawlSpeed

anchoredOrMoored

movingSpeed

tuggingSpeed

changingSpeed

trawlingMovement

loitering

gap

sarSpeed

pilotBoarding

stopped

sarMovement

underWay

rendezVous

sar

trawling

lowSpeed

tugging
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RTEC: Windowing

time
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ω
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Deadlines

• Fluent-value pairs may be subject to deadlines

• E-commerce: an offer may be accepted at most by a specified
time after being presented

• Maritime Situational Awareness: a fishing activity is
terminated at a specified time after multiple changes in
heading

• Multi-Agent Systems: agents may be suspended temporarily.
Further violations may extend the period of suspension

12



Deadlines

initiatedAt(F =V1 ,T )⇒ initiatedAt(F =V2 ,T+R)

if not brokenBetween(F =V1 ,T ,T+R)

initiatedAt(F =V1 ,T )⇝ initiatedAt(F =V2 ,T+R)

if not brokenBetween(F =V1 ,T ,T+R) and
not initiatedAt(F =V1 ,T

′),T < T ′ < T+R
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Example: Voting3

• Agents propose, second and vote for motions

• Chairs close ballots and declare the outcome
• RTEC monitors the normative positions of agents, e.g.:

• obligation
• permission
• institutionalised power

• Agents may be sanctioned for defying the rules of the game

3
Pitt J., Kamara L., Sergot M. and Artikis A., Voting in multi-agent systems. Computer

Journal 49(2),156–170, 2006.
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Voting: Hierarchical Knowledge Base

status 
=proposed

status 
=voting

status 
=voted

status=null

auxPer
=true

outcome
=carried

power
=true

voted
=aye/nay

voted
=null

permission
=true

obligation
=true

sanctioned
=true
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Voting: status fluent

initiatedAt(status(M)= proposed ,T ) ←
happensAt(propose(P,M),T ),
holdsAt(status(M)= null ,T ).

initiatedAt(status(M)= voting ,T ) ←
happensAt(second(S ,M),T ),
holdsAt(status(M)= proposed ,T ).

initiatedAt(status(M)= voted ,T ) ←
happensAt(close ballot(C ,M),T ),
holdsAt(status(M)= voting ,T ).

initiatedAt(status(M)= null ,T ) ←
happensAt(declare(C ,M,Res),T ),
holdsAt(status(M)= voted ,T ).
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Voting: Deadlines

initiatedAt(status(M)= voting ,T ) =⇒
initiatedAt(status(M)= voted ,T+rvoting )

initiatedAt(status(M)= proposed ,T ) =⇒
initiatedAt(status(M)= null ,T+rproposed)

initiatedAt(status(M)= voted ,T ) =⇒
initiatedAt(status(M)= null ,T+rvoted)

17



Voting: Deadlines

initiatedAt(sanctioned(C )= true,T )⇝

initiatedAt(sanctioned(C )= false,T+rsanctioned)

18



Handling Deadlines
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Handling Deadlines: Caching
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Handling Deadlines: Complexity

• Without Caching:
O(vkm2

ω)

• With Caching (RTEC):

O(rvk(mω−r))

where

• mω: window size

• r : temporal distance between initiation and deadline

• v : number of fluent values

• k: cost of computing an initiation/termination point

21



Open-Source Code
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NetBill & Voting

permission
=false

quote=true

suspended=
true

contract 
=true

power 
=true

obligation 
=true
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NetBill & Voting

status 
=proposed

status 
=voting

status 
=voted

status=null

auxPer
=true

outcome
=carried

power
=true

voted
=aye/nay

voted
=null

permission
=true

obligation
=true

sanctioned
=true

permission
=false

quote=true
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contract 
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Maritime Situational Awareness

drifting

highSpeedNC

withinArea

trawlSpeed

anchoredOrMoored

movingSpeed

tuggingSpeed

changingSpeed

trawlingMovement

loitering

gap

sarSpeed

pilotBoarding

stopped

sarMovement

underWay

rendezVous

sar

trawling

lowSpeed

tugging
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Experimental Evaluation: Datasets

• Synthetic data streams for Multi-Agent Systems:
• Voting → 400K events for 4000 agents
• Netbill → 530K events for 4000 agents

• Task:
• Computation of normative positions (e.g. permission,

obligation, etc.) at run-time.

26



Experimental Evaluation: Datasets

• Real data streams for Maritime Situational Awareness:
• Brest, France → 18M events/6 months
• Mediterranean sea → 55M events/1 month

• Task:
• Computation of the maximal intervals of complex events (e.g.

trawling, tugging, loitering, sar, drifting, etc.)

27



Experimental Results: NetBill & Voting

10 30 50
Window size

0

50K

100K

150K

200K

250K

300K

Av
g 

nu
m

be
r 

of
 in

pu
t 

ev
en

ts

Voting
NetBill

Input Entities

Deadline length

R
3*R

5*R

Wind
ow

 si
ze

10

30

50

Av
g 

nu
m

be
r 

of
 F

VP
 in

te
rv

al
s

0

20K

40K

60K

Output Intervals

Deadline length

R
3*R

5*R

Wind
ow

 si
ze

10

30

50

Av
g 

re
as

on
in

g 
ti

m
e 

(s
ec

)

0

5

10

15

Reasoning Times

28



Experimental Results: Maritime
Situational Awareness
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Summary

• RTEC: an open-source stream reasoning system based on the
Event Calculus.

• Optimisation techniques → e.g. ‘forgetting’ and caching
• Efficient treatment of:

• cyclic dependencies
• deadlines

• Not discussed here: Incremental RTEC for handling delays in
the input stream4

4
Tsilionis E., Artikis A. and Paliouras G., Incremental Event Calculus for Run-Time Reasoning.

In 13th International Conference on Distributed and Event-Based Systems (DEBS), pp. 79–90,
2019.
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Further Work

• Handling uncertainty in:
• The input stream (imprecise or incomplete indications)
• Domain-dependent definitions

• Expressing query language operators (e.g. ‘sequence’)

• Integrating RTEC in neuro-symbolic frameworks

• Providing personalised explanations
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Cyclic Dependencies

Cyclic dependencies:

initiatedAt(F1 =V1 ,T ) ←
happensAt(E1 ,T ),
holdsAt(F2 =V2 ,T ).

initiatedAt(F2 =V2 ,T ) ←
happensAt(E2 ,T ),
holdsAt(F1 =V1 ,T ).
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Voting: Cyclic Dependencies

initiatedAt(status(M)= proposed ,T ) ←
happensAt(propose(P,M),T ),
holdsAt(status(M)= null ,T ).

initiatedAt(status(M)= voting ,T ) ←
happensAt(second(S ,M),T ),
holdsAt(status(M)= proposed ,T ).

initiatedAt(status(M)= voted ,T ) ←
happensAt(close ballot(C ,M),T ),
holdsAt(status(M)= voting ,T ).

initiatedAt(status(M)= null ,T ) ←
happensAt(declare(C ,M,Res),T ),
holdsAt(status(M)= voted ,T ).
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Handling Cyclic Dependencies: Complexity

• Without Caching:
O(m2

ω l
2k)

• With Caching (RTEC):

O(mω lk)

where

• mω: window size

• l : cycle length

• k: cost of computing an initiation/termination point
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Example: High Speed Near Coast

initiatedAt(highSpeedNC (Vessel)= true,T )←
happensAt(velocity(Vessel ,Speed , CoG , TrueHeading),T ),
holdsAt(withinArea(Vessel , nearCoast)= true,T ),
threshold(vhs ,Vhs),
Speed > Vhs .

terminatedAt(highSpeedNC (Vessel)= true,T )←
happensAt(Vessel , end(withinArea(Vessel , nearCoast)= true),T ).

5
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Voting: Fluents

initiatedAt(obligation(declare(C ,M, carried))= true,T ) ←
happensAt(start(status(M)= voted),T ),
countVotes(voted(V ,M)= aye,Ayes),
countVotes(voted(V ,M)= aye,Nays), Ayes ≥ Nays.

initiatedAt(suspended(C )= true,T ) ←
happensAt(end(status(M)= voted),T ),
not happensAt(declare(C ,M, carried),T ),
holdsAt(obligation(declare(C ,M, carried))= true,T ).
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Example Application: NetBill

• NetBill: a protocol for exchanging digital goods

• Agents (consumers and merchants) form contracts and
perform transactions
• RTEC monitors normative positions of agents, e.g.:

• obligation,
• permission or
• institutionalised power

to perform some action (e.g., to present an offer)

• Agents may be suspended for defying the rules of NetBill

7



Netbill: Entity Dependency Graph

permission
=false

quote=true

suspended=
true

contract 
=true

power 
=true

obligation 
=true
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Netbill: Fluents

initiatedAt(quote(M,C ,G )= true,T ) ←
happensAt(present quote(M,C ,G ,P),T ).

terminatedAt(quote(M,C ,G )= true,T ) ←
happensAt(accept quote(C ,M,G ),T ).
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Netbill: Fluents

initiatedAt(permission(present quote(M,C ))= true,T ) ←
happensAt(request quote(C ,M,G ),T ).

initiatedAt(permission(present quote(M,C ))= false,T ) ←
happensAt(present quote(M,C ,G ,P),T ).

initiatedAt(suspended(M)= true,T ) ←
happensAt(present quote(M,C ,G ,P),T ),
holdsAt(permission(present quote(M,C ))= false,T ).
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Netbill: Fluents

initiatedAt(permission(present quote(M,C ))= true,T ) ←
happensAt(request quote(C ,M,G ),T ).

initiatedAt(permission(present quote(M,C ))= false,T ) ←
happensAt(present quote(M,C ,G ,P),T ).

initiatedAt(suspended(M)= true,T ) ←
happensAt(present quote(M,C ,G ,P),T ),
holdsAt(permission(present quote(M,C ))= false,T ).
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Netbill: Cyclic Definitions

initiatedAt(contract(M,C ,G )= true,T ) ←
happensAt(accept quote(C ,M,G ),T ),
holdsAt(quote(M,C ,G )= true,T ),
not holdsAt(suspended(M)= true,T ),
not holdsAt(suspended(C )= true,T ).

maxDuration(contract(M,C ,G )= true, rcontr ).

initiatedAt(suspended(M)= true,T ) ←
initiatedAt(contract(M,C ,G )= false,T ),
holdsAt(obligation(send goods(M, S ,G )= true,T ).

maxDuration(suspended(M)= true, rsusp).
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Netbill: Deadlines

initiatedAt(contract(M,C ,G )= true,T ) ←
happensAt(accept quote(C ,M,G ),T ),
holdsAt(quote(M,C ,G )= true,T ),
not holdsAt(suspended(M)= true,T ),
not holdsAt(suspended(C )= true,T ).

maxDuration(contract(M,C ,G )= true, rcontr ).

initiatedAt(suspended(M)= true,T ) ←
initiatedAt(contract(M,C ,G )= false,T ),
holdsAt(obligation(send goods(M, S ,G )= true,T ).

maxDuration(suspended(M)= true, rsusp).
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Run-Time Event Calculus (RTEC)
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Architecture
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Experimental Results: NetBill and Voting,
Cycles
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Experimental Results: NetBill and Voting
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Comparison of RTEC and jREC on cyclic
dependencies
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