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ARGUMENTATION-BASED SCENE INTERPRETATION
USING DEFEASIBLE LOGIC PROGRAMMING

SUMMARY

In an agent system that needs to operate in the real world, the problem of maintaining
a consistent world model in the face of unreliable, incomplete and inconsistent sensory
data should be solved. In this thesis, an approach is presented that addresses the
problem of constructing a consistent world model through inconsistent sensor readings
by applying an argumentation-based scene interpretation framework in order to
accurately model and represent the observations and beliefs of an agent. The proposed
approach is based on temporal and probabilistic defeasible logic programming for
reasoning.

When a robot is tasked with an object manipulation action, it initially needs to
sense and localize the object though its sensory data. In the proposed system, an
RGB-D camera is used as a sensor in order to sense the objects in the scene. The
RGB-D camera on the robot provides point cloud data that consists of the distance
between points and the camera and the color of each point. The point cloud data
is evaluated by using LINE-MOD, LINE-MOD HS and Euclidean Clustering-based
object segmentation algorithms. LINE-MOD is used to meet the requirements of
online 3D object recognition. Different from most of the object recognition algorithms
that run on images, LINE-MOD has an ability to recognize both textured and
textureless objects in unstructured environments. Surface normals from depth data
are used in order to recognize objects by the LINE-MOD algorithm. LINE-MOD
HS is an extended version of the original LINE-MOD algorithm, and it also uses
hue and saturation data during the recognizing process. Euclidean Clustering-based
object segmentation algorithm segments the objects in the environment and can sense
novel objects or objects that other algorithms fail to recognize. It can calculate the
width, height and depth of objects using the segmented point clouds. However, these
algorithms are subject to failures due to dynamic structure of the environment, noisy
data, the viewing angle of the camera to an object or simply due to its incapability on
same cases. As a result, the real world may not always match the perception of the
robot due to such failures.

The robot that operates in the real world needs to filter these noisy inputs for
reaching a consistent decision about the world state. The main problem addressed
in this thesis is the problem of dealing with inconsistent observations gathered by
the vision algorithms and interpreting them to provide a consistent world model.
For solving the stated problem, a scene interpretation system is proposed that uses
Defeasible Logic Programming (DeLP). Defeasible Logic is a non-monotonic logic
that is capable of presenting logical statements in defeasible form which allows it to
infer on contradictory information. In the proposed system, DeLP is extended to have
defeasible facts, defeasible rules and observation facts. Background/commonsense
knowledge is represented as defeasible facts and defeasible rules, whereas perception
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information is represented as observation facts. In the proposed system, the procedure
that maps the perception information to the observation facts is also defined.

DeLP based reasoner makes conclusions on any claim by constructing its acceptable
argumentation lines. If an argument that supports a given claim cannot be defeated in
any acceptable argumentation line, the claim is said to be warranted. Furthermore, it is
also possible to query for a predicate to find its warranted claims. In order to construct
a consistent world model, all claim of object properties are queried to be warranted. If
they can be warranted, these claims are added to the world model. The performance
of the proposed approach is evaluated on simulation experiments in the Stage Robot
Simulator. It is also shown that the approach is applicable to real world scenarios with
an autonomous Pioneer 3-AT robot.
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FESHEDILEBILIR MANTIKSAL PROGRAMLAMA iLE
TARTISMA TABANLI SAHNE YORUMLAMA

OZET

Robotlarin gercek diinyada calisabilmeleri i¢cin bulunduklari ortamin farkinda olmalari
gerekmektedir. Robota bir nesne ile etkilesime ge¢cme gorevi verildiginde, o nesneyi
dogru olarak konumlandirabilmesi ve nesnenin nitelikleri hakkinda bilgi sahibi olmast;
nesneyle etkilesime gecebilmesi i¢in ilk adimdir. Robotlarin bulunduklar: ortam
hakkinda bilgi sahibi olmadan bu ortamda karar alip eylem yiiriitmeleri miimkiin
olamaz. Ortam hakkinda bilgi sahibi olabilmek i¢in robotlarin Oncelikle ortam
icin uygun algilayicilara sahip olmalar1 gerekir. Bu algilayicilardan gelen ham
verilerin robot tarafindan islenip, anlamlandirilmasi ve bir bilgi temsili ile saklanmasi
gerekmektedir. Fakat yaygin olarak, algilayicidan gelen ham verilerde ya da bu
ham verilerin islenmesi sirasinda bazi hatalar olusabilmektedir. Ornegin, robot
bazi nesneleri algilamakta basarisiz olabilir ya da bazi1 nesneleri farkli nesnelere
benzetebilir ve bunun sonucunda olusturulan veriler giiriiltii ve hatalar icerebilir. Bu
sebeplerle robotun algilama sistemi her zaman gercek diinya ile eslesmeyebilir. Birbiri
ardina alinan algilamalarda ya da farkli algilama yontemleri ile gelen verilerde de
farkliliklar olabilmektedir. Sonug¢ olarak robotun gelen bu verileri uygun sekilde
filtreleyerek giiriiltiilerden arindirmasi ve diinya durumu {iizerine tutarli bir ¢ikarim
yapabilmesi gerekmektedir. Bu tezde, farkli kaynaklardan gelen verilerin islenmesi
sonucu olusan bilgilerin Feshedilebilir Mantiksal Programlama ile islenmesi ve
robotun tutarl bir diinya bilgi temsilinin olusturulmasi ve siirdiiriilmesi hedeflenmistir.
Bu amacla Feshedilebilir Mantiksal Programlama yontemi yeni tanimlamalarla
geligtirilerek kullanilmistir.  Olugturulan sistem simulasyon ortaminda ve gercek
diinyada test edilmistir. Sistemin, bir ve birden fazla robot i¢in kullanilabilirligi farkl
senaryolar yardimiyla gosterilmistir. Sahne yorumlama i¢in Feshedilebilir Mantik
Programlama kullanilmasi, bu yontemin uygun sekilde gelistirilmesi ve bu sistemin
gercek ortamda uygulanmasi bu tezin katkilarini olusturmaktadir.

Ortam hakkinda bilgi sahibi olabilmek i¢in; robotlar bir cok algilayic1 bulundurmak-
tadir. Bu algilayicilar; robotun ortam igerisindeki konumunu bilmesi ve ortamin
durumunu anlayip ¢ikarsama yapabilmesi i¢in kullanilmaktadirlar. Gerg¢ek diinyada
calisan bir robotun ortamini algilayabilmesi icin, algilayicilarindan gelen ham verileri
islemesi gerekmektedir. Bu ham verileri islemeden bunlari kullanmak miimkiin
olmamaktadir. Bu verilerin iglenmesi i¢in varolan goriintii isleme algoritmalarindan
faydalanilmistir. Robotun ortamda bulunan nesneleri algilayabilmesi i¢in RGB-D
kamera kullanilmaktadir. Bu kamera ortami iki boyutlu algilamanin yaninda,
algiladig her bir noktanin uzakligini da ¢ikarsayabilmektedir. Noktalarin sahip oldugu
renk ve derinlik bilgisi biitiinii nokta bulutu olarak adlandirilmaktadir. Bu nokta
bulutu kullanilarak nesnelerin ortamda secilmesi ve taninmasi iglemleri yapilmaktadir.
Nesnelerin ortamda taninabilmeleri i¢in LINE-MOD ve LINE-MOD HS histogram
algoritmalar1 kullanilmaktadir. Bu algoritmalar RGB-D kamera ile elde edilen nokta
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bulutlarini kullanarak, nesnelerin yiizey normallerini hesaplamaktadirlar. Robot, daha
onceden karsilastig1 nesnelerin ylizey normalleri bilgisini saklamaktadir. Kullanilan
algoritma ile nokta bulutundan ¢ikarilan yiizey normalleri, robotun 6nceden sakladigi
nesnelerin yiizey normalleri bilgileri ile karsilastirilir ve bulunan nesnelerin gézlem
bilgisi olusturulur. LINE-MOD HS histogram algoritmasi, yiizey normallerini
karsilastirmasinin yani sira, renk bilgisini de kullanmaktadir. Bu sayede farkli
renklerdeki nesneleri algilayip tanimlayabilmektedir. Tanminmayan nesnelerin de
ortamda algilanabilmesi icin boliitleme algoritmasi kullanilmaktadir. Bu algoritma
yardimiyla, RGB-D kamerasindan elde edilen nokta bulutu igerisinde nesnelere ait
olabilecek nokta kiimeleri tespit edilmektedir. Bu nesne bilgilerini iceren nokta
kiimelerinden, yaklasik olarak nesne konumu ve nesne biiyiikliigii algilanabilmektedir.
Tespit edilen bu nesne kiimeleri bilgisi algoritmanin ¢iktisin1 olusturmaktadir.

Nesne algilama ve nesne tanima algoritmalari yardimiyla olusturulan gozlemler
sahne yorumlama modiiliiniin girdisini olusturmaktadir. Bu gozlemler siirekli olarak
alinmakta ve saklanmaktadir. Alinan gozlemler; gozlem nitelik bilgilerini, gozlem
zamanini, gozlem giivenilirligini ve gozlem kaynagini iceren bir veri grubunu
olusturmaktadir. Bu veri gruplar1 tez kapsaminda Onerilen Onisleme yontemi kul-
lanilarak kiimelenir ve bu kiimelerdeki bilgilerin biitiiniiniinden faydalanilarak gézlem
durumlar1 olusturulur. Bir gézlem durumu; gozlem hakkindaki niteliksel bilgiyi, son
gozlem zamanin ve gozlemin dogrulugu bilgisini igerir. Bu bilgiler ¢ikarsanirken,
gozlem durumunu olusturan goézlem veri grubu kiimelerinden faydalanilir. Veri
grubundaki son alinan gozlemin zamani, gozlem durumu zamam olarak atanirken;
gozlem durumu dogrulugu bilgisi veri grubu kiimesindeki gozlem sonuclarindan
faydalanilarak hesaplanir. Go6zlem durumlar1 Feshedilebilir Mantiksal Programlama
ile sahne yorumlama yapilmasi asamasinda kullanilmaktadir. Gozlemlerin yani
sira, robotun ortam hakkinda sahip oldugu bilgiler de Feshedilebilir Mantiksal
Programlama dili ile ifade edilip, robota verilir. Boylece robot, algilayicilarindan
gelen bilgilerin yanisira, ortam hakkinda da arkaplan bilgisine kullanir. "labutlar uzun
nesnelerdir" gibi on bilgiler robota verildiginde, robot ortam hakkindaki bu bilgiyi
kullanarak daha tutarli ¢ikarsamalar yapar.

Feshedilebilir Mantiksal Programlama, tartisma tabanli bir monoton olmayan
mantiksal dildir. Robotun algilayicilarindan gelen veriler ve bu veriler iizerinde
calisgan algoritmalardan gelen bilgiler hatali olabilmektedir. Bu hatalar, olusan
gozlemlere de yansir ve robotun bilgi tabaninda tutarsizliklar olusturabilmektedir.
Bir ¢cok mantiksal dil tutarsizliklar1 yorumlayamaz iken, Feshedilebilir Mantiksal
Programlama dilinde tutarsizliklara izin verilebilmektedir. Bir ¢ikarim yapilirken, bu
tutarsiz mantiksal ifadeler agirliklar1 ve zaman bilgileri kullanilarak karsilastirilmakta
ve tutarli bir ¢ikarima ulagilmasi saglanmaktadir. Bdylece robotun ulastid1 diinya
bilgi tabani, tutarsiz mantiksal ifadeler icerdigi halde; tutarli ¢ikarimlarla en uygun
diinya durumu olusturulabilmektedir. Ayrica diger mantiksal dillerde tutarsiz ifadeler
onemsenmezken, bu dilde bunlar da kullanilabilmekte ve fayda saglayabilmektedir.
Feshedilebilir Mantiksal Programlama, sahne yorumlama sirasinda karsilasilabilen
problemlere ¢oziim getirmekte ve gercek zamanl ortamin bilgi temsilinin islenmesine
olanak saglamaktadir.  Onerilen yontem ROS altyapis1 kullamlarak bilgisayar
ortaminda gerceklenmistir. Gergeklemeler simulasyon ve gercek diinyada robot
tizerinde uygulanmistir. Bu uygulamalardan alinan sonuclar raporlanmis ve diger
calismalarla kargilastirilip basarili yonleriyle ortaya konulmustur.

Robotlarin gercek diinyada islevsel olabilmeleri i¢cin sahne yorumlama kabiliyetine
sahip olmalar gerekmektedir. Bu tezde, bir sahne yorumlama sistemi Feshedilebilir
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Mantiksal Programlama kullanilarak modellenip gelistirilmistir. Bu sahne yorumlama
sistemi, farkli kaynaklardan aldig: bilgileri degerlendirebilmekte ve bunlar1 arkaplan
bilgisini de kullanarak islemektedir. Tutarsiz bilgilere de degerlendirebilen bu sistem,
ortamin o anki tutarli olarak sahip olabilecegi diinya durumunu ¢ikarsar. Yapilan
deneyler, bu sistemin etkin bir sekilde calistigini ve gezgin robotlarda bu sistemin
kullanilabilirligini gostermektedir.  Gelistirilen sistem, birden fazla robotun bilgi
paylasimi yapmasini ve tartisarak tutarli bir sonuca ulagmasini da saglayabilecek bir
yapida gerceklenmistir.
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1. INTRODUCTION

A robot that needs to operate and manipulate objects in a human environment
encounters some challenges due to characteristics of human environments [1]. In
the human environments, objects and environments are usually human-oriented and
consonant with human anatomy, and the robots may came across with people, pets or
even other robots. Furthermore presence of the outer factors, makes the environment
dynamic that usually results in incomplete and/or inconsistent knowledge elements in
the robot’s model. Object types, appearances and their placements may also differ
in each case. Due to being in a dynamic environment, the robot should also satisfy
real-time constraints, and be capable of responding to the potential changes in the
environment. The final and also one of the crucial challenges that needs to be overcome
is incomplete and noisy sensor data which makes perception less reliable and prune to

faults.

A scene interpretation system is needed to extract and maintain consistency in
knowledge about the world state to eliminate unreliable sensory information that
may mislead the operations of the robot. The robot needs to face with inconsistent
observations in such cases. Domain specific properties such as the reliability of the
information sources or general domain rules such as all cups are white or boxes are
prismatic objects may be predetermined for improving interpretation results. However,
relying only on hand coded information generally fails in coping with unexpected

events or failures that may occur at runtime.

Knowledge representation is an important aspect for robots. There are several
knowledge representation methods for expressing both observations and commonsense
knowledge. As the depth of a robot’s knowledge increases, expressing its all elements
by existing knowledge representation methods becomes harder. First Order Logic
(FOL) is one of the widely used techniques for representing knowledge. However, this
technique assumes that the environment is fully observable and deterministic, while in
real-world domains, the environment is generally stochastic and partially observable.

Probabilistic techniques are widely used for facing with uncertainties and provide

1



filtering out noise in sensor data. However, these methods do not scale well for the

scenarios which need further symbolic reasoning.

1.1 Problem Definition

When a robot is tasked to interact with objects, the first step is correctly localizing the
objects and interpreting the relations among them. However, it is common to encounter
various errors during object detection and recognition. For example, the robot’s vision
system may fail in recognizing an object or classifying it correctly. An example vision
output is given in Figure 1.1 where recognition errors can be seen. The robot may also
encounter novel objects, and it may have no prior information on the objects. Vision
algorithms would fail due to the need for templates or CAD (Computer-aided Design)
models of an object prior to recognizing it. As a result, the perception of the robot
does not always match the real world. When the robot has background knowledge of
the environment, for example, in the figure, it can state that there is a door, and there
should not be any object on that region, or it may also reason that all objects must have
contact to a floor or other surfaces. It is beneficial for the robot to use the background
knowledge, which may help the robot to filter noisy data that may originate from the
perception algorithms. Two different sensor readings may also be in conflict, due to
different factors that may affect their perception. The robot needs to filter all these
noises to end up with a consistent decision about the world state. Thus, interpreting

the scene accurately is beneficial for efficiency of task execution.

-

- e i

Figure 1.1: A sample object recognition output from the LINE-MOD algorithm.



In this thesis, manipulation scenarios with a mobile robot are focused to show the
applicability of a scene interpretation system. It is assumed that there is no apriori
information on the objects (0; € O, where i = 0,...,m) the robot interacts with and
their properties. The mobile robot may detect these objects or perceive their properties
during its navigation in the environment. As the case study of this thesis, every object
has three main properties as type, color and size. Each object has an associated
belief on the location information (loc,). The robot can localize the objects by
using its vision algorithms, however, it has a limited range of view. So in order
to fully sense the environment, additional sensing actions may be needed which
requires additional resources such as time and energy. The robot uses several different
perception algorithms in order to gather knowledge from the environment and they
may have different capabilities. For instance, some algorithms may just perceive
the color of an object, while some other algorithms are capable of classifying the
type of an object. The main problem that is addressed in this thesis is the problem
of dealing with inconsistent observations related to objects and interpreting them to
provide an accurate scene model. Using the knowledge base that is produced by the
scene interpretation module, the system should be able to produce the object related
predicates. The following predicates are constructed using the gathered knowledge

of the environment as seen in the Table 1.1. object(loc,,) predicate defines that

Table 1.1: The predicates which are maintained in the knowledge base.

Predicate Description

object(loc,,) Object in location loc,, exists in the
scene, and it is detected/recognized.
type(locy,, <type>) Object located in loc,, belongs to type
<type>.

color(locy,, <color>) | <color> is detected as an object’s
color located in loc,,.

size(locy,, <size>) Object located in loc, has size
<size>.

there exists an object in the scene on the given location loc,,. type(loc,,, <type>),
color(loc,,, <color>) and size(loc,,, <size>) predicates determine the type, color

and size properties of an object, respectively. The main objective is to maximise



the correctly classified predicates while minimizing the misclassified and duplicate

predicates.

1.2 Purpose of Thesis

In this thesis, the main goal is to implement a scene interpretation system that is
able to maintain a consistent world model for autonomous mobile robots. For a
robotic system, partial and/or inconsistent observations gathered through unreliable
sensors should be filtered and pre-processed in order to reach a consistent knowledge
base. Otherwise, the robot fails to interact with objects due to the lack of the
knowledge about objects. Therefore, an inference mechanism should be applied in
order to evaluate observations by taking into account temporal information and success
characteristics. The success criteria for such a mechanism is the number of correctly

classified instances for each object predicate.

1.3 Hypothesis

An argumentation-based scene interpretation system is proposed to solve the stated
problems by using a Defeasible Logic Programming (DeLLP) formulation [2]. DeLP is
a logic programming formalism that is able to deal with contradictory information
especially for multi-agent systems. The main motivation behind our study is the
investigation of this formulation in a single body system which has conflicting
sensor readings. In the proposed formulation, partial and/or inconsistent observations
gathered through unreliable sensors are represented as observation facts, which are
customised versions of defeasible facts. Defeasible facts and defeasible rules are
defined to represent background/commonsense knowledge. Domain beliefs(defeasible
facts and defeasible rules) and observation facts form the knowledge that is queried
in order to maintain a consistent world model. DeLP is extended to have both
probabilistic and temporal features. The applicability of the proposed scene

interpretation approach is analyzed in both simulated and real-world environments.



2. BACKGROUND

In this chapter, Robot Operating System (ROS) framework and the perception sources
used in the proposed system are briefly described. Afterwards, the literature on
Defeasible Logic Programming (DeLP) and its applications and Scene Interpretation

in robotic systems are summarised.

2.1 ROS Framework

While developing large-scale applications on robots, developers encounter challenges
like dealing with the hardware of the robot or implementing supplementary modules
beside main parts of the application. For example, implementing navigation of a robot
is individually time-consuming but a basis requirement for a large-scale system. Thus,
exploiting a library becomes necessity in these situations. ROS is an open-source
framework that provides lots of libraries and tools about robot applications. Using
ROS, developing software on a robot can be done without considering low level issues
like hardware, device drivers, communication or visualization since ROS manages
these kinds of details and helps to be able to focus on the main components of the
desired system. [3]

In a ROS-based system, all processes that run simultaneously and communicate with
each other are defined as nodes. The communication between nodes is handled by
ROS, so the developer only needs to know the message interface between nodes. The
context of the message and the type of the communication is determined according
to the requirements of the system, and the desired messages are incorporated into
the system. There are two different approaches, topic and service-based, to handle
communications. In the topic based approach, the framework creates a channel that
any message can be sent from a node, and any node can listen to that channel. In
the server-based approach, the node opens a server with a pre-defined request format,
and any node can send a request to inquiry the server node. Communication methods
are determined with respect to the structure of the communication between nodes, and

more than one message format can be sent between the same pair of nodes.



2.1.1 Localization, mapping and navigation

A mobile robot should estimate its location in the environment at each time step,
which is called the localization process. The most important usage of localization
is for searching a path to a specific coordinate on the map. An odometer and a laser
range finder of the robot are used for determining the location. Change in location
is estimated over time by evaluating the data that comes from various sensors. In
addition, the laser range finder detects dynamic obstacles around the robot, and the
obstacles are avoided during navigation. A probabilistic localization system which is
named as Monte Carlo Localization [4] is used. In this approach, the pose of the robot

is tracked with particle filtering method. !

Robots can also generate their map from scratch or continuously update and improve
a predefined map. Grid mapping algorithms are used in order to create a map of
an environment. In this thesis, Rao-Blackwellized particle filters are used as an
effective method to solve the simultaneous localization and mapping (SLAM) problem
in an unknown environment [5]. The robot is manually controlled to explore the
environment. The final map that is constructed by the SLAM algorithm is recorded
for further usage. The robot uses the recorded map as a static map, and updates its
location on the map according to incoming data from the laser range finder. In Figure

2.1, the map of the department’s corridor which is generated by the robot can be seen.

Figure 2.1: An example map of the corridor of Faculty of Computer and Informatics.

2.2 Perception Sources

A robot may have multiple data sources to maintain its own state and world state
knowledge. An RGB-D Camera is used in order to gather data from the environment.
Object detection and recognition algorithms are used to recognize objects in the

environment.

IThis algorithm is available as a package in ROS and this package is exploited with proper
parameters in our system.



2.2.1 RGB-D camera

In an object manipulation scenario, a robot must be able to sense its environment
and recognize the objects that are cluttered in the environment. In order to sense the
environment, an Asus Xtion Pro RGB-D camera is used that is placed on top of the
robot facing forward. In addition to its RGB sensor which makes it able to sense in 2D
environment with color information, it also has a depth sensor that can tag each point
with its depth information. In Figure 2.2, samples for a raw image, a depth image and

a point cloud that is generated by using the image and depth data can be seen.

(b) © (d)

Figure 2.2: (a) The environment during the sampling process, (b) the raw image, (c)
the depth image and (d) the RGB-D point cloud data are shown in the
sub-figures.

2.2.2 3D object recognition

Object manipulation scenarios are investigated in this work. For this reason, an
efficient object recognition algorithm is needed to recognize and localize objects in
the environment runtime. In the proposed system, LINE-MOD algorithm [6] is used
for meeting the requirements of onboard 3D object recognition due to its computational
efficiency and ability to recognize textureless objects as well as textured ones in
unstructured environments. LINE-MOD uses surface normals from depth data in
addition to 2D color information. An offline template registering is needed before
online object recognition. This algorithm is further extented to incorporate with HS
histograms to improve color recognition performance [7]. Although the true positive
rate of the latter version is lower, it greatly reduces the false positives [8]. The
algorithm starts with loading template information of the objects and tries to find a
matching of templates and current scene. Furthermore, this algorithm was extended
by taking into account the HS histograms of the objects. By doing so, the algorithm

evaluates colour information beside depth information and the objects are recognized
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with an extra colour information. The lighting condition of the environment can
significantly affect the success ratio of the algorithm due to the variations in the
color information, which is a disadvantage of this extension. An example output of
LINE-MOD and LINE-MOD with HS on four objects can be seen in Figure 2.3(a) and
Figure 2.3(b), respectively. These sources are denoted by s; and s;5 for LINE-MOD,
LINE-MOD with HS sources, respectively.

LINEMOD

Figure 2.3: Outputs of different vision algorithms from the robot’s view: (a)
LINE-MOD algorithm (b) LINE-MOD and HS Histograms (c) Segmenta-
tion algorithm

2.2.3 Object segmentation

The output coming from Euclidian Clustering-based object segmentation algorithm [9]
is used as another perception source (s.) running on the point cloud extracted from
the depth camera. This source is very reliable to segment objects in the environment
especially for detecting novel objects or objects that can not be recognized by the
recognition algorithm. The width, height and depth data of segmented point clouds

can be extracted. A visual output of segmentation can be found in Figure 2.3(c).

2.3 Scene Interpretation

In real world experiments, to successfully perform tasks, robots need to know their
environment. However, detecting objects is hard and percepts do not persist over time.
In the previous work by the author [10], a scene interpretation system is proposed that
is able to create a consistent model of the world and extract spatial relations in the
scene by fusing a set of perception sources. In this work, depth-based segmentation,
LINE-MOD and HS histograms are used to recognize objects or identifying unknown
objects. The spatial relation information for objects are also calculated and maintained

to represent world knowledge to have a more detailed information about objects.
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Similarly, an another semantic world modeling system namely WIRE that uses
probabilistic multiple hypothesis anchoring is proposed to maintain a consistent state
estimate by [11]. The system tracks multiple hypotheses and has the ability to
incorporate prior knowledge. The schematic overview of the PMHA algorithm can be

seen in Figure 2.4. It solves the uncertainty problem by using multiple hypotheses and
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Figure 2.4: Schematic overview of the PMHA algorithm that is used in WIRE [11].

facilitates tracking of various object attributes. It stores object properties, maintains
object identities over time and predicts future states. For each object, it maintains
a set of attributes which are represented in a probabilistic way. Attributes can be
updated based on new observations. Each observation can represent an existing object,
a newly observed object or a clutter. Nodes are used as an anchors in a corresponding
world state that represent real world object properties. Parent nodes expand with
each new observation, and multiple hypotheses created as child nodes of the parents.
That process forms a hypothesis tree, and each child node may have different beliefs

about the world state. Growth of the tree is managed by filtering the less probable



hypotheses and unrelated nodes. Due to its probabilistic features and usage of multiple
hypotheses, it is more robust than other techniques because it is less affected from
noise and inconsistency through observations. However, the ability to track multiple
hypotheses is also a disadvantage for the system, because it can slow down the entire
inference process due to the hypothesis overload based on high quantity of objects.
Despite having the ability to incorporate prior knowledge, the prior knowledge is only

limited to mathematical models such as object movement models.

In the proposed system, it is possible to use logic-based prior knowledge and apply
inference using logical arguments. The formalism is based on DeLLP and able to deal
with contradictory information especially for multi-agent systems and forms the basis

as a knowledge base for argumentation in multi-agent domains.
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3. DEFEASIBLE LOGIC

Defeasible logic is a non-monotonic logic initially introduced by Nute [12] in order
to formalize defeasible reasoning. A non-monotonic logic is a logic in which
consequence relations among logical statements are not monotonic. Different from
a monotonic logic, it can reason on conflicting logical statements by using defeat
relations among defeasible logical statements. Defeasible Logic consists of five
components, namely strict facts, strict rules, defeasible rules, undercutting defeaters

and acyclic binary relations among defeasible rules.

e A strict fact is represented with o which is an atomic formula. The complement of

any formula « is denoted by —a. For instance, bird(Tweety) is a strict fact.

e Strict rules (<) are denoted by the following implication: (o < ot A ... A 0)
which states that if o A ... A @i, 1s true, 0g should also be true. We say that o is the
claim of the rule. bird(X) < chicken(X) is an example of a strict rule which states

that a chicken is a bird. Strict rules can not be defeated.

e Defeasible rules (+) are represented with (Qp < aj A ... A ;) in the same form
as strict rules but they have weaker connections. They can be defeated by other
defeasible rules. Two rules with contradictory claims (& and —o) conflict with each
other and might defeat each other. Examples of the defeasible rules are fly(X) <
bird(X) and —fly(X) < chicken(X ) which respectively states that birds may fly and

chickens may not fly.

e Acyclic binary relations are defined in order to decide on defeat relations among
defeasible rules. They define a priority among the non-strict rules. Following the
previous examples, we know that a chicken is a bird, birds may fly and chickens may
not fly, and we may both claim that a chicken is a bird so it may fly or a chicken may
not fly. We need a defeat relation among these rules, in order to reason on them.
When we give a higher priority to the defeasible rule a chicken may not fly, we can
conclude that a chicken may not fly even in the presence of contradictory defeasible

rules. Priorities can be defined in respect to the user needs.
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e Undercutting defeaters are weaker instantiations of defeasible rules. They are not
used as supporting rules in inference due to their weaker claims. Their goal is to

prevent making decisions we might otherwise be inclined to.

3.1 Defeasible Logic Programming

DeLP is initially introduced to combine the results of Logic Programming and
Defeasible Argumentation [2]. It follows the same characteristics of defeasible logic.
The language of DeLLP also consists of facts, strict rules, defeasible rules and acyclic
binary relations. DeLP allows us to construct a defeasible argumentation inference
mechanism in order to query claims as YES, NO, UNDECIDED or UNKNOWN. YES
and NO respectively state that a claim or its complement is warranted. UNDECIDED
denotes neither the claim nor its complement are warranted. The query to the claim

returns UNKNOWN if the claim is not in the language.

A Defeasible Logic Program is an infinite set of facts, strict rules and defeasible
rules that are used in order to derive a conclusion for queries. In DeLP, defeasible
argumentation is applied during the inference process. An argument A; among a set of
arguments (A; € y) relates a consistent support set of facts, strict rules and defeasible
rules to a claim, claim(A;). The support set is always selected as the minimal consistent

set that can derive the claim.

Consider the following DeLP example in Table 3.1 that consists of defeasible rules and

facts, taken from [2]. Here, predicate —« represents the negation of predicate o.

Table 3.1: The DeLLP example that consists of defeasible rules and facts.

Defeasible rules and facts

a<b —b<+e —b+cNf —f i
b+ c e f+g i
c —f<gNh g —h<+k
—b<+cNd h<+j k
d J

Argument A; is a sub-argument of argument A ; if A; contains all of the supports of A;.
Two arguments, A; and A, conflict with each other if claim(A;) = o and claim(A;) =
—o. Argument A; attacks to argument A ; when A; is in conflict with a sub-argument of

A . Using the previous DeL.P example, the arguments given in Table 3.2 can be derived.
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For instance, argument A, attacks to argument A due to the fact that it claims —b and
sub-argument of A claims b. Note that, only the argument(A) that claims a and the
arguments that may attack any other argument are listed in the table. Argument A; is a
blocking defeater for argument A ; if argument A; attacks argument A ; and argument A;
is better than A ; in terms of the defined comparison criteria. If the compared arguments
are equal in terms of the comparison criteria, the arguments are blocking defeater for

each other.

Table 3.2: The arguments that can be derived from Table 3.1.

A; claim(A;) Support Set of A;

Ay a (a<+b),(b<+c),c

Aj —b (mb <+ cNd),c,d

A3 —b (—|b<—c/\f),c,(f%g),g
Ay —b (mb<+e),e

As ~f (~f — gAR), (h j).g.)
Ag ~f (~f i),i

A7 —h (—h <« k),k

An argumentation line (A) is an ordered list of arguments (Ag,A;...A;) in which
each consequent argument is in conflict with the sub-arguments of the previous one.
By using these definitions, an acceptable argumentation line exhibits the following

properties [2]:

1. Ais a finite list of arguments.

2. The set of arguments with even indices (Ag UAy UA4 U ...) and the set of arguments
with odd indices (A} UA3 UAs5U...) do not contain any conflicting arguments among

them.
3. No argument in A is a sub-argument of its previous arguments.

4. If A contains a blocking defeater, the next argument must be a proper defeater.

In Defeasible Logic Programming, conclusions are reached on any claim by
constructing its acceptable argumentation lines. If an argument that supports the given
claim cannot be defeated in any acceptable argumentation line, the claim is said to be

warranted.
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3.1.1 Warranting through dialectical analysis

For an argument, multiple acceptable argumentation lines may be available, and it
would lead to a tree structure which is called as a dialectical tree. In a dialectical tree,
each path from the root to a leaf represents a unique acceptable argumentation line. It
provides a structure to inquiry each possible argumentation line. To decide whether an
argument is defeated, this structure is used by picking the argument as the root of the
tree and generating leafs by following the properties of an acceptable argumentation
line. In Figure 3.1, a dialectical tree that is derived from the example in Table 3.1 can

be seen.

Figure 3.1: Dialectical tree for the example in Table 3.1.

After constructing a dialectical tree for an argument, a marking process is used for
determining whether the argument is defeated. The nodes that construct the dialectical
tree are recursively marked as defeated (D) or undefeated (U) by using the following

the properties [2]:

1. Initially all leaves in a dialectical tree are marked as undefeated.

2. The nodes will be marked as defeated if it has a child node marked as undefeated. If

all children are marked as defeated, the parent node will be marked as undefeated.

Figure 3.2 shows the result of the marking procedure for the dialectical tree in Figure
3.1. The defined marking process is a bottom-up approach. If the root of the dialectical
tree is marked as undefeated, the root argument is said to be warranted. In order to
warrant a claim, initially the arguments that support the claim are constructed. Each
argument creates a dialectical tree and marking process is applied. As mentioned

before, queries for a DeLLP interpreter can be answered as YES, NO, UNDECIDED
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Figure 3.2: Marked dialectical tree for the example in Table 3.1.
or UNKNOWN. A claim is said to be warranted if there exists a warranted argument
that supports the claim. The query for claim ¢ is answered according to the following

rules:

e YES, if claim « is warranted
e NO, if claim —¢ is warranted
e UNDECIDED, if neither o nor —¢ are warranted

e UNKNOWN, if « is not in the language

Notice that, it is sufficient to have a single undefeated leaf to defeat a node in a
dialectical tree. Therefore, it is unnecessary to explore the whole dialectical tree. If
a node already has an undefeated leaf, the other leafs can be skipped because they
will not effect the outcome of the marking procedure. Pruning the dialectical tree
by preventing unnecessary exploration will result in efficiently computed answers. In
Figure 3.3, the marked dialectical tree for the example in Table 3.1 and the pruned

dialectical tree are shown. The red nodes indicate the pruned nodes.

A AP

D
1
D U
A} AY AV A} Ay AY

/\ /\
D U D U
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(a) (b)

Figure 3.3: (a) The marked dialectical tree for the example in Table 3.1 and (b) the
pruned dialectical tree.
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3.2 The Applications of Defeasible Logic Programming

DeLP is initially introduced to combine the results of Logic Programming and
Defeasible Argumentation [2]. Afterwards, many extensions over the original
formalism are proposed in previous studies. In one earlier work, description logic
is extended by using defeasible rules [13]. DeLP is also extended by temporal rules
to deal with durative facts and the delays between the rules [14]. P-DeLP enhances
original DeLP capabilities for qualitative reasoning with possibilistic uncertainity and
fuzzy knowledge, and it pairs defeasible beliefs with certainty-weights which defines
a lower bound in terms of a necessity measure for the certainty of facts and rules
[15,16]. Pt-DeLP is an extension of temporal defeasible argumentation framework

with probabilistic weights [17].

There are several robotic applications of defeasible logic programming. In an earlier
work, DeLP is used as a layered framework in a robotic domain with Khepera
mobile robots to cope with inconsistent information [18]. In another work, actions
of a cleaning service robot are determined by DeLP [19]. DeLP is also proposed
to resolve possible collisions in Unmanned Autonomous Vehicles (UAVs) through

communications among them [20].

The approach in this thesis differs from earlier works in terms of its use. To the best of
our knowledge, this is the first time that defeasible logic programming is used for scene
interpretation. Furthermore, defeasible logic programming framework is extended to

address probabilistic and temporal analysis of scenes by using observation facts.
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4. ARGUMENTATION-BASED SCENE INTERPRETATION

We propose a system to solve the scene interpretation problem by using defeasible
logic. The system takes observations as input and produces the values of the requested
predicates on objects through internal argumentation. If the system can not reach a
consensus on a subject, it does not return conflicting results; instead it states that the
query is undecidable. In our system, all commonsense rules and observation facts are
represented as defeasible rules and facts, respectively. The problem for the medical
domain presented in [21] is similar to the problem that we would like to address in
the sense that the incoming data are usually unreliable, incomplete and inconsistent.
The same properties also hold for robot domains. For this reason, we believe that this
framework improved with our extensions is suitable for solving the scene interpretation

problem.

4.1 Sensory Data Sources

In our system, we assume that the robot has a set of perceptual data sources(s<gource> €
S). In our special case study, our robot is equipped with an RGB-D camera, and
both 3D object recognition and point cloud segmentation algorithms run in parallel
and provide observation information. Note that the outputs of these sources are not

necessarily provided synchronously.

We use the same notion about the field of view of the robot as in our previous
work [10]. The field of view is defined as a coverage region that the perception
algorithms are expected to perceive the objects located in that particular area. This
region is continually updated during the movement of the robot. Objects modelled
in the knowledge base are continually checked about whether a detection/recognition
regarding them should take place with respect to their positions relative to the robot.
For more detailed information on how these regions are computed, the reader is
referred to [10]. The field of view region sizes of our Pioneer 3-AT robot are presented

in Figure 4.1. Assuming that the RGB-D sensor of the robot is on the origin of
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Figure 4.1: The field of the view of the Pioneer 3-AT robot.

the circular slice seen in the figure, the area in dark blue represents the region in
which the objects are expected to be detected and recognized consistently with the
highest performance. Additionally, recognition expectancy of the objects in the region
corresponding to the area in light blue falls linearly starting from the curve between
the light and dark blue areas, and reaching zero on the outer curve of the given slice.
As a result, object detections and recognitions made in the latter area are considered
to be less reliable as the location of the detection/recognition gets further away from
the origin. Any gathered information that falls outside of these regions at the time of

sensing is considered fully unreliable and are not taken into account.

4.2 Modeling the Scene Using Defeasible Logic Programming

The proposed system is an extended version of the DeLLP framework that initially
appeared in [2]. Their formalism is adapted and an extension is used that can represent
all domain facts and rules as defeasible [21]. Additionally, we define observation
beliefs as well as defeasible facts and rules. The method for comparing arguments
is also redefined to evaluate both certainty weights and time. Incoming data from
different sources serve as input for defeasible logic programming-based interpretation.

These are fused with domain beliefs to come up with conclusions.

In this thesis, the notation of the existing DeLP frameworks is followed [2, 15].
In the proposed system, the robot has a set of domain beliefs (§; € A) as a
set of defeasible rules or defeasible facts to represent its knowledge about the

domain. We adopt the certainty-weighted defeasible rules and defeasible facts in
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which certainty-weights serve as lower bounds for the certainty [15]. A defeasible
fact is represented with a pair (o, @) where o denotes a predicate and @ € [0, 1]
denotes the certainty-weight for producing the belief on it. Examples of some
defeasible facts used in our system are shown in Table 4.1. J;, &, &3 and O
define coefficients for reliability of a corresponding source by using defeasible facts.
srcRelForType(<source>) determines the reliability of <source> by assigning weight
to the defeasible fact associated with the type classification success of <source>.
srcRelForColor(<source>) and srcRelForSize(<source>) represent the color and size
classification success of the related source, respectively. Different from the other
defeasible facts, srcRelForNotSeen(<source>) states that <source> is reliable for

detecting objects and weight is assigned using the true positive rate.

Table 4.1: Examples of defeasible facts.

0n Defeasible Facts (certainty-weights are not specified.)
01 srcRelForType(<source>)

& srcRelForColor(<source>)
3
4

srcRelForSize(<source>)
srcRelForNotSeen(<source>)

A defeasible rule is denoted by the following pair with implication: (o < a; A ... A
0y, @) which states that if o A ... A o, is true, & should also be true associated with a
given weight @. In Table 4.2, examples of defeasible rules are given. 85, 8 and &7 are
defeasible rules that are used in order to derive object properties from observations.
type(X,Y) denotes that object X is of type Y. Similarly, size(X,Y) and color(X,Y)

represent corresponding properties of object X. dg, 8 and Jj states that every value

Table 4.2: Examples of defeasible rules.

O0n Defeasible Rules (certainty-weights are not specified.)
05 type(X,Y) < 0bsObjiype(X,Y, Z) N srcRelForType(Z)
0 color(X,Y) < obsOD j.p1or(X,Y, Z) N\ srcRelForColor(Z)
07 size(X,Y) < obsObji,o(X,Y, Z) N srcRelForSize(Z)

0y —type(X,Z) < type(X,Y) NY'=2Z

09 —wcolor(X,Z) < color(X,Y) NY! =2

010 —size(X,Z) < size(X,Y) NY!=Z

011 object(X) < size(X,Y) V color(X,Z) \ type(X,W)

012 —object(X) <+ obsObjNotSeen(X,Y ) N\ srcRelForNotSeen(Y )

013 size(X, tall) + type(X, bowlingPin)

014 —type(X, ball) < inRegion(X, inclinedSurface)
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for each object property are mutually exclusive. ;1 derives an object predicate, when
an object attribute is detected. 8, defines that if an existing object can not be seen in
its location (i.e., objNotSeen predicate becomes true.), the system concludes that no
object exists in the given location. 83 and 04 are more specific rules that respectively
state that for a specific object type (e.g., bowling pin), the object’s size is predetermined
as tall, and if an object stands on an inclined surface, the object’s type shall not be a

ball.

An observation belief is defined as a tuple denoted by 6;(¢,®,7) among a set of
observation beliefs, such that 6; € ®, where « is a predicate, @ is the certainty-weight
proportional to the confidence on the corresponding observation accuracy and 7 is the
observation time-stamp. Observations are gathered through the sensors of the robot,
particularly, the processed RGB-D data by different sources are used. Each observation
is tagged by its latest observation time (7) which distinguishes it from defeasible rules
or facts. Observation beliefs are used during the argumentation process. Sample
observations are listed in Table 4.3. 6, defines the location, type and source attributes
of the perceived object. Similarly, 8, and 65 indicate color and size properties of the
recognized object. Finally, 64 denotes that the object is not recognized even if it is in
the field of view of the robot. The details of how these observation beliefs are generated

is explained in the next section.

Table 4.3: Observation Beliefs

0, Observation Description

01 0bsObjiype(loci, <type>, <source>) The type of an object is determined.

6,  0bsODb j.p0r(loc;, <color>, <source>) The color of an object is detected.

03  0bsOb j..(loc;, <size>, <source>) The size of an object is computed.

64 obsObjNotSeen(loc;,<source>) The object is not seen in its assigned
location even though it is in the field of
view of the robot.

An argument A; among a set of arguments (A; € ) relates a consistent support set from
observation beliefs, domain beliefs to a claim, claim(A;). The support set is always
selected as the minimal consistent set that can derive the claim. Each argument is
associated with a weight, weight (A;) computed as the minimum of the certainty-weight

of its supports. The time-stamp of an argument (7) is determined as that of the oldest
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observation belief of the support set. It may be left unknown if the support set includes

only domain beliefs.

4.3 Constructing Observation Beliefs through Perception

Different sources provide different types of information and they may be in conflict in
some cases. They even themselves alone give conflicting measurements in consecutive
time steps due to noisy sensory data. A perception outcome is a tuple Y(loc,
P, U, S<source>» T, ®') where loc,, denotes an object location that is determined
by a perception source. p € {type,color,size} denotes the attribute name for the
corresponding observation and v denotes the value of this attribute. s g,,ce> indicates
the information source and 7 represents the observation time-stamp during sampling.
Finally, ®’ € [0, 1] denotes the belief on the accuracy of the observation determined by

the corresponding source (e.g., similarity measure for object recognition).

Each new perception outcome is matched to an object location maintained in the
knowledge base, and added to the perception outcome set of this object. Then, the
observation beliefs are constructed for every unique information type considering
time. Multiple occurrences for the same object property with different values may
also occur in the perception outcome set. An example set of perception outcomes for a
single object (the object’s actual attribute values: type = bowlingPin, color = red and
size = tall) are given in Table 4.4. As clearly seen from the table, there are multiple

perception outcomes for this object in various time steps from different sources. For

Table 4.4: A list of sample perception outcomes (Y;) for an object.

/

X p U S<source> T w

Yy type bowlingPin S 1 095
Y, type ball S 1 0.85
Y3 type bowlingPin Sihs 2 09
Y4 color red Sihs 2 09
Ys type bowlingPin S 2 09
Y size tall Se 2 09
Y7  type bowlingPin s 3 095
Yg color red Slhs 3 0.85
Yo type bowlingPin Sihs 4 095
Y9 color blue Sihs 4 0.85
Yy, type bowlingPin S 21 0.85
Y, type bowlingPin S 22 0.95
Y3 type ball S 23 0.85
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example, in time-stamp 1, the object is perceived both as a bowling pin and a ball. For
dealing with misclassification, recurrences are minimised by applying the following
procedure while maintaining the resolution of the data for perception outcomes.
Initially, perception outcomes are grouped together considering their time intervals
7;,—; and their unique selection of triples that consist of location, property name and
source (locy, p and S<gource>). Each perception outcome is allowed to be only in
a single group. The time interval for a group is determined by the time difference
of the consecutive perception outcomes. When the time difference is greater than an
empirically defined threshold, the consecutive perception outcomes are placed in a
different group. The threshold is determined based on robot experiments to accurately
distinguish the perception outcomes gathered during different time intervals. A
Group(Y) function returns a set of groups considering the explained definitions. For
example, using the set of perception outcomes from Table 4.4 and a threshold of time
interval as 5, Group(Y) returns the following groups:
{1, 2, Y5, 17 }(loci,type,sl)ﬁ—ﬁ
{Y3, Yo } (locitype,sins) Ta—Ta
Group(Y) : {Ya, Y8, Y10} (toc;,colorsys) -
{Y6 } (loci,size,sc)Th—T
{115 Y12, Y13} (1ocs type.s) 11—
After perception outcomes are grouped together, observation beliefs
are constructed as follows: Each group of perception outcomes
{Y1,Y2,...,Y,} with n number perceptions defines a set of observation beliefs
0;(0bsOb j<property names (locm, <property value>,s <source> ) Wy, ng) for each unique
property value (vy,) in the perception outcomes. 7y, is defined as the time of the last
perception outcome in the group. For each observation belief, wy, is calculated with
Equation 4.1. Variable a is defined empirically to prevent premature decision making

due to small number of observations.

n a)llff vy, = <property value>
El{ 0

MDp. =
0 max(n,a)

4.1)
When we consider Group(Y)1 ={Y1, Y2, Ys, Y7} (10, sypes)ri—z; With p = type
and S<source> = §; which has three bowlingPin values and a single ball value,

the following two observation beliefs are created 0bsOb j;yp(loci,bowlingPin,s;)
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and 0bsOb j;yp(loci,ball,s;). Each observation belief has 7 = 3 due to the latest

observation time of the group. Wppyiingpin and Wy, are calculated using Equation 4.1.

After processing all groups in the example, a set of observation beliefs are generated

as in Table 4.5 based on the given sample perception outcomes in Table 4.4.

Table 4.5: The constructed observation beliefs for the given perception outcomes from
Table 4.4, given that a = 2.

0; Observation Belief w T
01 | 0bsODb jiype(loci,bowlingPin,s;) | 0.7 | 3
6, 0bsOb jiype(loci,ball, s;) 021 | 3
03 | 0bsObjiype(loci,bowlingPin,sys) | 0.93 | 4
04 0bsOb jepior(loci, red, sips) 0.58 | 4
05 0bsOb j pior(loci, blue, syy;s) 028 | 4
06 | 0bsODb jiype(loci,bowlingPin,s;) | 0.6 | 23
6, 0bsOb jiype(loci,ball, s;) 0.28 | 23
03 0bsOD jize(loci,tall,s.) 045 | 2

4.4 Maintaining Consistency through Argumentation

Partial and/or inconsistent observations gathered through unreliable sensors are

represented as observation facts, which are the customised versions of defeasible facts.

Defeasible rules are defined in order to reason on observation facts and maintain a

consistent world model. Therefore, using observation beliefs (®) and domain beliefs

(A), a set of available arguments () are derived from ® U A by an iterative forward

chaining algorithm. When a new observation belief is added to the set ®, or a

defeasible fact or rule is added to the set A, the algorithm is invoked again in order

to derive further arguments. Priorities among the arguments are calculated by using

Defeats(A;,Aj) function. Defeats(A;,Aj) = {Proper,Blocking,none} is a relation

function that defines if A; is a proper or blocking defeater of A; or neither of the

relations exist as in Equation 4.2.

Defeats(A;,A;) =

Proper,

Blocking,

none,

if (Ta, —7Ta; > D) V (04, — @a; > ¢ N |4, — Ta;| < D)

23

otherwise

if|wA,-_wAj| <cA |TA,-_TAJ-| <b

4.2)



where, b and ¢ are predetermined thresholds to adjust strictness of comparison. For
arguments A; and A;, if 7y, is higher than Ta; in addition to b, or the time difference
between T4, and Ta, is lower than b and (@4, — a)AJ.) is greater than c, A; is a proper
defeater of A;. If the time and weight difference for both A; and A; is lower than the
thresholds, A; is a blocking defeater for A;. Otherwise, there is no existing defeater

relation.

The DeLP inference method makes conclusions on any claim by constructing its
arguments and related dialectical trees. If an argument that supports the given claim
cannot be defeated by the marking process using the dialectical tree, the claim is said
to be warranted. Furthermore, it is also possible to query for a predicate to find its
warranted claims. In order to construct a consistent world model, every claim of
object(X), type(X,Y), color(X,Y) and size(X,Y) are queried to be warranted. If the
queries for the claims return YES at the end of the warrant procedure, these claims

represent the world model.
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5. EXPERIMENTS RESULTS

In this section, the performance of the system is evaluated on a number of case

scenarios in both simulation and real-world environments.

5.1 Experiment Setup

In real-world experiments, Pioneer 3-AT robot is used which is equipped with an Asus
Xtion Pro Live RGB-D camera, 2D laser range finder, a sonar ring and a 2-DOF gripper
(Figure 5.1). Three plastic bowling pins with different colors (red, green and blue), a
green cylinder, a purple ball and a bigger beach ball are used in the experiments as
manipulation objects. The robot is also equipped with a laptop (Intel Core i7 CPU
2.67GHz, 8GB RAM) for on-board computing.

B L Sy Ty
b

.y,

/ =y
' { EAEE T

:
. -

(@ ASUS Xtion PRO RGB-D Camera (@ Tactile Sensors inside the Gripper

(@ Hokuyo UTM-30LX Laser Rangefinder @ Forward-facing Sonar Sensors (8 pieces)
(® SONY ECMC115 Clip Microphone

Figure 5.1: Pioneer 3-AT robot and its sensors.
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5.1.1 Analysis of perception sources

An RGB-D camera is used to gather visual data from the environment. LINE-MOD,
LINE-MOD HS and cluster-based segmentation algorithms, as perception sources, are
utilized in order to perceive the world state information. Some preliminary experiments
to measure the perception success rate of these sources are done, and the results are
presented in the following subsections. The performances of the perception algorithms

are evaluated in our robots in the real world.

5.1.1.1 Localization accuracy of perception

Localization accuracy is measured for each algorithm using the Pioneer 3-AT robot.
The robot is initially located at (0,0). An object was placed in front of the robot,
and the robot slowly moved towards it. The ground truth location of the object is
compared with the outcome of the perception algorithms. In Figure 5.2, the perceived

object locations are shown for each algorithm. It is noticed that the point cloud data
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2.85 2.9 2.95 3
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(c) Segmentation

Figure 5.2: The perceived object location for (a) LINE-MOD, (b) LINE-MOD HS and
(c) segmentation algorithms.

gathered from the RGB-D camera affects the location accuracy, due to the error in
the depth data. In Figure 5.3(a), outputs of the vision algorithms are fused, and X
location of the perceived object is given in relation to the distance to the object from the
camera. By applying regression methods to the outcome of the perception algorithms,
the localization accuracy of perceptions is significantly improved. In Table 5.1, the
mean squared errors (MSE) for the position estimation are given for each algorithm,

and the results after the application of the regression algorithms.

The linear regression (LR) function for correcting errors is given in Equation 5.1.
Y (dist) = 1.16476 x dist — 0.155 5.1)
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Figure 5.3: (a) The perceived object X location in relation to distance to the object
for (a) original, (b) applying linear regression and (c) applying nonlinear
regression method.

Here, dist defines the distance to the object from the camera that is calculated using the

euclidean distance formula for x and y coordinates. The nonlinear regression (NLR)

function is also given in Equation 5.2. The definition of dist is the same as the linear
regression function. As seen in Table 5.1, using LR or NLR functions reduces the mean
squared error and increases position accuracy estimation of the perception algorithms.

In the real-world experiments, the nonlinear function in Equation 5.2 is utilized.

1.1243 x dist —0.130 dist <1.25

Y(d’”):{ 1.1957 xdist —0.204  dist > 1.25 (52)

Table 5.1: The mean square errors of the perceived locations for each perception

algorithm.
Algorithms MSE for X MSE forY MSE for Xand Y
LINE-MOD 0.003207  0.000299 0.003220
LINE-MOD HS 0.005197  0.000505 0.005222
Segmentation 0.005297  0.000205 0.005301
Overall 0.003049  0.000163 0.003054
LINE-MOD w/ LR 0.000504  0.000349 0.000613
LINE-MOD HS w/ LR 0.000813  0.000625 0.001026
Segmentation w/ LR 0.000398  0.000176 0.000435
Overall w/ LR 0.000292  0.000173 0.000339
LINE-MOD w/ NLR 0.000522  0.000340 0.000623
LINE-MOD HS w/NLR  0.001075  0.000606 0.001235
Segmentation w/ NLR 0.000117  0.000170 0.000206
Overall w/ NLR 0.000237  0.000168 0.000290

The effects of the different angles and distances to the object are also analyzed using

33 object locations. In this experiment, an object is placed to a predefined locations
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of which the pattern is given in Figure 5.4, and the performance of the perception
algorithms are evaluated. The robot is allowed to perceive each object for 20s. In
Figure 5.4, the successful perceptions are shown for LINE-MOD, LINE-MOD HS
and segmentation algorithms. The red dots represent real object positions, and the
blue crosses represent their perceived locations. Also the overall result, which is the

combined result of the perception algorithm outcomes is presented in the figure.
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Figure 5.4: The position estimation of object locations for (a) LINE-MOD, (b)
LINE-MOD HS, (c) the segmentation algorithm and also (d) the
combination of the estimations.

5.2 Simulation Experiments

The simulation environments are modelled in the Stage robot simulator [22], where
40 objects are randomly cluttered in the environment as in Figure 5.5. In the figure,
red and green squares represent objects and robots, respectively. In the simulation
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environment, the perception source outcomes are simulated using the results of the
preliminary experiments of the perception sources. Five different types (bowlingPin,
cylinder, box, ball and bigBall) of objects are defined with five different colors (red,
yellow, blue, green and purple). The size for bowlingPin and cylinder types is
predetermined as tall whereas for box, ball and bigBall short. The simulations are
run on a system equipped with Intel Core i7 CPU 2.67GHz and 8GB RAM.

[ =]
O. l ’ '
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Figure 5.5: The simulation environment.

The robot is allowed to wander in the environment for 10 minutes and to sense the
objects through its sensors. This experiment is run 18 times with 6 different initial
starting positions for the robot. The simulation experiments are also run on the other
world modeling systems for comparison. The results of these experiments are given in

Table 5.2, which compares the proposed approach with the previous work of the same

Table 5.2: The results of the simulation experiments with comparison.

The proposed | The previous | WIRE
system work

TP 27.11 22.50 23.83
Object(X) FP 3.50 1.89 6.00
Precision 0.89 0.92 0.80

TP 24.11 17.94 20.78
Type(X,Y) FP 3.11 4.56 4.44
Precision 0.89 0.80 0.82

TP 23.72 22.11 20.78
Color(X,Y) FP 3.50 0.39 4.06
Precision 0.87 0.98 0.84

TP 19.72 11.94 14.56

Size(X,Y) FP 7.44 10.56 10.61
Precision 0.73 0.53 0.58

TP 23.67 18.62 19.99
All Predicates FP 4.39 4.35 6.28
Precision 0.84 0.81 0.76
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research group [10] and WIRE [11]. Each column represents a different approach.
The average of the final values (at the end of the simulation experiments) for true
positives, false positives and precision for object detection are given for each system.
The classifications of type, color and size are also given using the same metrics.
True positives state that the related predicates are successfully determined, and false
positives represent incorrect or duplicate determination of the related predicates. As
clearly seen from the table, while the robot can construct its world model consistently
with each approach, the proposed approach outperforms the other systems. In Figure
5.6, the total number of true positives in relation to time is given. The proposed system
also uses the background knowledge, the size for bowlingPin and cylinder types is tall
whereas for box, ball and bigBall short. Due to the background knowledge usage, the

estimation of size is significantly more successful than the other method’s estimations.

Space and time complexity of the proposed algorithm are also analyzed. In Table 5.3,
the number of queries, the number of arguments, the number of node exploration, the
total query time and the number of beliefs currently stored in the knowledge are shown
in relation to the time passed from the start of the system. In Figure 5.7, the runtime

performance of the inference process in DeLP is analyzed. Figure 5.7(a) shows the

Table 5.3: The analysis of the system during runtime.

Time # of # of # of Node Query # of # of # of
Passed(s) | Queries | Arguments | Exploration | Time(ms) | Facts | Observations | Rules
100 65 1566 89 6 13 240 69
200 85 2276 117 9 13 346 69
300 89 3287 125 9 13 487 69
400 109 4291 178 29 13 638 69
500 118 5265 168 13 13 777 69
600 147 7566 249 32 13 1128 69
700 155 9527 231 21 13 1426 69
800 164 11568 256 62 13 1737 69
900 168 14293 290 54 13 2147 69
1000 173 16070 969 517 13 2416 69
1100 170 17089 2346 960 13 2567 69
1200 173 17767 289 57 13 2663 69

number of beliefs maintained with respect to time. Each constructed observation belief
is added to the knowledge base, and that increases the total number of the beliefs of
the robot. The number of beliefs directly affects the number of arguments that can be
derived using the beliefs as seen in Figure 5.7(b). The number of the explored nodes

during the warrant procedure in relation to the number of queries is given in Figure

30



g Pl B
S o S _oro79-o-
3 el 2 T remeT
@ 25 S —a o 25 prdls e
a &/ ru-u o Vel
— o o/ = A e
x /_f y > /u/ o
= ~ X o
9 20 D/f/ /'/. T 20 7ol —
g e Ve S Al
O D,-n/ - 2 D/./' -
b v Ve ° o o
2 15 /o o 2 15 L v
= S = 7 /
£ A E S
£ % £ = P,
2 s s A
-
8 10 i a 10 S
- -4 " - D;E_/ /-J
B 495" _,.” s -
1) ozd” e~ o Rz
g 5 S E 5 I
] = 9 27 u
o Ju o /% e
s Ve s S
o ,E/ ‘D/'
#* 0= #* 0 =22
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time[seconds] Time[seconds]
Wire —e<— The proposed system —o— Wire —e<— The proposed system —o—
The previous work —=— The previous work —=—
(a) (b)
25 n 30
8 g
© PETEN ]
o -0 o~ 9
5 20 B _ofoZg=0<
L Vand g 25 e et -
£ 20 5 = A
= - S ALY,
X r ne x S
3 /u J. = 20 D/./ o
o 15 gt a8 S ./'/
° / / " ° ey
g VI o ? 15 P2
= ) J " £ ard
1S y o i £ S %
g 10 P e 5
L S A @ 10 Lo
a A o o 27
% o m—n-t > /gﬂﬁ.
9] S et © ozew’”
o 5 o eer i 9] nz-_m”
= J/ o/ w/ E 5 =0 n"
o /u/._. -~ o e
o o /am~ o pa’
- 7 o o
- oye o of
# gt # 0ot
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time[seconds] Time[seconds]
Wire —e<— The proposed system —o— Wire —e<— The proposed system —o—
The previous work —=— The previous work —=—

(©) (d)
Figure 5.6: The comparison of different approaches in terms of (a) correctly detected
object count, correctly classified (b) type, (c) size and (d) color count.
5.7(c). In Figure 5.7(d), the response time per query is analyzed in relation to the
number of arguments that can be derived using the current belief space. The system

has low query response time, and it is suitable for real-time applications.

5.3 Robot Experiments

In order to analyse the performance of the proposed method, several real-world
scenarios are prepared. The main application domain is selected as the mobile
manipulation for real-robot experiments. Each scenario is run for two times, and the
results for each interpretation approaches are measured. The following scenarios are

investigated for the applicability of the system.
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Figure 5.7: The analysis of the inference process in DelLP. (a) The number of
maintained beliefs in relation to time, (b) the number of arguments
constructed with respect to the number of beliefs, (c) the total number
of explored nodes for a given number of queries and (d) the average of
query response time in relation to the number of arguments are shown.

5.3.1 Scenario I

In this scenario, a blue bowling pin is initially located in the environment. Afterwards,
a red bowling pin is added to the environment while the robot senses the scene as
in Figure 5.8. The point of view of the robot before, during and after the object
addition is shown in Figure 5.9. In Figure 5.10, the number of true positives for
predicates object(X), type(X,Y), color(X,Y) and size(X,Y) that are warranted by
the argumentation process are given. The number of the total encountered objects
defines how many objects are in the field of view of the robot. As can be seen from
this figure, the robot can create the object(X) predicate as soon as it detects an object
by segmentation. After the object and its properties are recognized, the values of the

corresponding predicates are also assigned to their correct values.
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(a) (b)

Figure 5.8: Scenario I: a bowling pin is initially located in the environment (a) , and
afterwards another bowling pin is added (b).

(a) (b)

Figure 5.9: Scenario I: The point of view of the robot (a) before, (b) during and (c)
after the object removal.

L

# of Correctly Classified Predicates
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Time[seconds]
object(X) —— type(X,Y) —— size(X,Y) ——color(X,Y) ——

Figure 5.10: Scenario I: a bowling pin is initially located in the environment.
Afterwards, another bowling pin is added to the environment which is
shown with a red horizontal line as the robot senses the scene.
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5.3.2 Scenario II

In this scenario, a red bowling pin is initially located in the environment. Afterwards,
the object is taken out of the environment by a human. The changes in the truth
values of object(locy), type(locy,bowlingPin), color(locy,red) and size(loc,tall)
can be seen in Figure 5.11. The time-stamp that the object is taken out is marked
with a red horizontal line. As expected, the claim ob ject(locy) is no more warranted
after several seconds following the disappearance of the object. Note that even the
claim object(locy) is not warranted any longer, type, size and color properties are still

available for the missing object in case of this object can be returned to the scene again.

Is the claim justified?

0 5 10 15 20

Time[seconds]

object(locl) size(locl,tall) —
type(locl,pin) ——color(locl,red) —

Figure 5.11: Scenario II: a red bowling pin is initially located in the environment.
Afterwards, the object is taken out of the environment by a human. The
red horizontal line states the time that the object is taken out.

5.3.3 Scenario II1

In this scenario, a bowling pin is initially located in the environment. Later on, the
location of the object is changed by a human. Predicate ob jMovedTo(loc;,loc ) states
that the object initially located at [oc; is moved to the new location loc;. The following

defeasible rule is created for this scenario as follows:

objMovedTo(L1,L2) < —object(L1) N type(L1,X) A size(L1,Y) A color(L1,Z) A
type(L2,X) N size(L2,Y ) A color(L2,Z) N L1! = L2
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The given rule defines that if an object is disappeared from the world model, and
a new object is added to the model with the same properties, it is assumed to be
the same object as the disappearing one. In Figure 5.12, the truth values of the
claims ob ject(locy), object(locy) and objMovedTo(locy,locy) are given along with

the number of true positives for type, color and size properties.
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objectMovedTo(locl,loc2) — color(X,Y)

Figure 5.12: Scenario III: a bowling pin is initially located in the environment. Later
on, the location of the object is changed by a human. The red horizontal
line states the time that the object is moved.

5.3.4 Scenario IV

In this scenario, three bowling pins and a ball are used, and these objects are initially
cluttered in the environment as in Figure 5.13. The robot wanders in the environment
and senses these objects without any apriori information. During wandering in the
environment, the objects can enter into or exit from the field of view of the robot as
in Figure 5.14. The speed of the robot during the movements is limited to 0.1 m/s.
In Figure 5.15, the constructed world model is given in terms of the number of true
positives at each time step. The true positive rates of the sensory data sources decrease
when the robot is moving. This directly affects the performance of the system. For
instance, the falls and rises of the number of correctly classified predicates in the figure
originate from the vision failures that occur during the movement of the robot. Our

solution to this problem is reducing the reliability of the sources during the movement
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Figure 5.13: Scenario IV: 3 bowling pins and the ball are initially cluttered in the
environment.

of the robot or postponing the reasoning process when the sensory data are believed to

be too noisy. A more detailed analysis of this case is left as a future work.

Figure 5.14: Scenario I'V: The point of view of the robot during the wandering in the
environment.

The real-world scenarios are also interpreted using the previous work by the same
research group and WIRE. In Table 5.4, the comparison of these approach is given in

terms of true positives, false positives and false negatives. The true positives represent
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Figure 5.15: Scenario IV: 3 bowling pins and the ball are used, and these objects
are initially cluttered in the environment. The robot wanders in the
environment and senses the objects. Each red line states that a new object
is entered in the field of view of the robot.

Table 5.4: The comparison of different approaches on real-world scenarios.

Scenario # Method TP FP FN
Scenariol ~ The proposed method 64 0 24
Scenario I The previous work 61 0 33
Scenario I WIRE 64 9 30
Scenario I The proposed method 15 20 4

Scenario II The previous work 5 11 14
Scenario II WIRE 13 34 6

Scenario III  The proposed method 67 5 5
Scenario Il The previous work 48 11 25
Scenario III WIRE 66 37 7
Scenario IV The proposed method 768 0 160
Scenario IV The previous work 627 0 313
Scenario IV WIRE 737 0 203

the total number of correctly classified objects for 2 runs of the experiment. The false
positives denote incorrect or duplicate object detections. The false negatives represent
the number of missed objects in the environment. At each time step, measurements
from the proposed method, the previous work by the same research group and WIRE
are calculated. In the table, the total number of true positives, false positives and false
negatives are given for each measurement on time steps. As can be seen from the table,

the proposed method outperforms the other approaches in the true positive rates and
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the false negative rates. The previous work is only better in terms of the false positives

for the second scenario.
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6. CONCLUSION AND FUTURE WORK

A cognitive robot needs to maintain both an up-to-date world state model through
the incoming data from its sensors and background/commonsense knowledge for
reasoning efficiently. If either of these has faulty or missing elements, the robot may
not behave rationally in an unknown environment. In order to deal with these kinds of
situations, the robot should be able to expand its knowledge by dynamically adding or

removing new domain rules and update its domain beliefs.

In this thesis, a DeLLP-based argumentation method is proposed to maintain a consistent
world model for an autonomous mobile robot system. Defeasible Logic Programming
is extended to contain observation facts in addition to defeasible facts and defeasible
rules. The performance of the method is evaluated on various case scenarios on
both simulations and a real robot with comparisons to the previous work by the
research group of the author and an existing world modeling system. In the simulation
experiments, the proposed system outperforms the other methods with 18.35% more
true positives than the closest approach. Also the precision of the proposed system
is 0.04% higher compared to the other approaches in the simulation experiments.
A total of 8 hours of real-world experiments are done using a Pioneer 3-AT mobile
robot. In addition to simulations, the proposed system also has a higher number of
true positives in the real world experiments. Therefore, these results show that an
argumentation-based scene interpretation framework ensures consistency to a great

extent.

This work can be extended by advancing the comparison method of the arguments so
that they can be changed dynamically for different queries in order to obtain alternative
results. In particular, comparison shall be made more strict or more relaxed which

would result in more accurate or more informative results.

It is also planned to analyze the outcomes of different comparison methods and their
effects to the reasoning procedure. Furthermore, Defeasible Logic Programming can
be extended to have metric temporal logic, which would increase expressive power of

the language.
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As another future direction, extending the experimental-setup to include more
advanced scenarios and applying the proposed method to multi-robot systems are
targeted. The obtained results indicate that the proposed method is promising to be

applied to multi-robot scenarios.
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