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Slides, Papers, Code & Data

Making Sense of Streaming Data

Complex Event Recognition lab


https://cer.iit.demokritos.gr/talks/ecai25-tutorial/
https://cer.iit.demokritos.gr/

Complex Event Recognition (CER)

RECOGNITION »

--Ooog-- Complex
n Event
Simple Event Stream R e Complex Event Stream
ecognition
-.Oooog - System

S
Complex Event
Definitions

1/16



Complex Event Recognition (CER)
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Complex Event Recognition under Uncertainty

INPUT » RECOGNITION » OUTPUT »
--Ooong-- Complex
Simple Event Stream Eent Complex Event Stream
e
..ooog-- System

N 0.70 :: happensAt(walking(mike), 1)
0.46 :: happensAt(walking(sarah), 1)

0.69 :: happensAt(walking(mike), 21)
0.58 :: happensAt(walking(sarah), 21)
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Complex Event Recognition under Uncertainty

INPUT » RECOGNITION » OuTPUT »

R P 0000 Complex

K s . Event

: Simple Event Stream Recogaition Complex Event Stream

A
/ . System

a P o
Nl 0.70 :: happensAt(walking(mike), 1)

0.46 :: happensAt(walking(sarah), 1)

0.69 :: happensAt(walking(mike), 21)
0.58 :: happensAt(walking(sarah), 21)

initiated At (moving(P;, P,) =true, T) ¢  terminatedAt(moving(P;, Py) =true, T) <
happensAt(walking(P;), T), happensAt(walking(P;), T),
happensAt(walking(Ps), T), holdsAt(close(P;, Py) =false, T).
holdsAt(close(Py, Ps) =true, T), :
holdsAt(orientation(P;, Ps) =true, T).
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Complex Event Recognition under Uncertainty

INPUT » RECOGNITION » OuTPUT »

~--Ooooa-- Complex
Event
Recognition

-.ooog-- System

Simple Event Stream Complex Event Stream

0.61 :: holdsFor(moving(mike, sarah) =true, (2, 18])
0.87 :: holdsFor(meeting(mike, sarah) = true, [16, 29])

0.70 :: happensAt(walking(mike), 1)
0.46 :: happensAt(walking(sarah), 1)

0.69 :: happensAt(walking(mike), 21)
0.58 :: happensAt(walking(sarah), 21)

initiated At(moving(P;, Py) =true, T) terminated At(moving(P;, Py) =true, T) «
happensAt(walking(P;), T), happensAt(walking(P;), T),
happensAt(walking(Py), T), holdsAt(close(P,. Py) =false, T).
holdsAt(close(P;, Py) =true, T), :
holdsAt(orientation(P;, Ps) =true, T).

2/16



Activity Recognition

o 2
#% Fighting then running away case 1 (RT... (U ~»
= Watch later ~ Share

https://cer.iit.demokritos.gr (activity recognition)
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https://www.youtube.com/watch?v=H-5dXRX-cbU

Online Probabilistic Interval-Based Event Calculus

Prob-EC =
Event Calculus
+ Problog
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Online Probabilistic

Event Calculus Axioms

holdsAt(F = V, T) «
initially(F = V),
not broken(F = V, 0, T).

holdsAt(F = V, T) +
initiatedAt(F = V, T.), T, < T,
not broken(F = V, T, T).

Interval-Based Event Calculus

Prob-EC =
Event Calculus
+ Problog
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Online Probabilistic

Application-Specific Rules

Prob-EC =
Event Calculus
+ Problog

initiatedAt(moving(P;, Ps) = true, T') +
happensAt(walking (P, ), T),
happensAt(walking(Ps), T),
holdsAt(close( Py, Py) = true, T),
holdsAt(similarOrientation(Py, Py) = true, T).

terminatedAt(moving(P;, P,) = true, T) +
happensAt(walking(P;), T),
holdsAt(close(Py, Py) = false, T).

Event Calculus Axioms
holdsAt(F = V, T) «

initially(F = V).
not broken(F =V, 0, T).

holdsAt(F = V, T)
initiatedAt(F = V., T,), T, < T,
not broken(F = V, Ty, T).

Interval-Based Event Calculus
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Online Probabilistic

Interval-Based Event Calculus

Application-Specific Rules

initiatedAt(moving(Py, Py) = true, T) <«
happensAt(walking(P;)., T),
happensAt(walking(Ps), T).
holdsAt(close( Py, Py) = true, T),

holdsAt(similarOrientation(Py, Ps) = true, T).

terminatedAt(moving(P;, Ps) = true, T') +

happensAt(walking(P;), T),
holdsAt(close(P;, Py) = false, T).

Data Stream

Prob-EC =
Event Calculus

+ Problog 0.92 :: happensAt(active (ids ), T;)

Event Calculus Axioms

holdsAt(F = V., T) +
initially(F = V),
not broken(F = V, 0, T).

holdsAt(F = V, T) «
initiatedAt(F = V. T.), Ty < T,
not broken(F = V, Ty, T).

0.73 :: happensAt(walking(idy), T;)
~———— 0.79 :: happensAt(walking(id; ), T;)
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Online Probabilistic Interval-Based Event Calculus

Application-Specific Rules Data Stream

initiatedAt(moving(P;, Pz) = true, T')
happensAt(walking(P;). T).
happensAt(walking(Ps), T).
holdsAt(close( Py, Py) = true, T),
holdsAt(similarOrientation(Py, Py) = true, T').

Prob-EC = - happensAt(walking(ids), T;)
Event Calculus |<< 71, 79 appensAt(walking(id; ), Ty)

+ ProbLog appensAt(active(ids), T;)

terminatedAt(moving(P;, Ps) = true, T') +
happensAt(walking(Py), T), Point-based CE Stream
holdsAt(close(P;, Py) = false, T).

: 0.57 :: holdsAt(moving(idy, idy ), Ts)

0.73 :: holdsAt(meeting(id;, ids), Ts)

oldsAt(meeting(idy, ids), Ts)

Event Calculus Axioms

holdsAt(F = V. T) +
initially(F = V),
not broken(F = V, 0, T).

holdsAt(F = V, T) «
initiatedAt(F = V. T,), Ty < T,
not broken(F = V, Ty, T).
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Instantaneous Recognition

initiatedAt(moving(Pz, P2) =true, T) + 0.70 :: happensAt(waIk::ng(mike), 1).
happensAt(walking(P;), T), 0.46 :: happensAt(walking(sarah), 1).
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «
happensAt(walking(P1), T),
holdsAt(close(P;, P>) =false, T).
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Instantaneous Recognition

initiatedAt(moving(P;, P2) =true, T) + 0.70 :: happensAt(walking(mike), 1).

happensAt(walking(P1), T), 0.46 :: happensAt(walking(sarah), 1).
happensAt(walking(P2), T), L ) )
holdsAt(close(P;, P2) =true, T), P(mltlatedAt(movmg.(mlkez sarah) =true, 1)) =
holdsAt(orientation(P;, P2) =true, T). P(happensAt(walking(mike), 1))x

. . P(happensAt(walking(sarah), 1)) x

terminatedAt(moving (P1, P2) =true, T) ¢ P(holdsAt(close(mike, sarah) = true, 1))x

happensAt(walking(P1), T), P(holdsAt(orientation(mike, sarah) = true, 1))
holdsAt(close(P;, Po) =false, T). —0.7%046x 1% 1=0.322
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Instantaneous Recognition

initiatedAt(moving(P1, P2) =true, T) +
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(P;1, P2) =true, T) +
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).

0.70 :: happensAt(walking(mike), 1).
0.46 :: happensAt(walking(sarah), 1).

P(holdsAt(CE =true, t)) =
P(initiatedAt( CE = true, t—1)V
(holdsAt(CE = true, t—1)A
— terminatedAt(CE =true, t—1)))
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Instantaneous Recognition

initiatedAt(moving(P;, P2) =true, T) + 0.70 :: happensAt(walking(mike), 1).
happensAt(walking(P;), T), 0.46 :: happensAt(walking(sarah), 1).
happensAt(walking(P2), T), ) )
holdsAt(close(Py, P2) = true, T), P(_h(fl(_:lsAt(movmg(m:ke,.sarah) =true, 2)) =
holdsAt(orientation(P;, P,) =true, T). P(initiatedAt(moving(mike, sarah) = true, 1)V

. ) (holdsAt(moving(mike, sarah) = true, 1)A
terminatedAt(moving(Py, P2) =true, T) —terminatedAt(moving(mike, sarah) = true, 1)))

happensAt(walking(P1), T), —0.32240%x1—0.322x0x1 = 0.322
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins
walking with
mike

’—
1
o 0.8
'{é Moving
& initiated
Som Jonce
2 »
Video Frames
initiatedAt(moving(P;, P2) =true, T) + 0.70 :: happensAt(walking(mike), 1).
happensAt(walking(P;), T), 0.46 :: happensAt(walking(sarah), 1).
happensAt(walking(P2), T), ) )
holdsAt(close(Py, P2) = true, T), P(_h(fl(_:lsAt(movmg(m:ke,.sarah) =true, 2)) =
holdsAt(orientation(P;, P,) =true, T). P(initiatedAt(moving(mike, sarah) = true, 1)V

. ) (holdsAt(moving(mike, sarah) = true, 1)A
terminatedAt(moving(Py, P2) =true, T) —terminatedAt(moving(mike, sarah) = true, 1)))

happensAt(walking(P1), T), —0.32240%1—0.322x0x1 = 0.322
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins
walking with
mike

’—
1
o 0.8
'{é Moving
& initiated
Soaz Jonce
2 »
Video Frames
initiatedAt(moving(P;, P2) =true, T) + 0.73 :: happensAt(walking(mike), 2).
happensAt(walking(P;), T), 0.55 :: happensAt(active(sarah), 2). ---

happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(Pz, P2) =true, T) +
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins
walking with
mike

1
0.8

Z

=

2

o Moving
& initiated
£

3032 —once

=

Video Frames

initiatedAt(moving(P;, P;) =true, T) 0.73 :: happensAt(walking(mike), 2).

happensAt(walking(P1), T), 0.55 :: happensAt(active(sarah), 2). ---
happensAt(walking(P2), T), ) )

holdsAt(close(P1, P2) =true, T), P(!1(?I(.:|5At(mov:ng(m:ke,'sarah) =true, 3)) =
holdsAt(orientation( P, P2) =true, T). P(initiatedAt(moving (mike, sarah) = true, 2)V

. ) (holdsAt(moving (mike, sarah) = true, 2)A\
terminatedAt(moving(P1, P2) =true, T) < —terminatedAt(moving(mike, sarah) = true, 2)))

happensAt(walking(P1), T), —040.322x1—0%0.322%1=0.322
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins
walking with
mike

Moving
initiated

0.32 once

Moving Probability

initiatedAt(moving(Pz, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(Pz, P2) =true, T) +
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).

0.45
0.14

Video Frames

:: happensAt(walking(mike), 20).
:: happensAt(active(sarah), 20).
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Instantaneous Recognition

sarah begins
walking with
mike

1
0.8

Z

=

2

o Moving
& initiated
£

3032 —once

=

Video Frames

initiatedAt(moving(P7, P2) =true, T) 0.45 :: happensAt(walking(mike), 20).

happensAt(walking(P;), T), 0.14 :: happensAt(active(sarah), 20).
happensAt(walking(P2), T), ) )
holdsAt(close(P;, P2) =true, T), P(holdsAt(moving(mike, sarah) =true, 21)) =

holdsAt(orientation(P;, P;) =true, T). P(initiatedAt(m.oving(.mike, sarah) = true, 20)V
. ) (holdsAt(moving(mike, sarah) = true, 20)A
terminatedAt(moving(P1, P2) =true, T) <~ _terminatedAt(moving(mike, sarah) = true, 20)))

happensAt(walking(P1), T), —040.322x1—0%0.322%1 = 0.322
holdsAt(close(P;, P>) =false, T).
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
| |
y* T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated : Moving persists
8o
£ | through inertia
3032 -{once
>3

initiatedAt(moving(P1, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «
happensAt(walking(P1), T),
holdsAt(close(P;, P>) =false, T).

Video Frames

0.45 ::
0.14 ::

happensAt(walking(mike), 20).
happensAt(active(sarah), 20).

P(holdsAt(moving(mike, sarah) = true, 21)) =

P(initiatedAt(moving(mike, sarah) = true, 20)V
(holdsAt(moving (mike, sarah) = true, 20)A
—terminatedAt(moving(mike, sarah) = true, 20)))

=0+40.322x1-0%x0.322x1=0.322
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
| |
y* T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated : Moving persists
8o
£ | through inertia
3032 -{once
>3

Video Frames

0.39 :: happensAt(walking(mike), 21).

initiatedAt(moving(Pz, P2) =true, T) «+
0.28 :: happensAt(walking(sarah), 21). ---

happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(Pz, P2) =true, T) +
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
I |
— T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated ; Moving persists
8o
£ | through inertia
3032 -{once
>3

Video Frames

0.39 :: happensAt(walking(mike), 21).

initiatedAt(moving(P1, P2) =true, T) «
0.28 :: happensAt(walking(sarah), 21). ---

happensAt(walking(P1), T),

happensAt(walking(P2), T), L. ) )

holdsAt(close(P;, P2) =true, T), P(mltlatedAt(movmg'(mlkez sarah) =true, 21)) =

holdsAt(orientation(P;, P;) =true, T). P(happensAt(walking(mike), 21)) x

. . P(happensAt(walking(sarah), 21))x

terminatedAt(moving(P1, P2) =true, T) P(holdsAt(close(mike, sarah) = true, 21))x

happensAt(walking (P1), T), P(holdsAt(orientation(mike, sarah) = true, 21))
hOldSAt(CIOSE(Pl s P2) = false, T) —0.39%x0.28x1x1=0.11
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
I |
— T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated ; Moving persists
8o
£ | through inertia
3032 -{once
>3

initiatedAt(moving(P1, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «
happensAt(walking(P1), T),
holdsAt(close(P;, P>) =false, T).

Video Frames

0.39 ::
0.28 ::

happensAt(walking(mike), 21).
happensAt(walking(sarah), 21). ---

P(holdsAt(moving(mike, sarah) = true, 22)) =

P(initiatedAt(moving(mike, sarah) = true, 21)V
(holdsAt(moving (mike, sarah) = true, 21)A
—terminatedAt(moving(mike, sarah) = true, 21)))

=0.114+0.322x1-0.11x0.322x1=0.39
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
| |
y* T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated : Moving persists
8o
£ | through inertia
3032 -{once
>3

initiatedAt(moving(Pz, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(Pz, P2) =true, T) +
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).

Video Frames

0.28 :: happensAt(walking(mike), 40).
0.18 :: happensAt(walking(sarah), 40).
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
I |
— T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated ; Moving persists
8o
£ | through inertia
3032 -{once
>3

Video Frames

0.28 :: happensAt(walking(mike), 40).

initiatedAt(moving(P1, P2) =true, T) «
0.18 :: happensAt(walking(sarah), 40).

happensAt(walking(P1), T),

happensAt(walking(P2), T), L ) )

holdsAt(close(P;, P2) =true, T), P(mltlatedAt(movmg'(m:kez sarah) = true, 40)) =

holdsAt(orientation(P;, P2) =true, T). P(happensAt(walkl.ng(m:ke), 40))x

. ) P(happensAt(walking(sarah), 40)) X

termlnatedAt(mOV{ng(P1 , P2) =true, T) « P(holdsAt(close(mike, sarah) = true, 40)) x

happensAt(walking(P1), T), P(holdsAt(orientation(mike, sarah) = true, 40))
holdsAt(close(P;, P2) =false, T). —0.28%0.18x1x1=0.05
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking >
I |
— T
1 2
|
I
0.8 h
>
= |
a |
F |
o Moving
& initiated ; Moving persists
8o
£ | through inertia
3032 -{once
>3

initiatedAt(moving(P1, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «
happensAt(walking(P1), T),
holdsAt(close(P;, P>) =false, T).

Video Frames

0.28 ::
0.18 ::

happensAt(walking(mike), 40).
happensAt(walking(sarah), 40).

P(holdsAt(moving(mike, sarah) = true, 41)) =

P (initiatedAt(moving(mike, sarah) = true, 40)V
(holdsAt(moving (mike, sarah) = true, 40)A\
—terminatedAt(moving(mike, sarah) = true, 40)))

=0.054+0.79x1—-0.05x0.79x1 =0.80
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking L salrah wa!ks with — »
mike again
| 1 |
— \ ‘
1 2 21
| |
08 I ! Moving repeatedly
. | ! -
= [ | initiated
¥ | |
F | |
o Moving h X . |
c:a initiated | Mhovmghperssts I
£ | through inertia |
§ 0.32 once

Video Frames

0.28 :: happensAt(walking(mike), 40).

initiatedAt(moving(P1, P2) =true, T) «+
0.18 :: happensAt(walking(sarah), 40).

happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

P(holdsAt(moving(mike, sarah) = true, 41)) =

P (initiatedAt(moving(mike, sarah) = true, 40)V

. ) (holdsAt(moving (mike, sarah) = true, 40)A\

terminatedAt(moving(P1, P2) =true, T) <~ _terminatedAt(moving(mike, sarah) = true, 40)))
happensAt(walking(P1), T), =0.05+0.79%1—0.05x0.79x1 = 0.80
holdsAt(close(P;, P>) =false, T).
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T < continues walking > < sarah walks with
mike again
— |
1 2 21
| |
0.8 ! } Moving repeatedly
£ | | initiated
¥ | |
F . | |
o Moving h . . |
C;-a initiated | Moving ;?er5|s'ts |
.g 032 Jonce | through inertia |
>
Video Frames
initiatedAt(moving (P, P2) =true, T) + 0.18 : happensAt(WaIkl.ng(mlke), 41).
happensAt(walking(P;), T), 0.79 :: happensAt(inactive(sarah), 41). ---

happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(Pz, P2) =true, T) +
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking L salrah wa!ks with — »
mike again
| 1 |
— \ ‘
1 2 21
| |
08 I ! Moving repeatedly
. | ! -
2 | | initiated
¥ | |
F | |
o Moving h X . |
c:a initiated | Mhovmghperssts I
£ | through inertia |
§ 0.32 once

Video Frames

0.18 :: happensAt(walking(mike), 41).

initiatedAt(moving(P1, P2) =true, T) + v !
0.79 :: happensAt(inactive(sarah), 41). ---

happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

P(terminatedAt(moving(mike, sarah) =true, 41)) =
P(happensAt(walking(mike), 41))x
) P(holdsAt(close(mike, sarah) = false, 41))
terminatedAt(moving(P1, P2) =true, T) <  _ . 18x1=0.18
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking L salrah wa!ks with — »
mike again
| 1 |
— \ ‘
1 2 21
| |
08 I } Moving repeatedly
- |
£ [ | initiated
¥ | |
F | |
o Moving h X . |
c:a initiated | Mhovmghperssts |
£ | through inertia |
ZE 032 -fonce

initiatedAt(moving(P1, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «

happensAt(walking(P1), T),
holdsAt(close(P;, P>) =false, T).

Video Frames

0.18 :: happensAt(walking(mike), 41).
0.79 :: happensAt(inactive(sarah), 41). ---

P(holdsAt(moving(mike, sarah) = true, 42)) =

P(initiatedAt(moving(mike, sarah) = true, 41)V
(holdsAt(moving (mike, sarah) = true, 41)A
—terminatedAt(moving(mike, sarah) = true, 41)))

=0+0.8x(1 — 0.18)—0x0.8x(1 — 0.18) = 0.66
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Instantaneous Recognition

sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking L salrah wa!ks with — »
mike again
| 1 |
— \ ‘
1 2 21
| |
08 I } Moving repeatedly
- |
£ [ | initiated
¥ | |
F | |
o Moving h X . |
c:a initiated | Mhovmipersusts |
£ | through inertia |
zg 0.32 once

Video Frames

initiatedAt(moving (P, P2) =true, T) + 1.00 :: happensAt(walking(mike), 49).

happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

terminatedAt(moving(Pz, P2) =true, T) +

happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).

0.96 :: happensAt(inactive(sarah), 49).
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sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking L salrah wa!ks with — »
mike again
| 1 |
— \ ‘
1 2 21
| |
08 I ! Moving repeatedly
. | ! -
2 | | initiated
¥ | |
F | |
o Moving h X . |
c:a initiated | Mhovmghperssts I
£ | through inertia |
§ 0.32 once

Video Frames

1.00 :: happensAt(walking(mike), 49).

initiatedAt(moving(P1, P2) =true, T) + v !
0.96 :: happensAt(inactive(sarah), 49).

happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;, P2) =true, T).

P(terminatedAt(moving(mike, sarah) = true, 49)) =
P(happensAt(walking(mike), 49)) x
) P(holdsAt(close(mike, sarah) = false, 49))
terminatedAt(moving(P;, P2) =true, T) + —IxI=1
happensAt(walking(P1), T),
holdsAt(close(P;, P2) =false, T).
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sarah begins

walking with
mike
sarah is active, mike
T ‘ continues walking L salrah wa!ks with — »
mike again
| 1 |
— \ ‘
1 2 21
| |
08 I } Moving repeatedly
- |
£ [ | initiated
¥ | |
F | |
o Moving h X . |
c:a initiated | r\:ovmipemsts |
£ | through inertia |
§ 0.32 once

initiatedAt(moving(P1, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «

happensAt(walking(P1), T),
holdsAt(close(P;, P>) =false, T).

Video Frames

1.00 :: happensAt(walking(mike), 49).
0.96 :: happensAt(inactive(sarah), 49).

P(holdsAt(moving(mike, sarah) = true, 50)) =

P(initiatedAt(moving(mike, sarah) = true, 49)V
(holdsAt(moving (mike, sarah) = true, 49)A\
—terminatedAt(moving(mike, sarah) = true, 49)))

=0+40.07x0-0x0.07x0=0
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| | |
08 I } Moving repeatedly |
’ ! PR
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o0 initiated | 8P |
£ | through inertia |
ZE 032 -fonce

initiatedAt(moving(P1, P2) =true, T) «+
happensAt(walking(P1), T),
happensAt(walking(P2), T),
holdsAt(close(P1, P2) =true, T),
holdsAt(orientation(P;1, P2) =true, T).

terminatedAt(moving(P1, P2) =true, T) «
happensAt(walking(P1), T),

holdsAt(close(P;, P>) =false, T).

Video Frames

1.00 :: happensAt(walking(mike), 49).
0.96 :: happensAt(inactive(sarah), 49).

P(holdsAt(moving(mike, sarah) = true, 50)) =

P(initiatedAt(moving(mike, sarah) = true, 49)V
(holdsAt(moving (mike, sarah) = true, 49)A\
—terminatedAt(moving(mike, sarah) = true, 49)))
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Instantaneous Recognition*

Probability of Complex Event

Time

—— Instantaneous Recognition

*Skarlatidis et al, A Probabilistic Logic Programming Event Calculus. Theory & Practice of Logic
Programming, 2015.
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Instantaneous Recognition*

Higher accuracy than crisp
reasoning in the presence of:

® several initiations and
terminations;

e few probabilistic conjuncts.

Probability of Complex Event

Time

—— Instantaneous Recognition

*Skarlatidis et al, A Probabilistic Logic Programming Event Calculus. Theory & Practice of Logic
Programming, 2015.
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Online Probabilistic Interval-Based Event Calculus

Application-Specific Rules Data Stream

Prob-EC =
Event Calculus
+ ProblLog

initiatedAt(moving(P;, Pz) = true, T')
happensAt(walking(P;). T),
happensAt(walking(Ps), T).
holdsAt(close( P, Py) = true, T),
holdsAt(similarOrientation(Py, Py) = true, T).

0.73 :: happensAt(walking(idy), T;)
appensAt(walking(id; ), T, )
appensAt(active(ids), Tt)

terminatedAt(moving(P;, Ps) = true, T') +
happensAt(walking(Py), T), Point-based CE Stream
holdsAt(close(P;, Py) = false, T).

: 0.57 :: holdsAt(moving(idy, idy ), Ts)

: holdsAt(meeting(id; , ids), Ts)

: holdsAt(meeting(idy, ids), Ty)

Event Calculus Axioms

holdsAt(F = V. T) +
initially(F = V),
not broken(F = V, 0, T).

holdsAt(F = V, T) «
initiatedAt(F = V. T,), Ty < T,
not broken(F = V, Ty, T).
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Online Probabilistic Interval-Based Event Calculus

Application-Specific Rules Data Stream

Prob-EC =
Event Calculus
+ Problog

initiatedAt(moving(Py, Ps) = true, T') +
happensAt(walking(P;), T),
happensAt(walking(Ps), T),
holdsAt(close(P;, Py) = true, T),
holdsAt(similarOrientation(P;, Ps) = true, T).

0.73 :: happensAt(walking(idp), T;)
~————— 0.79 :: happensAt(walking(id; ), T;)
0.92 :: happensAt(active (ids), T7)

terminatedAt(moving(P;, P,) = true, T) +

happensAt(walking(P;), T), Point-based CE Stream
holdsAt(close(Py, Py) = false, T).

0.57 :: holdsAt(moving(idy, idy ), Tz)
0.73 :: holdsAt(meeting(id, ., ids), T5)
0.67 :: holdsAt(meeting(idy, ids), Ts)

Event Calculus Axioms

holdsAt(F = V, T) «
initially(F = V),
not broken(F = V.0, T).

Interval-based CE Stream

holdsAt(F = V, T)
initiatedAt(F = V, T,), T, < T,
not broken(F = V, T, T).

oPIEC = 0.61 :: holdsFor(moving(idy, idy), (T, Ts))
PIEC+ | > 0.88 : holdsFor(meeting(idy, ids), ( Tz, T;))
support set 0.66 :: holdsFor(meeting(idy, ids), (T2, Ty))
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Instantaneous vs Interval-based Recognition

Probability of Complex Event

Time

—— Instantaneous Recognition
—— Interval-based Recognition
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® |nterval Probability: average
1| — probability of the
time-points it contains.
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Interval:
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Instantaneous vs Interval-based Recognition

Probability of Complex Event

Time

—— Instantaneous Recognition
—— Interval-based Recognition

® |nterval Probability: average

probability of the
time-points it contains.
Probabilistic Maximal
Interval:
® interval probability above
a given threshold;
® no super-interval with
probability above the
threshold.
Probabilistic maximal
interval computation via
maximal non-negative sum
interval computation.
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —0.5 0 0.2 0.4 —0.1 -04 —-05 05 0 0.5

L[i] = In[i]-T
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —0.5 0 0.2 0.4 —0.1 -04 —-05 05 0 0.5

Ze: L[i] > 0= P([s,e]) > T

i=s
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 —-14 —-14 —-0.9

i

prefix[i] = > L[j]

j=1
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 09 04 0.1 0 0 0.5 1
L —0.5 0 02 04 —01 -04 —-05 —05 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 —04 —09 —14 —14 —09
dp

dpli] = irgjagxn(prefix[j])
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 —-01 —-04 —-05 —-05 0 0.5
prefix —0.5 —-05 —-0.3 0.1 0 -04 —-09 -—-14 —-14 —-09
dp —-0.9

dp[10] = Uk (prefix[j])
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10

In 0 05 07 09 04 01 0 0 0.5 1

L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5

prefix _—05 —05 -03 01 0 —04 -09 —14 —14 —0.9

dp 09 —00
dp[9] = max (pref/x[/])
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L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5

prefix _—05 —05 -03 01 0 —04 -09 —14 —14 —0.9

dp —09 —09 —009
dp[8] = max (pref/x[/])
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Time 1 2 3 4 5 6 7 8 9 10

In 0 05 07 09 04 01 0 0 0.5 1

L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5

prefix _—05 —05 -03 01 0 —04 -09 —14 —14 —0.9

dp -09 —-09 —-09 -09
dp[7] = max (pref/x[/])
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10

In 0 05 07 09 04 01 0 0 0.5 1

L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5

prefix _—05 —05 -03 01 0 —04 -09 —14 —14 —0.9

dp -04 —-09 -09 -09 —-0.9
dp[6] = max (pref/x[/])
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 —-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dpli] = ggo(pref/xm)
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 05 07 09 04 01 0 0 05 1
L —05 0 02 04 -01 —04 -05 —05 0 0.5
prefix _—05 —05 —03 01 0 —-04 —-09 —14 —14 —09
dp 01 01 01 01 0 —04 —09 -09 —09 —09
dple]—prefix[s—1] ifs>1
dprange(s, €] { dple] o1
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 —-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dple]—prefix[s—1] ifs>1

dprange[s, e] = { dple]

dprange(s,e] > 0 = Je* :

ifs=1

e*>e, P([s,e])) >T
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Interval-based Recognition

1IN
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9
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Interval-based Recognition

1IN
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[1,1]=dp[1]=0.1 >0
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Interval-based Recognition

) I
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
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Interval-based Recognition

) I
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[1,2]=dp[2]=0.1 >0
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Interval-based Recognition

) g
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[1,3]=dp[3]=0.1 >0
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Interval-based Recognition

) g
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[1,4]=dp[4]=0.1 >0
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Interval-based Recognition

) I
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[1,5]=dp[5]=0> 0
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Interval-based Recognition

) I
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 -01 -04 —-05 —-0.5 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[1,6]=dp[6]=—-0.4 < 0
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Interval-based Recognition

) I
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 —-01 —-04 —-05 —-05 0 0.5
prefix ~—0.5 —-0.5 —-0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange|2, 6] = dp[6]—prefix[1] =0.1 > 0
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Interval-based Recognition

) 4
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 —-01 —-04 —-05 —-05 0 0.5
prefix ~—0.5 —-0.5 —-0.3 0.1 0 -04 —-09 -—-14 —-14 —-0.9
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[2, 7] = dp[7]—prefix[1]=—0.4 < 0
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Interval-based Recognition

) 4
Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 —-01 —-04 —-05 -05 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -14 —-14 —-09
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 —-0.9

dprange[2, 7] = dp[7]—prefix[1]=—0.4 < 0
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Interval-based Recognition

Time 1 2 3 4 5 6 7 8 9 10
In 0 0.5 0.7 0.9 0.4 0.1 0 0 0.5 1
L —-0.5 0 0.2 04 —-01 —-04 —-05 -05 0 0.5
prefix —0.5 —0.5 —0.3 0.1 0 -04 —-09 -14 —-14 —-09
dp 0.1 0.1 0.1 0.1 0 -04 —-09 -09 -09 -0.9
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Interval-based Recognition*

An interval is computed iff it is a probabilistic maximal interval.

* Artikis et al, A Probabilistic Interval-based Event Calculus for Activity Recognition. Annals of Mathematics
and Artificial Intelligence, 2021.
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Interval-based Recognition*

An interval is computed iff it is a probabilistic maximal interval.

The computation of probabilistic maximal intervals is linear to the
dataset size.

* Artikis et al, A Probabilistic Interval-based Event Calculus for Activity Recognition. Annals of Mathematics
and Artificial Intelligence, 2021.

10/16



Online Interval-based Recognition

® Windowing.

Probability of Complex Event

Time
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Online Interval-based Recognition

® Windowing.

® Probabilistic maximal
interval computation.

® Caching potential starting

Probability of Complex Event

points.
® Discard time-point t iff
there is a t'<t that can
o HHHHHH Time R be the starting point of a
—— Instantaneous Recognition proba bilistic maximal
—— Interval-based Recognition interval including t.

——— Online Interval-based Recognition
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Online Interval-based Recognition: Properties

A time-point is cached iff it may be the starting point of a future
probabilistic maximal interval.
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Online Interval-based Recognition: Properties

A time-point is cached iff it may be the starting point of a future
probabilistic maximal interval.

An interval is computed iff it is a probabilistic maximal interval
given the data seen so far.

The computation of probabistic maximal intervals is linear to the
window and memory size.

12/16



Bounded Online Interval-based Recognition*

[ury

o
%

e Complex event duration
statistics favor more recent
potential starting points.

I
IS

Probability of Complex Event
o o
N =]

o [MItfttt

Time
—— Instantaneous Recognition
—— Interval-based Recognition
—— Online Interval-based Recognition
—— Bounded Online Interval-based Recognition

*Mantenoglou et al, Online Event Recognition over Noisy Data Streams. International Journal of Approximate
Reasoning, 2023. https://github.com/Periklismant/oPIEC
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Bounded Online Interval-based Recognition*

[ury

o
%

e Complex event duration
statistics favor more recent
potential starting points.

I
IS

o
o

Probability of Complex Event
=]
=]

o Ittt 1t

Time

—— Instantaneous Recognition

—— Interval-based Recognition

—— Online Interval-based Recognition

—— Bounded Online Interval-based Recognition

*Mantenoglou et al, Online Event Recognition over Noisy Data Streams. International Journal of Approximate
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Bounded Online Interval-based Recognition*
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Summary

Complex event recognition over noisy streams:

Probabilistic reasoning — robust complex event recognition.
Interval-based reasoning — improved predictive accuracy.
Optimal Stream compression — run-time performance.

Optimal stream compression — correct complex event
recognition.

Direct routes to neuro-symbolic learning — end-to-end
optimisation of simple and complex event recognition.
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Computing the probability of holdsAt

® Consider the initiation and termination probabilities for
“moving(mike, sarah) =true” below. P(x) denotes the

probability of x.

Time 1 2 25
P(initiatedAt(moving(mike,sarah)=true, T)) 0405 0
P(terminatedAt(moving(mike,sarah)=true, T)) | 0 0 0.7

® What is the probability of:

® holdsAt(moving(mike, sarah) = true, 3)?

® holdsAt(moving(mike, sarah) = true, 21)?
® holdsAt(moving(mike, sarah) = true, 26)?
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Course Structure

¢ Introduction to Complex Event Recognition (CER).
® Formal Models for CER
® Probabilistic CER.
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Course Structure

Introduction to Complex Event Recognition (CER).
Formal Models for CER

Probabilistic CER.

® Tensor-based CER.

® Topics not covered.
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