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Activity Recognition has Numerous Applications




Scope: Knowledge-based
Scene Interpretation

scene description

scene interpretation
system

scene geometry
static objects, tracked objects

partially recognised
object classes

"high-level interpretation”

ontology
scene models



Aircraft Turnaround Monitoring

e Recognition of multi-object activities such as
- Aircraft Arrival Preparation
- Passenger Ramp Motion
- Unloading
- Loading
- Refuelling
- Aircraft Departure

cognition of complete turnarounds
ing of temporal constraints



Requirements for a
Generic Solution

¢ Incremental real-time recognition

‘ Parallel processing of multiple partial interpretations

e Preference measure for resolving ambiguities

. Context-dependent probabilistic rating

is for uncontrolled real-world domai



Related Work

e Badler 1975 (conceptual descriptions of object motions)

¢ Neumann 1989 (natural language description of of traffic scenes)
e Rimey 1993 (Bayesian networks for vision control)

e Nagel 1999 (situation graph trees)

e Thonnat, Brémond 2007 (scenario recognition)

e Zhu & Mumford 2007 (stochastic grammar of images)

e Moeller 2010 (logic-based media interpretation)

=> recognising hierarchical compositional structures



Representing Activity Concepts
in OWL-DL

OWL is a standardised ontology language
- Definition of properties, aggregate taxonomies and partonomies
- Knowledge editor Protege in wide use

Powerful Description Logic reasoners support OWL-DL
- Useful services for large high-level knowledge bases

- No support for stepwise recognition

- No support for constraint solving

Crisp relations
- Fuzzy or probabilistic information cannot be represented

SWRL extension for rules
- Awkward definition of quantitative constraints



Taxonomy for Turnaround
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Using the Protégé Editor

Concepts are defined with taxonomical and binary relations (roles)

v O Thing
v O ap-upperConstant
(=) ap-upper:Integer-Constant
v O Scene-Object
v O Conceptual-Object
v O Event
p O Composite-Evert
v ) Primitive-Evert

ddeea

I. Yehicle-Enters-Zone

v O State
() Composite-State
» () Primitive-State
» ) Physical-Object

) Primitive-Evert
£ has-part-vehicle-inside-zone exacthy 1 Vehicle-nside-Zone
(=] has-part-vehicle-outside-zone exacthy 1 Vehicle-Outside-Zone

has-part-time-point-begin exacthy 1 Time-Point-Begin
has-part-time-point-end exacthy 1 Time-Poirt-End




Compositional Hierarchy

sub-class relation
— has-part relation

e—

Turnaround
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Temporal Constraints in OWL

Monitoring service activities requires quantitative temporal
constraints.

Passenger stairs must be positioned not later than 5 minutes after
aircraft arrival.

A GPU will stop not later than 1 minute after entering the GPU zone.

In OWL, quantitative constraints can only be represented using
the rule extension SWRL or — in OWL 2 — using OWL-RL.

SWRL rules have disadvantages:
 Not elegantly connected to OWL classes
e Reasoning with SWRL is undecidable (in general)



Example of Temporal SWRL Rule

OWL class definition of Visit £ Composite-Event m

a vehicle visiting a zone has-part1 exactly 1 Vehicle-Enters-Zone ™
has-part2 exactly 1 Vehicle-Leaves-Zone

"Visit begins with Vehicle-Enters-zone and ends with Vehicle-Leaves-Zone.
Vehicle-Enters-Zone and Vehicle-Leaves-Zove have the same agent and zone, respectively."

Visit(?vis)
— A has-part1(?vis, ?veh-enters)
A has-part2(?vis, ?veh-leaves)
A has-start-time(?vis, ?vis-st)
SWRL rule premise A has-finish-time(?vis, ?vis-ft)
. . A has-time-point(?veh-enters, ?veh-enters-tp)
establishes variable ~ — A has-agent(?veh-enters, ?veh-enters-ag)
names A has-zone(?veh-enters, ?veh-enters-zn)
A has-time-point(?veh-leaves, ?veh-leaves-tp)
A has-agent(?veh-leaves, ?veh-leaves-ag)
__ A\ has-zone(?veh-leaves, ?veh-leaves-zn)
_
SWRL rule consequence " Pvis-st = ?veh-enters-tp
specifies identity constraints A ?vis-ft = ?veh-leaves-ft
and temporal constraints -1 A ?veh-enters-ag = ?veh-leaves-ag
A 7?veh-enters-zn = ?veh-leaves-zn
A\ ?veh-enters-tp < ?veh-leaves-tp




Transforming an OWL Knowledge Base into
an Operational Interpretation System

Interpretations

SCENIOR

P - o o o . o e e o == = — ~
/ Jess \
Conceptual \
[ Knowledge Base Jess
I Rule |
OWL + SWRL Engine |
Conceptual . Hypotheses |
Knowledge £ Structures Java
Annotated Handcrafting o Constraint
Turnaround or I | € Solver
S Learning (o) Temporal
ESRCleS 1| © Constraint Net
Templates BCH
Aggregate Inference
Descriptions Probabilistic Engine
Aggregate

Models

Primitive Events



Generating Hypotheses Structures for
the JESS Working Memory (1)

Hypotheses structures provide independent interpretation goals:

e Basis for prediction and ranking
e Single representation for multiple or alternative occurrences
e Certain parts may be marked as hallucinatable

Loading-
Operation-FWD

Loader-
Positioning-
FWD

A

Loader-
Leaves-FWD

Transporter-
Positioned-FWD

. Catering-
Refuelling Lef-AFT
Tanker- Tanker- Catering- Catering-
Positioning Leaves Positioning- Leaves-
" Left-AFT Left-AFT
Tanker- y
Positioned Catering-

Positioned-Left-AFT

Low-level leaf nodes must be
instantiated by evidence from
low-level image analysis




Generating Hypotheses Structures for
the JESS Working Memory (2)

*«

Passenger-
Boarding-

IS

PusI;back-

-

Preparation

Passenger- Passenger-
Bridge- Bridge-
Positioning Positioned

Passenger-
Arrival Bridge-Leaves
A4
Pushback- Pushback-
Positioning Positioned

High-level leaf nodes must be
instantiated by evidence from
lower-level interpretations



Generating Hypotheses Structures for
the JESS Working Memory (3)
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Arrival Services Departure

/\

/"/ ,’I N\ \\\ v
Arrival- Aircraft- Aircraft-
Preparation Arrival Leaves-
I / ! Arrival-Zone

Notification GPU-
Positioned
GPU- Aircraft- Aircraft-
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Generating JESS Interpretation Rules (1)

Evidence-assignment rule for compositional leaf nodes

(defrule Refuelling ea rule Refuelling
?7e-id <- (Tanker-Positioning-In-Tanking-Zone
(name ?tpg 17)
(status evidence))

?h-id <-(Tanker-Positioning-In-Tanking-Zone Tanker- Tanker-
(name ?tpg h) Positioning- Leaves-
(status ?status 1)) In-Tanking- Tanking-
] ?status_1 hypothesised) Zone Zone

hallucinated)))

Tanker-
Positioned-
In-Tanking-

Zone

Tanker-
Positioning-In-
Tanking-
Zonell



Generating JESS Interpretation Rules (2)

Aggregate-instantiation rule for aggregates

(defrule Arrival-preparation ai rule Arrival-

?h-id <- (Arrival-Preparation

(status hypothesised)

(has-part-1 pl)
(has-part-2 p2)

ation (name ?pl)

(has-part-3 p3))

Preparation
(name ?ap h)
GPU-
Notification Positioned-
In-GPU-

atus ?status 1)) Zone

instantiated)

GPU-
Positioning-
In-GPU-
Zone

Notification-01 GPU-

Positioned-In-
In-GPU-
Zone-14



Generating JESS Interpretation Rules (3)

Specialisation rule for agent or location of primitive events

(defrule GPU-Positioning-In-GPU-Zone s rule
?e-id <- (Vehicle—Positioning—In—iBﬁé
(name ?vez 14)
status evidence)
has-agent ?al)
has-location ?11))

(
(
(
)

(name ?2al)

name 2?211))
ioni -In-GPU-Zone

Arrival-
Preparation

GPU-
Positioned-

Notification

In-GPU-
Zone

GPU-
Positioning-
In-GPU-
Zone

GPU-
Positioning-
In-GPU-
Zone

Vehicle-
Positioning-
In-Zone



Beam Search with JESS

Hypotheses structures are initialised as independent interpretation
threads.

New evidence is assigned to all matching threads or to clutter.

Interpretation threads are cloned in case of multiple assignment
possibilities.

Low-rating threads exceeding the beam width are discarded.




Probabilistic Preference Measure
Based on Aggregate JPDs

Aggregate partonomy Temporal aggregate structure
Turnaround Turnaround M
m Arrival | B1|
Arrival Services  Departure Services C2 B2

‘/\ 4\ ‘/\‘ Departure

urnaround(A Bl CZ BZ C3 B3 )



Probability Propagation

Representation of durations and offsets by Gaussians allows efficient
probability update.

Bayesian Compositional Hierarchy (BCH)

e Enter begin or end of events o* *e

ate change throughout BCH

D1E1 oo DMEM




Dynamic Priors for
Multivariate Gaussians

Gaussian multivariate distributions allow highly efficient probability propagation.

' b(B)

| Ny




Experiments: False Positives

Low-level image analysis noise and unrelated scene activities have caused a
large number of false positives.

m) Positive evidence is always interpreted both as turnaround and clutter.

20

ol |l




Thread Statistics

Low input data quality requires the use of full beam width (100 threads).
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Recognition Results

sequences

Models trained on 32 annotated turnaround sequences, tested on 20 other

Complete turnarounds recognised for all but 3 highly irregular sequences

75% of all activities "correctly” recognised (overlap with annotated interval)

SEQUENCE 3|14|5(6(8(9(16|18|25(29(58(59(62|65|66

Arrival {11111 (0f1(|22f1j1)1(1]1

Passenger-Boarding-Preparation Ti1(1(1)1{11j1{11y1¢1)1)1(1

Unloading-Loading-AFT 110j1({0(0|1(0f1]|0(0f0|Of2]0]0O

Unloading-Loading-FWD 1 11110 1)1 111
Refuelling 0110 0 0 0 111

Pushback-Arrival 0|0|0f0f{0f1{0|0|2(0f0f1(1]0]0

Passenger-Bridge-Leaves-PBB-Zone {11111 (112{1)2f1)1¢(1]1

Departure A A I A O A v




Turnaround Interpretation Log:
Notification

B SCENIOR

File Options Run About

Ontology: CiCo-Friend\SourceiScenionOntalogiesimodel-v1 40wl

Datafile: CiCo-Friend\SourceiScenionDataiSet_2011-03-01-SVT-fusionicofB2. b

| [~

[ Processing | Primitives | Log |

‘ O H 2 H H (n ) I‘Processing . ‘Frame: 5 Entries in queue: 2283 ‘ Threads: 1 ’Actiue: 1 Finished: 0 Dead: 0

Models: |Turnaround |VI‘ Last primitive: vehicle-leaves-zone_7 (start) ‘ Currenttime: Sun Dec 13 15:50:59 CET 2009

Visualisation | Recognition |

Thread: 3 Model: Turnaround Rating: -9.21 Clutter: 1

Turnaround

start: 15:50:56

finish: [16 31:56; 17:41
Arrival Departure
start: 15:50:56 start: [16:30:56; 17:46:
finish: [15:51:56; 16:

Arrival-Preparation

finish: [16:31:56; 17:
start: 15:50:56 Aircraft-Arrival Services
finish: [15:50:56; 16:14: start: [15:50:56; 16: start: [15:52:02; 16:58

finish: [15:51:56; 1 finish: [16:15:56; 17:41

[ »

Notification GPU-Positioning GPU-Positioned Y
start: 15:50:56 start: [15:50:56; 16:1 start: [15:50:56; 16:1 Aircraft-Leaves-Arrival-Zone
finish: 15:50:56 finish: [15:50:56; 16: finish: [15:50:56; INF] start: [16:30:56; 17:46:56]
finish: [16:31:56; 17:46
Aircraft-Positioning Aircraft-Positioned
start: [15:50:56; 16: start: [15:51:56; 1

finish: [15:50:56; 1 finish: [15:51:56; IN




SCENIOR

File Options

Turnaround Interpretation Log:

Run About

Ontology: CACo-Friend\SourcelScenionOntologiesimodel-V1 4. owl

Data file:

CACo-FriendiSourcelScenionDataiSet_2011-03-01-8VT-fusionicof062 b

Arrival

[ Processing [ Primitives | Log |

| o | | @ | | I | o | | Processing * | Frame: 628 Entries in queue: 4011 | Threads: 18 ’ Active: 10 Finished: 0 Dead: &
Models: |Turnaround |v| ‘ Last primitive: vehicle-leaves-zone_105 {start) ‘ Current time: Sun Dec 13 15:58:15 CET 2009
" Visualisation | Recognition
Thread: 3 Model: Turnaround Rating: -86.64 Clutter: 16
Turnaround |~ |
start: 15:50:56
finish: [16:31:56; 17:46:
. Departure
Arrival start: [16:30:56; 17:41
start: 15:50:56 finish: [16:31:56; 17
finish: 15:57:44
Arrival-Preparation Aircraft-Arrival Services
start: 15:50:56 start: 15:57:44 start: [15:57:50; 16:0!
finish: 15:51:16 finish: 15:57:44 finish: [16:15:56; 17:
Notification GPU-Positioning GPU-Positioned Aircraft-Positioning Aircraft-Positioned Aircraft-Leaves-Arri

start: 15:50:56
finish: 15:50:56

start: 15:51:11
finish: 15:51:25

vehicle-positioning_16
start: 15:51:11

finish: 15:51:25

has-agent: gpu_3
has-location: gqpu-zone 12

start: 15:51:16
finish: [15:51:16; |
A

vehicle-positioned_19
start: 15:51:16

finish: [15:51:16; INF]
has-agent: gpu_3

has-location: gqpu-zone 12

start: 15:57:44
finish: 15:57:45

start: 15:57:44
finish: [15:57:44; IN

start: [16:30:56; 17:46:
finish: [16:31:56; 17:4

aircraft-positioning_91

start: 15:57:44

finish: 15:57:45

has-agent: aircraft_87

has-location: arrival-zone 86
aircraft-positioned_94
start: 15:57:44
finish: [15:57:44; INF]
has-agent: aircraft_87
has-location: arrival-zone 86




Turnaround Interpretation Log:
Complete

B3 SCENIOR
File Options Run About

Data file:

Ontology: C:\Co-FriendiSource\ScenioiOntologiesimodel-Y¥1 4. owl
CACo-FriendiSourcelScenionDatalSet_2011-03-01-8vT-fusionicofl62 bd

EBX

[ Processing [ Primitives | Log |

I (>} I | 2 | I ‘ I l ’ Processing * ’ Frame: 4633 Entries in queue: 0 ‘ Threads: 47 I Active: 0 Finished: 7 Dead: 40
Models: |Turnaround |v| l Last primitive: aircraft-leaves-arrival-zone_7 36 {finish) ‘ Currenttime: Sun Dec 13 18:02:34 CET 2008
“Visualisation | Recognition |
Thread: 404 = Model: Turnaround Rating: -405.84 Clutter: 78
Turnaround (751) el
start: 15:50:56
finish: 16:45:01 Departure
start: 16:45:00
ArTeal finish: 16:45:01
start: 15:50:56
finish: 15:57:44
. . Senices Aircraft-Leaves-Arrival-
Arrival-Preparation Aircraft-Arrival tart: 161000 start: 16:45:00
start: 15:50:56 start: 15:57:44 are finish: 16:45:01
finish: 15:51:16 finish: 15:57:4 finish: 168
Notification GPU-Positioning GPU-Positioned Aircraft-Positioni Aircraft-Position aircraft-leaves-arrival-zone_736
start: 15:50:56 start: 15:51:11 start: 15:51:16 start: 15:57:44 start: 15:57:44 start: 16:45:00 y
finish: 15:50:56 finish: 15:51:25 finish: 16:31:23 finish: 15:57:45 finish: 16:45:00 finish: 16:45:01
has-agent: aircraft_87
vehicle-positioning 216 aircraftposHbHREE services-with-r_685 has-location: arrival-zone 86
start: 15:51:11 start: 15:57:44 start: 16:00:34
finish: 15:51:25 finish: 15:57:45 finish: 16:43:00
has-agent: gpu_3 has-agent: aircraft_87
has-location: apu-zone 12 has-location: arrival-zone 86
::::I‘;-s'?;::'ﬁoned—w aircraft-positioned_94 -
finish: 16:31:23 St A
o finish: 16:45:00
has-agent: gpu_3 h nt: aircraft 87
has-location: apu-zone 12 A e
has-location: arrival-zone 86
=]
<] Ii [ [ »]
<] | i | | »




Turnaround Interpretation Log:

Services with Refuelling
B3 SCENIOR (=13

File Options Run About
Ontology: CACo-FriendiSourcelScenionOntologiesimodel-¥1 4. owl
Datafile: C:Co-FriendiSourcelScenionDatalSet_2011-03-01-8SVT-fusioncof62 bd

| -]

[ Processing | Primitives | Log |

I o H @ H H HProcessing o ’Frame: 4638 Entries in queue: 0 ‘ Threads: 22 ‘Active: 2 Finished: 9 Dead: 11

Models: |Selvices-With-R Ivl ‘ Last primitive: aircraft-leaves-arrival-zone_7 36 (finish) ‘ Currenttime: Sun Dec 13 18:02:34 CET 20089

“Visualisation | Recognition |

Thread: 83 = Model: Serices-With-R Rating: -408.88 Clutter: 32

Services-With-R (685)
start: 16:00:34
finish: 16:43:00

Services-Without-CR Refuelling

start: 16:00:34 start: [16:00:34; 16:05:02]

finish: 16:43:00 finish: [16:32:55; 16:37:5!
services-without-cr_682 refuelling_614
start: 16:00:34 start: [16:00:02; 16:05:02]
finish: 16:43:00 finish: [16:32:55; 16:37:55]




Turnaround Interpretation Log:
Services without Catering and Refuelling

B3 SCENIOR
File Options Run About

Data file:

Ontology: CACo-FriendiSource\ScenionOntologiesimodel-V1 4. owl
CACo-Friend\Source\ScenionDatalSet_2011-03-01-8VT-fusioncof062 bd

BEE)

[ Processing | Primitives | Log |

I o H @ H H HProcessing ° ‘Frame: 4638 Entries in queue: 0 ‘ Threads: 188 ‘Ac’(ive: 1 Finished: 9 Dead: 178
Models: |SEMCGS-Wi'(h0u’(-CR |v|‘ Last primitive: aircraft-leaves-arrival-zone_736 (finish) ‘ Current time: Sun Dec 1318:02:34 CET 2009
" Visualisation | Recognition |
Thread: 314 * Model: Services-Without-CR Rating: -404.86 Clutter: 83
Services-Without-CR (682) sl
start: 16:00:34

Passenger-Boarding-Prepar:

start: 16:00:34
finish: 16:00:34

Passenger-Bridge-Positionii
start: 16:00:34
finish: 16:00:35

passenger-bridge-positioning_138

start: 16:00:34

finish: 16:00:35

has-agent: passenger-hoarding-bridge_136
has-location: pbb-zone_137

finish: 16:43:00

/

Pushback-Aarrival
start: [16:00:34; 16:43:00]
finish: [16:00:34; 16:43:00]

T

Passenger-Bridge-Position

Unloading-Loading
start: 16:03:07
finish: [16:33:56; 16:36:

start: 16:00:34
finish: 16:42:59

!

unloading-and-loading_572
start: 16:03:07
finish: [16:33:56; 16:36:56]

passenger-bridge-positioned_141

start: 16:00:34

finish: 16:42:59

has-agent: passenger-hoarding-bridge_136
has-location: phb-zone_137

Passenger-Bridge-Leaves-PBB-Z
start: 16:42:59
finish: 16:43:00

passenger-bridge-leaves-pbh-zone_679
start: 16:42:59

finish: 16:43:00

has-agent: passenger-hoarding-bridge_678
has-location: pbb-zone_137

Il




Turnaround Interpretation Log:
Unloading and Loading

CBX

B3 SCENIOR

File Options Run About

Ontology: C\Co-FriendiSourcelScenionOntologiesimodel-¥14.owl

Datafile: C:Co-FriendiSource\ScenionDatalSet_2011-03-01-8VT-fusionicof62 bd
[ Processing | Primitives | Log |

I o H ‘3 H H HProcessing . ‘Frame: 4638 Entries in queue: 0 ‘ Threads: 95 ‘Active: 13 Finished: 64 Dead: 18

‘ Current time: Sun Dec 13 18:02:34 CET 2008

Models: |Unloading-And-Loading I'I‘ Last primitive: aircraft-leaves-arrival-zone_736 (finish)

" Visualisation | Recognition |

Thread: 132 * Model: Unloading-And-Loading Rating: -378.72 Clutter: 30

Unloading-And-Loading (5
start: 16:03:07
finish: [16:33:56; 16:36:56]

Loading-Only
start: [16:26:33; 16:31:33]
finish: [16:33:56; 16:36:5

Unloading-Only
start: 16:03:07
finish: [16:03:53; 16:06:01

unloading-aft-and-fwd_309 loading-fwd_569
start: 16:03:07 start: [16:26:33; 16:31:33]

finish: [16:03:53; 16:06:01] finish: [16:33:56; 16:36:56]




Turnaround Interpretation Log:
Loading Forward

B SCENIOR
File Options Run About

Ontology: C:\Co-FriendiSourcelScenionOntologiesimodel-Y14.owl
Datafile: C:\Co-FriendiSourcelScenionDataiSet_2011-03-01-SVT-fusionicof062.td

| [~

[ Processing | Primitives | Log |
Frame: 4638 Entries in queue: 0 ‘ Threads: ] ‘Active: 1

I O H ) || H HProcessing .
Models: |Loading-FWD IV|‘ Last primitive: aircraft-leaves-arrival-zone_736 (finish) ‘ Current time: Sun Dec 13 18:02:34 CET 2009

Finished: 4 Dead: 1

" \Visualisation | Recognition |

Thread: 279 *  Model: Loading-F\WD Rating: -390.02 Clutter: 34

Loading-FWD (569)
start: [16:26:33; 16:31:33]
finish: [16:33:56; 16:36:56

Loading-Operation-FAD Loader-Leaves-FAD
start: [16:26:33; 16:31:33] start: [16:33:56; 16:35:56]
finish: 16:33:56 finish: [16:33:56; 16:36:56]

loading-operation-fwd_555
start: [16:26:33; 16:31:33]
finish: 16:33:56




Turnaround Interpretation Log:
Loading Operation Forward

File Options Run About

Ontology: CACo-FriendiSource\ScenionOntologiesimodel-V14.awl
Datafile: C:Co-Friend\SourcelScenionDatalSet_2011-03-01-8VT-fusionicofl62 bd

[ Processing | Primitives | Log |

Lo ]l& ] o |

Models: |Loading-0peration-FWD

" Visualisation | Recognition |

HProcessing . ‘Frame: 4638 Entries in queue: 0

‘ Threads: 14 ‘Actiue: 1 ’Finishedz 4 Dead: 83

IVI‘ Last primitive: aircraft-leaves-arrival-zone_7 36 {finish)

‘ Current time: Sun Dec 13 18:02:34 CET 2008

Thread: 49 *  Model: Loading-Operation-F\WD Rating: -233.65

Clutter: 50

Loading-Operation-FAD (24!
start: [15:58:52; 16:03:52]
finish: 16:03:53

/

Transporter-Positioning-FAWD Transporter-Positioned-
start: [15:58:52; 16:03:52] start: 16:01:52
finish: [15:59:52; 16:03:52] finish: 16:03:47

vehicle-positioned_185

start: 16:01:52

finish: 16:03:47

has-agent: transporter_127
has-location: right-fwd-ts-zone 29

Transporter-Leaves-FAD
start: 16:03:48
finish: 16:03:53

vehicle-leaves-zone_237

start: 16:03:48

finish: 16:03:53

has-agent: transporter_127
has-location: right-fwd-ts-zone 29




Recognising Smart
Home activities in
the CASAS domain

Other Applications by
Exchange of Ontology

Activities

Preparing dinner
Preparing lunch
Preparing breakfast
Preparing a snack
Preparing a beverage
Taking medication
Washing dishes
Listening to music
Watching TV
Bathing

Dressing

Grooming

Toileting

Doing laundry
Cleaning

Going out

=

[ Butldr's }

A Panty
s




Conclusions

SCENIOR meets essential generic requirements for real-time scene
interpretation:

Knowledge base in standardised language (here OWL-DL)

Incremental interpretation, predictive power

Multiple parallel interpretation threads

Context-dependent preference measure

The interpretation system can be automatically generated from OWL
specifications.

Expressiveness of OWL sets limits:
- SWRL rules are unwieldy
- Probabilities cannot be represented conveniently



