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 Motivation: Road recognition for toy worlds only?

« DL Road Network Knowledge Base Development
— DL Tutorial
—  Hypothesis Space
— Sensor Input

« DL Inference for Semantic Road Recognition

—  Deduction
—  Model Construction
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Road Recognition
Status Quo

Since mid 80ies
Solved for highly restricted domains (highways)

Few work for more complex domains, then only
consideration of special cases

Geometry only, no semantics

=> Toy worlds?
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Motivation
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Common Approach to Road Recognition

1. Project/

))

Low-dimensional
geometry model
(clothoid, ...)

image cues

e 2. Compare with

3. Update :

= Cannot be generalized to more complex domains

a1doy] “-1eNjusjed YolgalyasuIe a)yosy ally L00Z @

sun 18q @)yodaiagebielsp pun -

Britta Hummel



Motivation
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1. High-dimensional
hypothesis space
2. Few features
- Narrow field of view
- Massive occlusions
- Omitted features
3. Presence of noise
- Unmodelled objects
- Decreased feature quality

= Problem is ill-posed!
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What is needed?

1.  Geometrical Model of arbitrary roads and intersections
2. Massive reduction of hypothesis space size
* using prior knowledge

« using large set of complementary sensor data: video object
detectors, digital map, positioning sensors, ...

3. Conceptual model of arbitrary roads and intersections
« explicit representation (due to intensive HMI within a DAS)
4. Sound inference & retrieval services on the KB

=» Paradigm shift: Intersection recognition as
... scene understanding task
p.lq high level vision task
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Motivation: Road recognition for toy worlds only?

« DL Road Network Knowledge Base Development
— DL Tutorial
—  Hypothesis Space
—  Sensor Input

« DL Inference for Semantic Road Recognition

—  Deduction
—  Model Construction
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 Decidable subset of 1st order logic

 Syntax:
Name Description Example
Individuals objects of the domain John
Concepts (~classes) sets of individuals | Human
Roles binary relations on individuals | hasChild
Constructors |to build complex expressions | Man N
C,D>CnD | CuD | dhasChild. T
-C | 3R.C | VR.C |
T| L
R, S22 R | R | ReS

« Semantics: Set-theoretic
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Description Logic
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« Axioms form sentences

Terminological C=D Father = Man n 3hasChild. T
Axioms CcD Father — Person

RcS hasChild < hasDescendent
Assertional 1:C John: Human
Axioms (i,j): R | (John, Emily) : hasChild

« A DL Knowledge Base consists of

« Tbox: Set of terminological axioms
=>» state general domain knowledge here
« Abox: Set of assertional axioms
=» state knowledge about particular situation here

* (Rulebox)
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D n t- L m L_Jnive:rsitét Karlsruhe (TH), Germaqy
escription Logic LT e 1 1/ o

» Classical DL inference services:

Satisfiability Check . :
for TBox and Abox (Mother ~ Male) is inconsistent
: ficati

Classification KB = John: Father

of Tbox and Abox

Entailment John: FhasChild.Female
Retrieve all individuals which are instance
of:

Retrieval
3.;hasChild N "Female

* Non-classical inference
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Road Network Hypothesis Space

A Geometrical Modelling

B Conceptual Modelling

1. Qualitative spatial relations
2. Road Network taxonomy

3. Geometric Constraints
4

Road building / Semantic
Constraints
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Road Network KB et Gatsune (1), Gormany mrt
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Road Network Hypothesis Space

e 9109y 9|l L00Z @

A Geometrical Modelling

Y
a1doy] “-1enjusled Yolgalyos

B Conceptual Modelling

1. Qualitative spatial relations
2. Road Network taxonomy

3. Geometric Constraints P
4

Road building / Semantic
Constraints T

‘sun 18q @)ydaiagebielspn pun -

Britta Hummel 12



Road Network KB et Gatsune (1), Gormany mrt
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Road Network Hypothesis Space
A Geometrical Modelling > () ) @ |
DC EC PO TPP NIPP EQ -
B Conceptual Modellin (discon- (ext. con- (partial (12798Nt.  (nontang
P . .g | nected) neciod) overiap) P'OPST  PIOpST - (oqual Q
1. Qualitative spatial relations a) Degree of overlap (RCC-Calculus}
2. Road Network taxonomy P
3. Geometric Constraints w /SN
4. Road building / Semantic o \Y o\ /
Constraints T.T B )
\ o /| o,
g
wl s | s
% |
b) Rel. orientation c¢) Rel. position
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Road Network KB
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Road Network Hypothesis Space

A Geometrical Modelling

B Conceptual Modelling

1. Qualitative spatial relations
Road Network taxonomy
Geometric Constraints

Road building / Semantic
Constraints

B WIS

Geometric- IS

Entlty

RoadNeterork-
Element

__ForhiddenTransition
Tranmtn:tnF{oadq ~ Allawed Transition
Autahahn
AN / vighway
"{,,v‘:,\:\ ‘\\ ﬂf;f“ UrbanRoad
A -

H N Ra&tikf_ TwolayRoad

i ’1‘% ‘ix 7 f{ ‘: T GneWayRQad
A j{ . MarkedRoad
i/ \‘a \Unmarkngaad
sll". 3“
;f \ \Juannd‘_nghﬁayErrh’yEmt
AT __RightTumnLane
AU -~ __StraightAheadLane
N Tl,mmgLan%K .LeffTumLane
“"a "‘\1 ~~_UTumLane
1A B \ / __ EntryExitTransitionLane
4 i'w N /' TransitionLaneg-— " SmoothTransiionLane
IR - _BendlngTrmSItanane
AR
W)
%"1, | ‘a ‘\ NGTrespassmg
‘; y \BmdeLane
\: | \CarLane ___RightTurnAmow
1&* cmm"gg Srrowhdarid sl _&mghlﬂh&aedénnw
W N\ T LefiTumArmow
% ,,.ﬂang!enashed
y }Drﬁ'lt:llaﬁh‘la!ris'.lllgar .
“Sin leSolid
!‘D'“'dg'"é ,,,,, InvisibleDivider 3
_RoadCury
“PhysicalDividege——— = O
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Road Network KB
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Road Network Hypothesis Space

A Geometrical Modelling

B Conceptual Modelling

1. Qualitative spatial relations
Road Network taxonomy
Geometric Constraints

Road building / Semantic
Constraints

B WIS

Geometric- IS

Entlty

RoadNeterork-
Element

__ForhiddenTransition
Tranmtn:tnF{oadq ~ Allawed Transition
Autahahn
AN / vighway
"{,,v‘:,\:\ ‘\\ ﬂf;f“ UrbanRoad
A -

H N Ra&tikf_ TwolayRoad

i ’1‘% ‘ix 7 f{ ‘: T GneWayRQad
A j{ . MarkedRoad
i/ \‘a \Unmarkngaad
sll". 3“
;f \ \Juannd‘_nghﬁayErrh’yEmt
AT __RightTumnLane
AU -~ __StraightAheadLane
N Tl,mmgLan%K .LeffTumLane
“"a "‘\1 ~~_UTumLane
1A B \ / __ EntryExitTransitionLane
4 i'w N /' TransitionLaneg-— " SmoothTransiionLane
IR - _BendlngTrmSItanane
AR
W)
%"1, | ‘a ‘\ NGTrespassmg
‘; y \BmdeLane
\: | \CarLane ___RightTurnAmow
1&* cmm"gg Srrowhdarid sl _&mghlﬂh&aedénnw
W N\ T LefiTumArmow
% ,,.ﬂang!enashed
y }Drﬁ'lt:llaﬁh‘la!ris'.lllgar .
“Sin leSolid
!‘D'“'dg'"é ,,,,, InvisibleDivider 3
_RoadCury
“PhysicalDividege——— = O
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Road Network KB et Gatsune (1), Gormany mrt

Prof. Dr.-Ing. C. Stiller

Road Network Hypothesis Space

e 9109y 9|l L00Z @

A Geometrical Modelling

a1doy] “-1enjusled Yolgalyos

B Conceptual Modelling

1. Qualitative spatial relations
2. Road Network taxonomy

3. Geometric Constraints
4

Road building / Semantic
Constraints

‘sun 18q @)ydaiagebielspn pun -

Arbitrary Sample
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Road Network KB
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Road Network Hypothesis Space

A Geometrical Modelling

B Conceptual Modelling

1. Qualitative spatial relations
2. Road Network taxonomy

3. Geometric Constraints
4

Road building / Semantic
Constraints

// Lanes are externally connected
// only to lanes or dividers.

Lane C VEC.(Lane U Divider)

// Lanes only have arrows

// as proper parts.
Lane C YPP.Arrow
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Road Network KB et Gatsune (1), Gormany mrt

Prof. Dr.-Ing. C. Stiller

Road Network Hypothesis Space

e 9109y 9|l L00Z @

A Geometrical Modelling

« | N

a1doy] “-1enjusled Yolgalyos

B Conceptual Modelling

1. Qualitative spatial relations
2. Road Network taxonomy

3. Geometric Constraints 11
4

Road building / Semantic
Constraints
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Arbitrary Road Sample
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Prof. Dr.-Ing. C. Stiller

Road Network KB et Gatsune (1), Gormany mrt

Road Network Hypothesis Space

e 9109y 9|l L00Z @

A Geometrical Modelling

E3led Yolgelyos

// Only right turn lanes can be right of right turn lgn

Elle[e)¥]

B Conceptual Modelling Right TurnLane L  hasEastNeighbor RightTurnLane
1. Qualitative spatial relations

2. Road Network taxonomy
3. Geometric Constraints OneWayRoad C ¥ NTPP.~UTurnLane
4

Road building / Semantic
Constraints

// A one way road does not have a uturn lane.

sun 18q @)yodaiagebielsp pun -

// All autobahns and highways are one way roads.

Autobahn U Highway C OneWayRoad
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Road Network KB et Gatsune (1), Gormany mrt
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Road Network Hypothesis Space

e 9109y 9|l L00Z @

A Geometrical Modelling

a1doy] “-1enjusled Yolgalyos

B Conceptual Modelling

1. Qualitative spatial relations
2. Road Network taxonomy

3. Geometric Constraints
4

Road building / Semantic
Constraints
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Arbitrary Sample
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Sensor Data Input

| NAPI_VehicleMapDisplay |- | ' EY
L}

1. Digital Map

2. GPS & Map Matching
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3. Video/Laser-based
object detectors

"KA:iEU 342"
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Road Network KB

Universitat Karlsruhe (TH), Germany
Institut fir Mess- und Regelungstechnik
Prof. Dr.-Ing. C. Stiller ‘

Sensor Data Input

1. Digital Map

2. GPS & Map Matching

3. Video/Laser-based
object detectors

Symbol Grounding

[...]// r4: not(OneWayRoad)

[...]1//r4: has 4 Lanes

[...]1// r4: leads to junction with 4 branches
[...] /] Closed World Assumption
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Road Network KB et Gatsune (1), Gormany mrt
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Sensor Data Input

e 9109y 9|l L00Z @
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1. Digital Map

2. GPS & Map Matching

sun 18q @)yodaiagebielsp pun -

3. Video/Laser-based Symbol Grounding
object detectors

eqovehicle : Vehicle // create new vehicle
(egovehicle,ry) : NTPP= // is inverse proper part of road ry
(egovehicle,ry) : |l // is parallel to roud ry

Britta Hummel 23
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Sensor Data Input

1.  Digital Map / Q ‘
2. GPS & Map Matching o / E
3. Video/Laser-based Symbol Grounding

object detectors

[...] //'11: RoadCurb

[...] /]'i12: StraightAheadArrow
[...] //13: DividerMarking50-20
[...] /] state spatial relations
[...] // Open World Assumption
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Motivation: Road recognition for toy worlds only?

« DL Road Network Knowledge Base Development
— DL Tutorial
—  Hypothesis Space
—  Sensor Input

« DL Inference for Semantic Road Recognition

—  Deduction
—  Model Construction
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Inference
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=11]

1. Draw all conclusions, given
the KB (i.e. prior knowledge &
sensor data)

=» Deduction

a1doy] *-1enusjed YyolIgalyosu

2. Generate all intersection

hypotheses KB | Iy :OneWayN I BicycleLane M s
=» Model construktion StraightAheadLane
l4.2 : OneWayN M CarLane I
StraightAheadlLane
l43 : OneWay$
[4.4 : OneWay$
KB | (egovehicle,l,,) : NTPP~

q 81yoasaqebialspn pun -i

= Video-based hypothesis test /
Deformable Model matching
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Inference

1. Draw all conclusions, given
the KB (i.e. prior knowledge &
sensor data)

=» Deduction

2. Generate all intersection
hypotheses

= Model construction

= Video-based hypothesis test /
Deformable Model matching

Abox A,

Abox A,

a1doy] “-1eNjusjed YolgalyasuIe a)yosy ally L00Z @
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Road Network KB
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Inference

1. Draw all conclusions, given
the KB (i.e. prior knowledge &
sensor data)

=» Deduction

2. Generate all intersection
hypotheses

= Model construktion

= Video-based hypothesis test /
Deformable Model matching

Abox A,

Symbol Grounding

Latitude 4000%  Orentation Status

‘sun 18q @)ydaiagebiaysp pun -iaidoy) -ienusied yolgelyosule a1yosy v 2002 ©
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Demo: Video
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W, o

Pointerd49200:34°532 Nl 822507 562

\

Sireaminma [ITHLIENT 100 %

Eva alt
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Sequence Nr:  [ssquo0 -] Latitude 490096 Orientation
Ahs. Rel.
Longitude 54181 9 4256 0
Sensor | frame 1080 date 09-02-2005
| 3
5 ]
sl /
i
'
|
i 3
=y .
‘{{‘ ‘}}‘ l I:I H ” ‘ ‘ - @ Create Avifile © Disp overlay () Disp Lane (%) Disp Border
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Motivation:
* Road recognition works in toy worlds only
* A massive augmentation of prior knowledge is needed

Knowledge Representation:

» Introduction of DL as a formal, explicit, and readable knowledge
representation formalism for real-world high-level scene interpretation

 Development of a DL RoadNetwork KB
— High-level conceptual constraints
— Map, Positioning, Video/Laser sensors

Inference:
« Deductive reasoning for querying the KB

« Model Construction for returning the set of intersection hypotheses

« Natural handling of partial observability, differing abstraction layers and
incremental additions

} constrain hypothesis space
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 Hypothesize & Test
« Migration to probabilistic logic (MLN, SLP)
* Rule Learning from Training Data

a1doy] “-1eNjusjed YolgalyasuIe a)yosy ally L00Z @
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Thanks...
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Institut fir Mess- und Regelungstechnik
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Thanks for your attention.
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Example: Proof of Result 5 .nsti’tﬁ‘t”%rfﬁ;s?i'f;;‘*;feéll“dai‘i;?ﬁnﬁzmrt

Prof. Dr.-Ing. C. Stiller

Results 1-4: KB | ly1: OneWayN N BicycleLane I
StraightAheadLane
l42 : OneWayN M CarLane M
StraightAheadLane
l43 1 OneWay$S
l44 1 OneWay$S

Results: // The vehicle is on lane Iy .
ICB = (egovehicle,ly;) : NTPP™ [iff i = 2 .

a1doy] “-1eNjusjed YolgalyasuIe a)yosy ally L00Z @
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Example: Proof of Result 5 .ns;’tﬁ‘t”%rfﬁ;s?i';r;‘?feéll“da?s‘i;?ﬁnﬁzmrt

Prof. Dr.-Ing. C. Stiller

Proof sketch: The TBox of the KB contains the following statements:
// Marking50-20 is a divider for bicycle lanes.
Marking50-20 [ disLaterallyConnectedTo.BicycleLane

// This type of arrow only occurs on car lanes.

Arrow C YNTPP~.CarLane

// Bieycle lanes are not next to each other,

BicycleLane T VhasNeighbor.CarLane

a1doy] “-1eNjusjed YolgalyasuIe a)yosy ally L00Z @
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. L_Jnive:rsitét Karlsruhe (TH), Germaqy
Example: Proof of Result 5 it fr Mess- ;:gfﬁggi';gege;gggmrt

These deductively lead to:

Result 5a:
// The driver’s lane is a car lane (fortunately :) ),

// and right of it, there is a bicycle lane.

ICB = egovehicle : ANTPP.(CarLane M
dhasEastNeighbor.BicycleLane)

‘sun 18q @)ydaiagebiaysp pun -iaidoy) -ienusied yolgelyosule a1yosy v 2002 ©
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. L_Jnive:rsitét Karlsruhe (TH), Germaqy
Example: Proof of Result 5 it fr Mess- ;:gfﬁggi';gsge;g;gmrt

Result bbh:

// Right of the bicycle lane there can only be a car lane.
KB = egovehicle : ANTPP~.(CarLane I
JhasEastNeighbor.(BicycleLane 1M
VhasEastNeighbor.CarLane))

‘sun 18q @)ydaiagebiaysp pun -iaidoy) -ienusied yolgelyosule a1yosy v 2002 ©
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Example: Proof of Result 5 .nsb’tﬁ‘t”%rfﬁ;si?i',ir;‘?feéll“daﬁs‘i;?ﬁnﬁzmrt

Prof. Dr.-Ing. C. Stiller

e 9109y 9|l L00Z @

/I A lane with a straight ahead arrow is a straight ahead lane

[..]

// Right neighbors of straight ahead lanes are straight ahead or right turn
lanes only.

[...]

// Bicycle lanes do not occur between lanes of the same turning lane type

[..]

idoy| ‘~enualed yolgelyos

‘sun 18q @ydaiaqebiaisp\ pun -Ia
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Example: Proof of Result 5 .nsti’tﬁ‘t”%rfﬁ;s?i'f;;‘*;feéll“dai‘i;?ﬁnﬁzmrt

Prof. Dr.-Ing. C. Stiller

Result 5c¢:

// Right of the bicycle lane can only be a right turn lane.
KB &= egovehicle : ANTPP~ (CarLane
JhasEastNeighbor.(BicycleLane I
YhasEastNeighbor.RightTurnLane))

a1doy] “-1eNjusjed YolgalyasuIe a)yosy ally L00Z @
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. L_Jnive:rsitét Karlsruhe (TH), Germaqy
Example: Proof of Result 5 it fr Mess- ;:gfﬁggj';gsge;g;gmrt

. Intermediate result:

As r1 is a OneWayRoad towards the junction, r4 cannot have a right turn lane.

Result 5d:

// There is no more lane right of the bicycle lane.

KB = egovehicle : ANTPP~.(CarLane IM
TJhasEastNeighbor.(BicycleLane Il
—dhasEastNeighbor))

‘sun 18q @)ydaiagebiaysp pun -iaidoy) -ienusied yolgelyosule a1yosy v 2002 ©
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Universitat Karlsruhe (TH), Germany

Example: Proof of Result 5 st i Mess-ure Rogolngstechi

mret

« Closed World Assumption for map data

—— // The vehicle is on lane ly.

KB |= (egovehicle,ly;) : NTPP™ ,if i =2 . O

‘sun 18q @)ydaiagebiaysp pun -iaidoy) -ienusied yolgelyosule a1yosy v 2002 ©
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Universitat Karlsruhe (TH), Germany

Hypothesize&Test B e

2.

P r

Evidence (ABOX): Hypothesization: Hypothesization: Hypothesization:
RightTurnArrow( Lane(lanel); isConnectedWith- Road(roadl);
arrowl); hasMarking( RightDivider(  jsPartOof(lanel,
SinglelLongDashed lanel, dividerl); roadl);
Divider(divi- arrowl); isConnecFe?With— non-trivial
derl); LeTthivider( Hypothesization:
divider2); .

‘sun 18q @)ydaiagebiaysp pun -iaidoy) -ienusied yolgelyosule a1yosy v 2002 ©

PhysicalDivider(
divider?2);

Hypothesization: Deduction: Deduction:
Lane(lane2); iIsPartOf(lane2, MarkedRoad(
hasRightNeighbor roadl); roadl);
(Tanel,lane2); REghtTurniane( DividerMarking(
lane2);
) divider2);
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Hypothesize&Test

Universitat Karlsruhe (TH), Germany
Institut fir Mess- und Regelungstechnik
Prof. Dr.-Ing. C. Stiller ‘
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model complete
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