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Abstract — In the recent past, domestic service robots have come under close
scrutiny among researchers. When collaborating with humans, robots should be
able to clearly understand the instructions conveyed by the human users. Voice
interfaces are frequently used as a mean of interaction interface between users and
robots, as it requires minimum amount of work overhead from the users. However,
the information conveyed through the voice instructions are often ambiguous and
cumbersome due to the inclusion of imprecise information. The voice instructions
are often accompanied with gestures especially when referring objects, locations,
directions etc. in the environment. However, the information conveyed solely
through gestures is also imprecise. Therefore, it is more effective to consider a
multimodal interface rather than a unimodal interface in order to understand the
user instructions. Moreover, the information conveyed through the gestures can
be used to improve the understanding of the user instructions related to object

placements.

This research proposes a method to enhance the interpretation of user instruc-
tions related to the object placements by interpreting the information conveyed
through voice and gestures. The main objective of this system is to enhance
the correlation between the user expectation and the placement of the object
by interpreting uncertain information included in user commands. Furthermore,
several human studies have been carried out in order to understand the factors
that may influence and their level of influence on the object placement. The pro-
posed system is capable of adapting and understanding, according to the spatial
arrangement of the workspace of the robot as well as the position and the ori-
entation of the human user. Fuzzy logic system is proposed in order to evaluate
the information conveyed through these two modalities while considering the ar-
rangement, size and shape of the workspace. Experiments have been carried out
in order to evaluate the performance of the proposed system. The experimental
results validate the performance gain of the proposed multimodal system over the

unimodal systems.

Keywords- Human Robot Interaction, Natural Language Understanding,
Deictic Gestures, Fuzzy Spatial Terms
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CHAPTER 1

INTRODUCTION

Usage of robots has had a overwhelming growth over the past few years [1].
The bloom in industrial usage as well as in the domestic service based tasks
have exerted upon the requirement of robots that can be used with less hassle.
The requirement for domestic service robots have increased specially due to the
rapid growth in the number of elderly people in the community and decrease in
the number of people who are eligible to take care of them [2]. Fig.1.1 shows
the number of elderly population which is estimated till 2050 [3], while Fig. 1.2
shows the sales of service robots that is also estimated till 2050 [1]. The increase
in both graphs provide evidence to the close correlation of the requirement of

service robots versus the increase in the elderly population.

The area of domestic service robots has become a novel interest of the research
community [4-9]. In this context, service robots designed specially for domestic
usage can serve with a higher integrity. Pertaining to the fact that the domestic
users are not overly cohabitated with technology, it is crucial that the interaction

process between the user and the robot to be effortless. Most common method
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Figure 1.1: Number of elderly population in the world estimated till 2050.
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Figure 1.2: The sales of service robots up till 2010 and estimated values till 2050.

of interaction between humans is through voice commands. But when using such
commands humans tend to use imprecise information which has vague meanings.
Furthermore, when it comes to spatial information humans use more gesture
based information. Even when using gesture based information there can be errors
that can occur when extracting such information. Which leads to multimodal
interaction methods containing both voice and hand gesture based commands
which has engendered more human like interaction capabilities in service robots

allowing them to clearly understand the conveyed user ideas.

This research proposes a method to interpret and understand the voice based
user commands when placing objects on a surface using multimodal interaction.
The system is improved to handle different shapes of surfaces and interpret spatial
terminology accordingly. It takes robot’s reachability to areas on the table as
well as objects that are already on the table into consideration. Furthermore, the
system has the capability to analyze the user’s orientation and decide the reference
frame for the object placement. Experiments have been conducted and the results
have been analyzed to identify the behavioral capabilities and the performance
of the system. The main objective of this system is to enhance the correlation
between the user expectation and the placement of the object by interpreting
uncertain information included in user commands. These concepts have further
engendered the idea of enhancing the quality of the interaction between humans

and the service robots.



1.1 Problem Statement

The service robotic systems that are deployed in the domestic environment
needs to understand instructions that are conveyed by the human users clearly.
Humans incorporate uncertain information in instructions which makes it essen-
tial for such systems to interpret these qualitative information. When explaining
spatial information humans tend to use hand gestures more often. That helps
to reduce the number of cumbersome voice commands used in order to explain
a certain task. The robotic systems needs to understand these hand gestures
which enhances the requirement of a multimodal system which can interpret the
information conveyed through voice commands as well as hand gestures. Fur-
thermore, when interpreting uncertain information in voice commands there are
environmental and user aspects that has to be considered by such domestic robotic

systems.

1.2 Thesis Overview

The overview of this thesis can be summerised as following,

e Chapter 2 - Literature review.

e Chapter 3 - Presents six user studies that has been performed in order to
analyze how a human user would behave in a object manipulation scenario.
Furthermore these studies helps to understand the factors that might in-
fluence the meaning of spatial terms in vocal user commands. Each study
is presented in four sub sections ‘Arrangement’, ‘Procedure and Matrix’,

‘Analyzing of Data’ and ‘Results and Discussion’.
e Chapter 4 - Presents the design of the system.

e Chapter 5 - Explain how the system understands the uncertain information

in user commands.

e Chapter 6 - Introduces how the factors that were identified in the user

studies can be applied in building a system that is more human-like in
3



behavioral aspects.

e Chapter 7 - Presents the experiments that has been carried out in order to

test the performance of the system and the obtained results are discussed.

e Chapter 8 - Concludes the thesis.



CHAPTER 2

LITERATURE REVIEW

2.1 Human-like Robotic Assistants

Researchers have started brainstorming and scouting for robots with more
human-like interaction abilities, which can assist the users in their day to day
activities like cooking and other household aiding [4]. For example, In Fig. 2.1
shows Zora robot that helps as receptionist at hospitals [10]. Another example
is the ASIMO (Shown in Fig 2.2) which is a humanoid robot created by Honda
which can aid in performing several daily tasks [11]. Furthermore, while providing
physical support, they must also be able to give cognitive assistance to the users
[1,5].

Even though the autonomous systems have advanced over the years they still
lack the capability to carry out tasks entirely by themselves. In the car industry,
robots have excelled to a level that majority of the human work force is replaced
with autonomous robotic arms that are capable of working extended hours with
higher integrity. In contrast to the industrial robots, the domestic service robots
are par below the expected performance. Robots that are capable of cooking
for example are not quite up to the task. Furthermore, robots who can perform
tasks like surgery are a long way from reaching the accepted performance levels.
Hence some collaboration with humans is required. These robots are more like
assistants and rather need to follow the instructions given to them by the human
master [12]. It is imperative that the robots should be designed in a way that
the operation of a service robot in a domestic environment does not require the

users to be overly cohabitate with technology [6].



Figure 2.1: Zora robots become receptionist and helps patients in Belgium hos-
pitals

Figure 2.2: ASIMO by Honda



Figure 2.3: Motoman by Yaskawa Electric which has "human-like’ flexibility of
movement demonstrates cooking [13].

2.2 Human Robot Interaction Methods

The most common method of interaction between humans and robots is through
voice commands. Voice interaction mainly has two levels. They can either use
short strict command set where the user has to memorise or else use natural lan-
guage which is less cumbersome from the users’ end [12,14]. Humans tend to use
more qualitative information than the quantitative information when interacting
with each others. These qualitative instructions mostly include uncertain terms
like “near”, “far”, “close to” [15]. Therefore the robot should have the capability

to respond after properly evaluating the uncertain information.

There has been several research work performed on the effect of using hand
gestures and non verbal cues on human users [16-19]. As stated earlier the
most common method of interaction between human and robot is through voice
commands. But when explaining spatial information humans tend to include
hand gestures along with voice commands more often [5]. So a considerable
portion of natural human—human interaction happens through hand gestures.

This will significantly reduce the number of words required to explain a task. For



an example when a robot is being asked to fetch an item from identical number
of items in the vicinity, direct pointing is much easier rather than giving verbal
instructions. This type of behavior should be embodied in the system so that
it can be used with less hassle. If each and every command has to be given
by voice it will become a tedious task. Furthermore, elderly people gradually
get deprived of their ability to correlate among vocal instructions and spatial
locations. Thus the deployment of verbal commands along with gesture based
interaction could bolster the motivation of the elderly to easily get accustomed
to these systems [5,20,21]. Despite the available resources much research has to

be done in order to build more human like robots in domestic environment [4].

When using hand gestures, one common approach is to use fixed set of hand
gestures which convey a predefined set of commands [22]. Which are used in place
for the verbal commands. These are good where there are difficulty in giving
commands using verbal commands like underwater or while driving [19,23]. But
in order to give a lot of commands to the system the user has to remember a
lot of hand gestures which is far from the natural way of using hand gestures.
Furthermore, using hand gestures alone will also not be ideal due to several
other factors as well. One major concern is the extraction of the hand gesture
itself. The pointing of hand gestures varies according to the person and the
corresponding target. Creating a generic method will exert a lot of erroneous
extractions. These may be either human or machine errors. But when hand
gestures are used alongside voice commands, errors can be minimized by fusing
the two inputs. So using a multimodal approach can provide better results than

a unimodal approach [24, 25].

2.3 Understanding Uncertain Information

There have been many attempts to understand and interpret uncertain infor-
mation based on spatial and environmental factors. Fuzzy logic based approach
has been proven to give a successful solution to the complex task of understand-
ing such information [15,26-28]. But the main drawback in those attempts is
that they only employ unimodal interaction capabilities. Furthermore, under-

standing of the spatial information alter depending on the external factors like

8



space arrangement. A successful attempt to understand the uncertain informa-
tion was performed in [29]. In this system the robot uses the spatial data of the
environment as well as the experience model to enhance and understand the user
commands. But still the lack of gesture based interaction is visible when going

towards a more human like approach.

Using gestures to interact has been incorporated by several researchers. These
systems use various types of hand gesture extraction methods. Most common
methods are to attach sensors to the hand or else to use external sensors to
extract gestures. Even though the usage of body attached sensors are acceptable
for field work, it is not an ideal method for day to day activities [12]. Pointed
gesture identification has also been developed allowing the interaction between
the human and robot more human like [5,6,30,31]. These systems use RGB - D
camera to extract the information of the hand pointing. However; in most cases
the skeletal tracking system available in OPEN NI using depth sensors is used
to obtain the information on the body joints with higher accuracy. In household
environment, objects are often kept on planar surfaces like a table. The object
manipulation on a table has been implemented on the scale of domestic service
robots in [32]. Here the 3D depth data is used to identify the tabletop and
segmentation is used to understand the objects placed on the table. This method
has shown to be more effective. But this system lacks the ability to understand
and respond to uncertain information which is highly critical when collaborating

with humans.

2.3.1 Uncertainty in Spatial Terms

In domestic environments it is necessary for the robot to be able to understand
the spatial terms which are associated with object manipulation. Most common
requirement would be to pick or place items on a surface like a table [32, 33].
Specially when referring to an area on a table there are certain associated set of
verbal terms. These terms usually doesn’t have strict boundaries [34]. Terms like
“Left”, “Right” and “Center” can be pointed out as examples. In [34] work has
been done in order to identify areas on a surface using spatial terms like “Middle”,
“Front” and “Left”. The system uses strict boundaries to separate the spatial

areas. Even though in [34] the system identifies the objects which are there in

9



a certain area on a surface, it lacks the capability to pin point a location when
placing an item. In order to achieve higher accuracy each fixed area have to be
separated in to smaller areas and so on. It will be tedious task if the user has to

recursively segment the areas into smaller portions.

Understanding constraints in space is important when it comes to domestic
service robots [35,36]. Mainly because tasks that are associated with object
placement on a surface is connected with understanding of space distribution.
For an example, the location of the placement of an object will not be the same
for an empty table as well as a table that has some objects already on it. When
it comes to placement of the object on a table that has objects , the spatial terms
that is used has to be altered accordingly. This type of operation is natural to
a human being, but robots are still to achieve this level of human like behavior.
Furthermore, when navigating around a table in order to place the object, the
obstacles that are around the table has to be taken in to consideration. As humans
will always move around a table avoiding these obstacle but will also change the
placement of the objects depending on the reachability to certain areas on the
table. As an example, if a certain area on the table is not reachable due to the
obstacles around it, they may keep the object on a place that is closes to the
requested location yet reachable. These are among the novel approaches to be

considered in this research.

2.4 Summary of Literature Review

Fig. 2.4 shows the summary of the literature review. The current systems that
are capable of understanding spatial terms can only select objects rather than
place them on a surface. The scope of this research is to develop a system that
can place objects after understanding the frequently used spatial terms in the
natural language. In order for the system to be more human-like in interaction
point of view they should have the ability to understand hand gestures as well
as vocal commands. This research plan to incorporate multimodal interaction
capabilities in th system. Rather using wearable technology this system will

include external imaging sensors.

10



Previous systems lack the ability to adapt to various spatial attributes that
may influence the understanding of the spatial terms. Here the system uses both
spatial attributes and user aspects when determining the location of the object
placement. These factors will be incorporated in to the system in a hierarchical

manner.

11
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Figure 2.4: Summary of the literature review.
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CHAPTER 3

HUMAN STUDIES ON UNDERSTANDING BEHAVIORAL
CONCEPTS

When designing a system that has the same behavioral aspects of a human
being, it is important to analyze the behavioral aspects of real human subjects.
This research contains several human studies that help in understanding different
key factors that might be important to be incorporated into the system to obtain

a much more human like behavioral qualities.

Set of example scenarios are shown by Fig. 3.1. In figure (a), the user asks the
participant to place the object on the right side of the table. So the participant
needs to understand the area on the table that is referred by the term “right”
and proceed with the placement. Human participant is able to understand these
spatial terms as well as their boundaries. In figure (b) the location and the
orientation of the user has been altered. So the participant has to understand
how to alter the spatial areas and their boundaries accordingly. In figure (¢) and
(d) the table shape is different from two previous cases. So the participant has to
redefine the spatial areas by considering the table shape. When figures (c¢) and
(d) are compared the difference in the table size also has to be considered. In
figure (e) there is an object that is on the table and in figure (f) the reachability
of the participant is being limited by two obstacles that are near the table. The
participant needs to consider these limitations and alter the meaning of the spatial
terms accordingly. The aim of the user studies is to understand how a human

user will react to above constraints and alterations when placing the object.
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(@) (b)

(e) (f)

Figure 3.1: Example scenarios for human studies.
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Figure 3.2: (a) shows a participant with the table and (b) shows the distribution
of objects on the table from the point of view of the participant.

Figure 3.3: Effect of the user rating.

3.1 Understanding of Spatial Terminology

Humans use a certain set of words when it comes to explaining spatial locations.
Specially when it comes to object manipulation on a surface. The main idea of
this study is to understand the different set of words that are used in object
manipulation scenarios in a domestic environment. Further to understand the

boundaries of the identified set of words.
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(a) (b) (c)

(d) (e) (f)

Figure 3.4: The color coded cards that were used for tracking the placement of
locations.



3.1.1 Arrangement

The set up for this study is shown by Fig.3.2. A rectangular table of 910mm
in length and 710mm in width was used. In order to mark the locations on the
table set of coded cards were used as shown by Fig.3.2 (b). An overhead camera
was used to identify the locations of the 32 coded cards. These cards were binary
coded so that each card can be identified individually. Example set of cards are
shown in Fig. 3.4. Here (a) to (f) represents the binary coded cards 1 to 6. Two
red and green color squares were used to track the card’s orientation and location.
The black squares represents binary value 1 while white square represents binary
value 0. Using this color coded method the location of each card can be tracked

with respect to the table.

Here the table was kept at the center of an empty room in order to eliminate
other effects that could have altered the meaning of the spatial terms. These
effects are considered in the coming section of the user studies. Twenty six
human subjects participated in this study with a mean age of 24.55 years and a

standard deviation of 10.07 years.

3.1.2 Procedure and Metrics

The users were asked to explain the locations of each object as if they would
explain it to another human user. In order to make sure that the participants
get a clear view of the table, they were asked to stand while participating in
the study as shown by Fig.3.2 (a). The positions of the cards were randomly
distributed over the surface of the table and they were different from participant
to participant as shown by Fig.3.3. The positions were recorded manually rather
than using a speech to text software. Because using a software can give errors
when converting to text. In order to achieve a higher accuracy, it is important
to record the instructions clearly. Furthermore, the users were asked to give a
rating to each explanation depending on the confident that they have regarding
the categorization of the objects. This rating varied from 1 to 5, where 1 is the
minimum rating and 5 denoted the highest rating. An example for this rating
is shown by Fig.3.3. Here both objects are categorized as “Left” but the object
that is denoted by 1 has a rating of 5 while the object that is denoted by 2 has a

17



Table 3.1: Usage of Area Terms

Area Term | Frequency

Middle 88
Left 102
Right 106
Front 87
Back 85
Corner 152
Edge 168

lower rating of 2. This is due to the fact that participant is more confident that
the object denoted by 1 falls in to the spatial category “Left”, while the object
denoted by 2 is in between the key areas “Left” and “Middle”.

3.1.3 Analyzing of Data

The location of each object was analyzed along with the spatial term that was
used to explain it. The identified locations are summarized as in Table 3.1. There
were 44 location that the users failed to classify clearly. Furthermore, there were
several synonyms that were used by the users. They were also classified with
the relevant spatial terms in the 3.1. For an example the spatial term “Center”
is a synonym to the spatial term “Middle” and is categorized under the same
term “Middle”. Locations of objects of each classified area term is shown by
Fig.3.5. The X and Y axis are shown in Fig.3.5(a). Furthermore, the diameter
of the marker in the figures, depend on the confident factor. If the confident
factor is high the marker diameter is also large. This particular method helps in

understanding the distribution of the spatial terms better.

3.1.4 Results and Discussion

The obtained results from the study shows that there are certain areas that
were classified using spatial terms. These areas do not have strict boundaries
and their concentration diminishes when going from one area to another. The
averages results are shown in Fig. 3.6. Fig. 3.6 (a) shows the summary of key area
terms. Here ‘C’ denotes the area term “Corner” while highlighted in green is the

area term “Edge”. Fig. 3.6 (b) shows the 3D distribution of area term “Right”.
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Table 3.2: Area Terms Used in Study 2

Area Term | Subsection
Middle -
Left -
Right -
Front -
Back -
Corners Front Left
Front Right
Back Left
Back Right
Edge Left
Right
Front
Back

As mentioned earlier there are no strict boundaries for these area terms and the
results obtained from the study has been averaged in order to obtain a smooth
curve. Fig. 3.6 (¢) and (d) shows the 3D distribution of area terms “Middle” and

“Corner” respectively.

3.2 Effect of the User Location and Orientation

3.2.1 Arrangement

This study was carried out by changing the location and the orientation of the
user. The arrangement used in the previous study was used here with a single
table. For this study 29 personnel participated with a mean age of 29.95 and

standard deviation of 13.22 years.

3.2.2 Procedure and Metrics

Participants usually use two reference frames when deciding the location to
place the object . These two frames can either be the participant’s own reference
frame or it can be the reference frame with respect to the person who is issuing

the command(user). The main idea of this section of the study was to identify
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710mm

(e) (f)

(g) (h)

Figure 3.5: Shows the obtained results of the study 1. Here (a) represents the
X and Y axes of the table. Distribution of the spatial terms “Right”, “Front”,
“Edge”, “Middle”, “Left”, “Back” and “Corner” are represented by (b), (c¢), (d),

(), (f), (g) and (h).
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Figure 3.6: (a) shows the key area classifications of a table. (b),(c) and (d) shows
“right”, “middle” and “corner” area density distributions respectively.

the reference frame used by the participants for the table depending on whether
the user is looking at the table or not(referred to as the attention of the user).
This particular scenario can be further explained using the sub figures of Fig.3.7.
Figure (a) and figure (b) depict cases where the participant has categorized the
user’s orientation as paying attention to the table. Figure (c¢) depicted a scenario
where the participant found the user’s orientation as not paying attention to the
table. Here the user gave commands to the participants to place the object while
looking at the table and looking away from the table. Each participant received
10 commands where the user was in 10 different locations and orientations with
respect to the table. The participant was not asked to categorize whether the user
was paying attention or not while conducting the study. After completing the 10
placements for one participant, the user repeated the locations and orientations
that was performed earlier and the participant’s perception regarding the user
attention was recorded. This particular step was imperative in order to ensure
that the perception of the participant is not affected by the true intention of the
study. The given commands to place the items on table locations included spatial
key terms from Table 3.2. The location of the object placement was tracked using
the overhead camera while the given commands were manually recorded. The
orientation and the location of the user was recorded with respect to the table.

The participant’s response about the attention of the user was also recorded for
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Figure 3.7: The effect of the user’s orientation.
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Figure 3.8: Effect of the reference frame.

each entry.

3.2.3 Analyzing of Data

This study produced 290 individual placements. The results from this study
were analysed by categorising them with respect to the orientation of the user.
Out of the 290 results, in 141 results the participants thought that the user was
paying attention while 143 were categorised as the user was not paying attention.
There were 6 occasions where the participants could not specify whether the
users’ were paying attention or not. The Fig. 3.9 shows the summary of the

results obtained from this study.

3.2.4 Results and Discussion

Fig. 3.8 (¢) and (d) shows the two reference frames that the participants used
to refer when deciding the spatial areas on the table. In figure (c¢) the “Left” and
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“Right” of the table is marked with respect to the participant’s reference frame.
While, in figure (d) it is marked with respect to the user. The participants decided
whether the user is paying attention to the table or not, by observing the head
orientation of the user. If the user was looking at the table, they marked the
case as user was paying attention. Even if the user was not looking directly at
the table, but looking at the direction of the table, majority of the participants
marked the user as paying attention to the table. Furthermore, in most of the
cases the participants judged the reference frame of the user by considering the
body orientation of the user but not necessarily depending on the direction where

the head was facing.

Although there was a clear effect of the user’s attention on the participants’
placement of objects, using the results obtained through study 3, a decision can-
not be made as to when the participant uses the reference frame of the user.
There were 141 occasions where the participants thought that the user was pay-
ing attention to the table. Out of them, only 39% of the times they used the user’s
reference frame. This result was influenced majorly by the fact that majority of
the users did not categorize the table areas like shown in Fig. 3.8 (b). Only two
users on two occasions decided that the table area classification can be done in
that manner shown in Fig. 3.8(b). So even though the user was at a position
close to the table and was categorised as paying attention, the participants used
their own reference frame to place the item on the table as shown in Fig. 3.8(a).
But it was clear that the participants used their own reference frame when the

user is not paying attention to the table.

3.3 Effect of the Surface Area

3.3.1 Arrangement

For this study three tables were used instead of one. The three tables were
identical in shape and were 0.75, 1 and 1.25 times in size in proportion to the table
that was used for the first study. The arrangement of the table is same as for the
study explained in section 3.1. Here also 32 binary color coded cards were used

as objects. The purpose of this study was to identify the effect of the table size
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Figure 3.9: The results of the user’s attention.

on the object placement. When selecting the table sizes it was decided to keep
the object size comparatively smaller to the table size because the participants
have a safety concern about the object so they did not place it too close to the
edge of the table. If the table size is too small compared to the object size, this

effect may interfere with the results.

3.3.2 Procedure and Metrics

Here also the recording of the vocal explanations was done manually and an
overhead camera was used to record the locations of the objects. Participants were
asked to place the items on 13 key locations as summarized in Table 3.2. For this
study 25 personnel participated and they were asked to place the items on the
three tables mentioned in section 3.3.1. In order to stop the effect of fatigueness
and tiredness, the participants were called in randomly and performed the test on
one table at a time. The locations of the objects were saved using the overhead

camera alongside the location that the participants were asked to place the item.
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3.3.3 Analyzing of Data

The results were analysed after categorising them into the each area term and
size of the table. When recording details about the participants, their handedness
was also recorded. The results were categorised by handedness and area terms.
One way ANOVA test was performed on both X and Y axes coordinates of the
object placement locations. The set of selected results are given in Fig. 3.10 as
box plots. Here the results were scaled from 0 to 100 in order to be able to

compared among different table sizes.

3.3.4 Results and Discussion

One of the main factors that influenced the placement of the object was the
handedness of the participant. This was clearly seen when the object was asked
to be placed on the far corners and edges of the table, where users had to reach
out more, to place the object on the table. Fig. 3.10 (c¢) and (d) shows the box
plot diagrams for X coordinate variation for the spatial term “Back Edge” of the
table.

While figure (c) shows the placement for left handed participants, figure (d)
shows the placements for the right handed participants. The enlarged diagram of
the figure (c) is shown in Fig. 3.11. ‘N’, ‘L’ and ‘S’ represents Normal, Large and
Small tables that were used. The large table was 1.25 times the normal table while
the small table was 0.75 times the normal table as mentioned in Section 3.3.1.
Maximum and the minimum values are shown by top and bottom whiskers in the
plot shown in Fig. 3.11. The red color lines represents the median of the data.
The upper flat line represents the 75th percentile of the data while the lower flat
line represents the 25th percentile of the data. The upper notch of the angled
lines represent the upper confidence limit of 97% confidence for median while the
lower notches of the angled lines represents the lower confidence limit of 97%
confidence for median. For example for the normal sized table maximum value is
around 54.5 while the minimum value is approximately 44.5. The median is close
to 48. So it can be said with a 97% confidence that the median is approximately
between 45 and 50.5. All the values are represented as % distance so that they

can be compared with each other.
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Figure 3.10: Box plot diagrams for selected results of the study 2 and 4 are shown
here. From (a) to (h) the box plots are related to results from study 2 while (i) to
(1) are related to results from study 4. All the results were scaled from 0 to 100
for comparison. Here “N” is the table size of 910mm™*710mm while “L” is 1.25
times and “S” is 0.75 times the size of table“N”. (a) and (b) shows the results
for X and Y axis coordinates of the spatial term “Back Edge”. (c¢) and (d) shows
the left and right hand X coordinate results of the spatial term “Back Edge”. (e)
and (f) are the results for left and right hand X coordinates of area term“Back
Left Corner”. (g) and (h) shows the X and Y coordinate results of spatial term
“Middle”. (i) and (j) represents the results of X and Y coordinates of the spatial
term “Back Left Corner”. (k) and (i) are related to the X and Y coordinates of

the spatial term “Middle”.
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Figure 3.11: The box plot diagram of X coordinate for spatial term “Back Edge”
for left handed participants
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When analyzing two diagrams in Fig. 3.10 (c¢) and (d), significant different in
object placement can be seen among the right handed and left handed partici-
pants. Where the left handed participants have placed the item to the left side
of the table whereas the placements of the right handed participant have shifted
to right side of the table. In Fig. 3.10 diagrams (g) and (h) depicts the X axis
and Y axis distributions for spatial term middle respectively. The high variance

present in the X axis compared to Y axis is due to the effect of handedness.

3.4 Effect of the Table Shape

3.4.1 Arrangement

This section of the study was conducted using 4 different shapes of tables.
They are namely “Circular”, “Oval”, “Square” and “Rectangular”. This study
was performed as an extension to the study explained in section 3.1. The tables
that were used for the experiment are shown in Fig. 3.12. They were arranged
in the same manner as in the study explained in section 3.1. Here also 32 color
coded objects were placed on the table and the users were asked to categorise

them into spatial areas.

3.4.2 Procedure and Metrics

Twelve subjects participated in the study and they were asked to categorise
the objects on each table. In order to avoid the fatigueness of the users, they

were given one table at a time.

3.4.3 Analyzing of Data

The locations of the objects were analysed along with the spatial terms and
the summary of the spatial terms are shown by Table 3.3. The visual distribution
of area terms are shown by Fig. 3.13 where the results has been averaged to get

a better representation.
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(d)

Figure 3.12: (a), (b), (c) and (d) shows the square, rectangular, circular and oval
tables that were used for the study.
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Figure 3.13: Averaged results for effects of the table shape. Figures (a), (b), (c)
and (d) shows the identified spatial area terms for square, rectangular, circular
and oval table shapes respectively. Highlighted in green color is the area term

C(Edge” .
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Table 3.3: Results for Effects of Table Shape

Table Shape

Area Term | Subsection | Square | Rectangular | Circular | Oval
Middle - v’ v’ v’ v’
Left - v’ v’ v’ v’
Right - v v v v
Front - v’ v’ v’ v’
Back - v’ v’ v’ v
Front Left v’ v’ - -
Corners Front Right v’ v’ - -
Back Left v’ v’ - -
Back Right v’ v - -
Left v’ v’ v’ v’
Right v v v v
Edee Front v v v v
Back v’ v’ Ve v’

(b)

Figure 3.14: The table setup that was used to the study the effects of the objects
on the table.

3.4.4 Results and Discussion

Here also the usage of spatial terms were similar to the study explained in
section 3.1. But the key factor was that the tables Oval and Circular did not

show case any area called “Corners”.

3.5 Effect of the Objects on the Table

When placing an object on the table, the effect of objects that are already on
the table has be considered. The aim of this study is to examine the effect on the
placement location of the object that is exerted by the objects that are already
on the table.
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Figure 3.15: Results for table setting (a). Here the corresponding areas are shown
as in Fig. 3.13 (b).

3.5.1 Arrangement

For this study the table that was used in study explained in section 3.1 was
used. The table was kept in an empty room to avoid the external effects that
might influence the object placement. Twenty six personnel were given the task
of placing the objects on the table. The participants has a mean age of 27.65

years with a standard deviation of 8.94 years.

3.5.2 Procedure and Metrics

The participants were asked to place an object on 13 key locations on the table
that were identified in the first study. These key locations are given in Table 3.2.
Object (a book) was kept on one of the three locations shown by Fig. 3.14 (a),
(b) and (c). The placements were recorded using a top mounted camera and the
results were recorded alongside the occupied area on the table and the spatial

terms.

3.5.3 Analyzing of Data

The results were analysed after mapping the placement locations of all users

for each object (book) location on the table. The 3 table maps are presented in
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Figure 3.16: Results for table setting (b). Here the corresponding areas are shown
as in Fig. 3.13 (b).

Figure 3.17: Results for table setting (c). Here the corresponding areas are shown
as in Fig. 3.13 (b).
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Fig. 3.15, Fig. 3.16 and Fig. 3.17. They corresponds to table settings that are
shown in Fig. 3.14 (a), (b) and (c) respectively.

3.5.4 Results and Discussion

The results from this study are analysed after comparing with the results from
section 3.1. Here it is clear that the users kept the objects avoiding the book
that was on the table. One noticeable effect was the spatial terms that were
most affected were the ones which are closer to the object that was on the table.
This effect diminished when going from the nearest spatial term to terms that are
further away. For example in Fig 3.15, spatial terms “Back” and ”Back Edge”
are the most affected. But terms like “Front” the effect of the object can hardly
be seen. Even in Fig. 3.16, spatial terms like “Corners” and “Edges” minimally
affected. The effect of the handedness is also visible in the placements, where in
spatial terms “Back Edge”, “Back Left” and “Back Right” the placements are

more scattered when compared to the terms that are on the front of the table.

3.6 Effects of the Restrictions for Reachability

3.6.1 Arrangement

For this study, the participants were asked to place the object on different
places on the table. But here the surrounding area of the table was obstructed
by obstacles. The idea of this section is to understand how the participants
alter their placement of the object depending on the restricted reachability to the
required table area. Mainly to determine whether the participants will keep the
item on the same location as in section 3.1 or whether they would change the
location depending on the restrictions. The same three tables that were used for
the study explained in section 3.3.1 , were used here. Object placement scenario

with restricted reachability is depicted in Fig 3.18.
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Figure 3.18: Effect of the restricted reachability.

3.6.2 Procedure and Metrics

In Fig 3.18 the participant is asked to place the objects on the table where the
front left corner of the table was obstructed by two obstacles. Fig 3.18 (b) shows
the scenario where the front right corner of the table was blocked using the same
two obstacles. To analyze the above mentioned scenarios, 23 participants were
asked to place the objects on 13 spatial areas shown in Table II. These locations

of the object placement were saved and the results were analyzed.

3.6.3 Analyzing of Data

This section of the study produced 897 object placement locations. The results
were analyzed after categorizing the placement coordinates into the spatial area
and the table size. One way ANOVA test was performed for both X and Y axis
of the placements in each category. The box plots that show key factors of this
study is shown in Fig. 3.10

3.6.4 Results and Discussion

Box plot diagrams (i) to (1) in Fig.3.10 shows the effect of the restricted reach-
ability from the obstacles that are shown by Fig.3.18 (a). Since the used obstacles
did not exceed the height of the table, the placements on the front left corner
didn’t have much effect. But the effect was clearly visible in the locations that
are on the middle and back side of the table and to the left. Fig.3.10(i) and
Fig.3.10(j) shows the X axis and the Y axis distributions for the back left corner
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of the table respectively. It is clearly visible that all the points has been moved
to right side of the table as well as to the front side of the table when they are
compared with the (e) and (f) box plots that are of the same location without the
reachability restrictions. This effect is higher in the larger table than the smaller
table. But the box plots shown by (k) and (1) show that there is not that much
of difference when compared with the (g) and (h) which are of the spatial area
“middle”. So it can be concluded that the effect diminishes when it reaches the

side of the table that is not obstructed.

The results of this study confirms to the fact that the reachability of the user
to the table has a considerable effect on the object placement task. And the
effect changes with the size of the table. This becomes evident when comparing
the three tables in the box plot diagrams in the Fig.3.10. In the smaller table a
narrow distribution among the placements can be seen. This is due to the fact
that in the smaller table participants had the opportunity to reach out to places
without much hassle. This also resulted in ideal object placements having a high

correlation with the user expectation.

3.7 Summary of Human Studies

This chapter provided six human studies that were helpful in understanding
the behavioral aspects of human users when it comes to object manipulation on
a table. The results of these studies are used in designing a system that has the
capability to behave more like a human user. This type of performance makes it
easy for users to predict the behavior of the robotic system, hence making it easy

for them to get accustomed to using this system.

First study, which is understanding the spatial terminology, helps to design a
system that accepts the frequently uttered spatial terms when placing objects.
An extension to this study has been carried out by incorporating different table
shapes. The effects that exert upon the object placement because of the location
of the person who is issuing the commands has also been studied, which will help
to determine the reference frame that shall be used when understanding the user

commands.

37



Furthermore, the effects of the objects that are on the table together with the
effect of restricted reachability has been studied. The restricted reachability study
shows how to place the object when certain areas on the table are not reachable,
while objects on the table study shows how to avoid occupied areas on the table
as well as to how to alter the placements when they are near to the occupied
areas. Finally the effect of the surface area has been studied to understand how
different sizes of tables will affect the object placements. The effects that were
identified using these studies has been incorporated in the designed system and

is explained in detail in Chapter 6.

The result of each study can be summerised as in Table 3.4.
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Table 3.4: Summary of Human Studies

Effect Results of the Human Study
3.1 Understanding of Frequently used spatial terms and their
Spatial Terminology area boundaries were identified.

Effect of the user’s location and orientation
on the placement of the object were
identified. Two reference frames -

Robot’s reference frame and the user’s

3.2 User Location and Orientation | reference frame. The reference

frame depends on the attention of the

user. The distribution of spatial terms
depend on the users location as well as

the orientation.

The handedness of the user mainly
influence the object placements.

The larger table depicts wider
distribution of object locations.

The centroid of each area term seems
to be distributed linearly

depending on the length and the width
of the table.

3.3 Surface Area

Frequently used spatial terms and

their area boundaries with respect

to 4 table shapes rectangular,

square, oval and circular were identified.

3.4 Table Shape

Users avoided the objects that are

on the table when placing the

items. The effect of the objects

are more on the areas that are

closer to them. The effects diminishes
over the distance.

3.5 Objects on the Table

The unreachable areas were avoided by
the users. Has a similar effect

3.6 Restrictions for Reachability as 3.5 study. The effect diminishes
when moving away

from the unreachable areas.
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CHAPTER 4

SYSTEM DESIGN

4.1 System Overview

The system contains three major modules. They are Uncertain Information
Understating Module (UIUM) , Interaction Manager (IM) and Action Man-
ager (AM). The output from depth sensor of the Kinect is used to extract the
position and the orientation of the user, which is performed using the Visual In-
formation Extraction Module (VIEM). The skeleton analysis of the user’s body
is performed using the Kinect SDK in order to extract the pointed hand gestures.
The RGB camera that is available with Kinect is used to extract the informa-
tion regarding the objects that are on the table by processing the images. An
array of microphones exacts the voice commands that are issued by the user.
These commands are then converted to text and processed using the Keyword
Understanding Module (KUM). The KUM used a built-in data base that contains
words which helps to understand the keywords that are in the user’s commands.
This is explained in detail in section 4.2. IM manages the interaction between
the human user and the robot. The two data sets from the VIEM and the KUM

is fed to the IM. IM uses these data feeds to evoke the relevant submodule in

3D Depth
Uncertain Information Visual Information Sensor

Understanding Module Extraction Module

I | | RGB Camera
Interaction Manager Keyword Understanding Speech Microphone
Module to Text Array
e — e —
IM Database KU Database Text to
Speaker
Speech

Manipulator
i
Controller

J' Manipulation Manager
| Action Manager
Navigation Manager

Figure 4.1: System overview.
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UIUM to understand the uncertain information in user’s commands. This mod-
ule is explained in detail in Chapter 5. AM manages the high-level control of the
robot. It uses Manipulation Manager (NM) to handle the placement of the ob-
ject on the table, while Navigation Manager is used to navigate the robot around
the table. NM or Navigation Manager Database contains the map of the room.
Furthermore, the location and the orientation of the table is marked in the NM
maps. These improves the navigation capacities of the robot which results in a
much more precise maneuverer around the table. The low-level control of the
robot platform and the robot manipulator is handled using the Robot Controller

and the Manipulator Controller respectively.

4.2 Understanding Vocal Commands

There are two main parts in each voice command that were identified. They
are referred to as keywords. One was action keywords and the other was the
spatial keywords. Action keywords are the keywords that instructs the user what
action to perform. As an example, words like “move”, “place” and “keep” falls
into this category. The other type is the spatial keywords. They define the spatial
location where the object should be placed. For an example, words like “middle
of”, “left”, “right” can be given. The keyword database (KU Database) also
contains synonyms for these keywords that are stored along with these keywords.
For an example term “center” can be pointed out as a synonym to the term
“middle”. Using this kind of approach allows the users not to be limited by a

certain set of commands and remember a strict set of vocal commands.

4.3 Understanding Pointing Hand Gesture Location

The system uses skeletal information of the body joints, obtained from a 3D
depth sensor to calculate the position where the user is pointing. In most of the
previous systems that has been implemented, the position information has been
obtained by extending the vector that goes through the elbow joint and the wrist

or palm joint [6]. But humans usually point an object by aligning their palm
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Figure 4.2: The tracked joints of the body by the Kinect.

along with the eye. So the most effective joints to be used are the head joint
and the palm joint [30]. So the vector that goes through these joints is extended
to get the intersection point with the table surface. This point is taken as the
location where the user is pointing. When the system receives an action keyword,
it calculates this vector. System considers both right hand and the left hand since

the user can be right handed or left handed.

4.3.1 Kinect

A Kinect sensor was used to obtain the 3D skeletal tracking of the body.
This sensor provides 3D depth information that can then be processed to esti-
mate the skeletal joints of the human body. Researchers have found that Kinect
sensor provides robust 3D data when compared with many available sensors in
the market [37,38]. The joints that are tracked by the Kinect are shown by
Fig. 4.2 [39]. As mentioned earlier the vector that goes through the “HEAD”
and “HAND _TIP” is considered.
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Figure 4.3: The X, Y and Z axes with respect to the Kinect. The placement of
the table with respect to the Kinect.

4.3.2 Tracking of User

For the parts where the users orientation and location is tracked, the system
uses the “SHOULDER_LEFT” and “SHOULDER_RIGHT” joints of the skeletal.
The Kinect is mounted on a pan-tilt unit that allows the system to stay focused

on the user.

4.3.3 Obtaining Pointed Location

The Kinect produces the location of each skeletal joint with respect to the
Kinect’s position. The X, Y and Z axes are shown in Fig. 4.3. The height of the
table is a fixed value and is denoted by “k”. The X and Z location values of the
pointed hand gesture location is given by 4.1 and 4.2. The value “t” in those two

equations are given by 4.3.

X = X+ t(X; — Xo) (4.1)
Z = Zy+t(Z) — Zo) (4.2)
t=(k—Yp)/(Yi - Yp) (4.3)
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Figure 4.4: Top view of the Kinect with respect to the table.

(a) (b)

Figure 4.5: (a) shows the pointed hand gesture of the user as captured by the
RGB camera of the Kinect. (b) shows the joint skeleton of the users body that is
output by the Kinect SDK. (c) shows the image that is obtained after overlaying
the two images.
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An example is shown by Fig.4.5. Here figure (a) shows the RGB image of
the user and figure (b) shows the tracked skeleton of the user. The vector that
is marked using points Fy(Xo, Yy, Zo) and Pi(X3, Y1, Z1) is extended to get the
intersecting location on the table using the equations 4.1, 4.2 and 4.3. In order
to eliminate the extraction of random hand gestures, the system only extracts
a hand gesture where the vector that is extended is pointed towards the table.
Which is called a valid hand gesture. Hence the X and Z values should be such
that ks < X < ko and ky < Z < k5. The ko, k3, k4 and k5 are marked on Fig. 4.4.
Furthermore, the extraction of the hand gesture is only performed after receiving

a user command that contains an action keyword.
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CHAPTER 5

UNDERSTANDING UNCERTAIN INFORMATION IN
USER COMMANDS

The users can instruct the system using three different types of commands.
They are summerised in Fig.5.1. The first type is the commands that use only
vocal instructions. Here the user can explain the spatial location using spatial
terms. The second type is using hand gestures. Here the user can point out
the location where the object has to be placed. The last type is the combined
commands where the user can use both the voice commands and the hand gestures

to give multi-modal inputs to the system.

5.0.1 Uncertain Information Understanding Module

This module interprets uncertain information that are used in the user com-
mands. There are three sub modules that are within the UTUM for each type
of user command. FEach submodule contains two fuzzy inference systems for X
and Y axes. The ”Base case” refers to a instance where the placement values are
calculated without any restrictions. For each submodule, the placement will be
calculated for the base case and then be modified according to the restrictions

that are available in each scenario. Here the X-Axis is explained in detail and

Commands Delivering Position

Information
v v v
Voice Based Hand Gesture Based Combined
Position Commands Position Commands Position Commands

Figure 5.1: Command types that are used by the user.
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Table 5.1: Rule Base For Fuzzy Modules 1 And 2

Input Voice or Gesture
Memberships | LE | L | M | R | RE

Output
Memberships VL L MR VR

the Y-Axis performs in the same manner.

5.0.2 Module 1 - For Voice Based User Commands

This module solely deals with voice commands. In order to be categorized as
such the user commands has to have both action keywords and spatial keywords
without a valid hand gesture. This module contains a single input single output
fuzzy inference system to interpret the table locations with reference to the user
commands. Fig. 5.2(a) shows the input membership functions and Fig. 5.2(b)
shows the output membership functions for the fuzzy inference system. The rule
base is given in the Table 5.1. The input fuzzy membership curves are singleton
as voice commands directly request a specific area on the table. For an example,
a command like “Keep the object on the left of the table” can be given. Here
“Keep” is the action keyword and “left” is the spatial keyword. Since “left”
denotes an exact area on the table, the input for the fuzzy inference system will
be 0.25 for X axis and 0.5 for Y axis.

5.0.3 Module 2 - For Hand-gesture Based User Commands

This module is for the commands that are given using only the hand gestures.
For example, “Place the object there” and pointing out the location can be given.
This example scenario is shown by Fig.5.3 (a). In Fig.5.3 (b) the robot moves
forward and places the object on the requested location. Here the user command
contains an action keyword but no spatial keywords. These types of commands
are categorized as hand gesture based user commands. When the system receives
an user command with action keywords the system extracts the hand gesture. If
there is a valid hand gesture but no spatial keywords; the system registers the
command as module 2. A valid hand gesture is selected by considering the place
the hand is pointing. If the hand is pointed towards the table then it is taken as

a valid hand gesture command. If not, the system will ignore the hand gesture.
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(e)

Figure 5.2: (a) and (b) represents the input and output membership functions for
the module 1 respectively. (c¢) and (d) represents the input and output functions
of module 2 respectively. (e) represents the output membership functions of
module 3. Fuzzy labels are defined as LE:Left+Edge, L:Left, M:Medium, R:Right,
RE:Right+Edge, VVL:Very Very Left, VL:Very Left, LL:Light Left...etc.
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Place the

object there

(b)

Figure 5.3: An example scenario for hand gesture based user command.

Having this type of behavior allows the system not to extract erroneous hand
gestures or irrelevant hand gestures, or else register a random hand movement as
a pointed gesture. If the user command contains action keywords without any
spatial keywords or valid hand gestures the system will ignore the command and
ask the user to give the command again. The input membership curves are shown
by Fig. 5.2(c) and the output membership curves are shown by Fig. 5.2(d). Here
triangular curves have been used since the measurements are performed as linear
distance in millimeters. Furthermore, there is no strict requirement for a fuzzy
based system. The extracted hand gesture point is a exact location on the table
and the placement can be performed on the extracted location directly. In order
to apply the modifications that will be explained in the coming sections, it is
essential to have a fuzzy based system. The rule base for the system is given in
Table 5.1.

5.0.4 Module 3 - Combined User Commands

This module handles user commands with both vocal and hand gesture posi-
tional information which are referred to as combined positional commands. Here
if the user command contains both action keyword and spatial keyword alongside
a valid hand gesture the user command is taken as a combined user command and
is handled using module 3. This module contains a two input one output fuzzy
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Table 5.2: The Rule Base For Fuzzy Module 3

Input Voice Commands
Membership ég:e Left |Middle | Right %fé‘g
Very Left | VVL VL L Clarify | Clarify
Hand Left VL L LL LR | Clarify
Gesture Middle L LL M LR R
Right Clarify | LL LR R VR
Very Right | Clarify | Clarify R VR VVR

inference system. The input membership functions are shown by the Fig. 5.2 (a)
and (c) while the output membership functions are shown by the Fig. 5.2 (e). The
input membership functions are same as the ones used in Module 1 and 2. The
rule base for this module is given in the Table 5.2. As an example, a user com-
mand like “Keep the object on the right side of the table” can be given alongside
a hand gesture which point towards the table. The system will extract “Keep”
as the action keyword and the “right” as the spatial keyword. The hand gesture

will be used to calculate the location on the table where the user is pointing.
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CHAPTER 6

SPATIAL CONCERNS

6.1 Concerns for Space Properties

6.1.1 Table Size

The system needs to have the ability to adjust to different sizes of tables since
the study that was explained in Section 3.3.1 shows evidence that the system
should have the capability adapt to such variations. In order to incorporate this
behavior in the system, the fuzzy membership curves are adjusted according to
the size of the table. Ty and T}, which are the width and the length of the table
respectively, are taken into consideration when deciding the place for the object

placement.

6.1.2 Table Shape

The most common table shapes found in domestic environment can be catego-
rized into four basic shapes as shown in Fig. 7.7, namely ‘Square’, ‘Rectangular’,
‘Circular’ and ‘Oval’. This modification process takes place before the UIUM
decides the location for the object placement. For square and rectangular table
shapes this modification is irrelevant since Ty, and Ty is uniform along the whole
span of the table. But for the other two table shapes the values of T}, and Ty
has to be recalculated depending on the size and shape of the table, since there
is no exact shape for oval tables. Their dimensions can alter from design to de-
sign where for a specific maximum length of the table, the maximum width can

change.

o1



Al A2
T T

L R N B B £ R
Yvalue [k !0 b b
1 1 1 1 1 1 1
*---"-}---L-X i i i i | | |
i i i i i [ i i
i i i i i T i i
[ i i i i Twi i
N P A
1 1 1 1 1 1 1 1 1
i i i i i T i i
i i i i i [ i i
i i i i i i i i
Al A2 (b)
4
Y — - T ...
B2 <—X Va|ue—n!_ ............................ - BZ’
_._._',._._x ............................. -
S Jl - - —— - - - JZ _____________
_._._._._._._._._._.T_L ____________________

Figure 6.1: Recalculating of pointed hand gesture location for oval and circular
shaped tables.

In order to build a system that can handle different shapes of oval tables
following method is used. This is performed by expanding the table shape in
both X and Y axis into a rectangle that can encapsulate the table shape. It
contains two submodules for X and Y axes. The X axis submodule expands the
table shape in X direction and Y axis submodule expands the table shape in Y

direction.

An example Y-Axis transformation is shown by Fig. 6.1(a) and (b), where the
oval shaped table is expanded to represent a rectangle. “X” mark on the table as
shown in figure (a) depicts the hand gesture pointed location on the table. The
transformation is performed so that dotted lines represented by Al — A1’ and
A2 — A2 are stretched linearly to obtain A1 — A1” and A2 — A2’ in figure (b).
The Hand gesture point “X” is also relocated so that ky/k] = ko/k}. Figure (c)

and (d) shows transformation for the X-Axis value for a hand gesture.

The advantage in using this type of approach is that this system can adapt
to variety of table shapes, without impractically depending on a mathematical
equation to model the parameters of each and every shape of table. After the lo-
cation placement of the object has been determined using the UIUM, the location

is recalculated using the backwards transformation in order to find the location
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on the actual table.

6.2 Effect of Dynamic Space Constraints

6.2.1 Objects on the Table

This step determines the distribution of unoccupied area on the table. When
placing objects in a requested location, both the value and distribution of free
space is considered equally important. The occupation area of obstacles in each
classified area is calculated using image processing as shown in Fig. 6.3. This
calculation is performed using the point of view of the robot. Since humans
perceive the world through the point of view of their eyes, for a human-like system
a camera mounted right on top of the table will not justify this phenomenon. In
Fig. 6.3, area occupied by obstacles are marked by red and the total table surface

is marked by green.

From the study explained in Section 3.5, the requirement is to place the object
on the table taking into consideration the distribution of the space. In the study
it was found that the effect of the obstacles on the table affects placement closer
to them more than the placements that are away from them. For example if there
is an object on the middle of the table, areas close to the middle will be affected
more than the areas that are closer to the edges of the table. This type of behavior

has to be incorporated in the system to follow more human-like behavior.

The system follows a process where the fuzzy curves are moved according to
the space that is obstructed by objects, in order to move the placement location
of the object. In Fig. 6.2 (a) output membership functions are for the empty
table while in the (b) output membership curves the “Left — L” and “Middle —
M” membership functions has been shifted to the right side because of the object
(book) that is on the table.

The modification factors for obstacles are calculated using (6.1). In order
to get the distribution of the obstacle free space, a weighting factor KCecttree

is calculated for each output membership function. The output membership
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Figure 6.2: Shift in the fuzzy output curved due to the objects on the table.

functions values S; is modified accordingly. For Module 1 and 2, i = {VL, L, M,
R, VR} and for module 3,7 = {VVL, VL, L, LL, M, LR, R, VR, VVR}.

KiObJect Free Cinth Objects C«iW1th0ut Objects (61)

When calculating this value the 3D distribution of the output membership
functions are considered. For an example the 3D distribution of output member-
ship function “Left” in module 1 is shown in Fig. 6.2(¢). When calculating the
modification factor, this distribution is taken as a solid volume and the (X,Y)
coordinates of the center of gravity of this volume is calculated, which is denoted
by C;VitheutObiects \yhen there is an object on the table (the book in this case)
the value of this distribution at those occupied areas are taken as zero. The re-
sulting distribution is shown in Fig. 6.2(f). The value C}" "% g calculated
for this distribution in the same manner by obtaining the centroid. So each curve
is shifted using 6.1. The shift of each curve reflects how much area the object
(book) has affected each curve. So Curve that represents “Middle” will have a
lower shift when compared to the curve representing “Left” and curves repre-

senting “Right” and “Very Right” will have zero or negligible shift. This type of
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Figure 6.3: An example for extracting occupied area by objects on the table.

system behavior not only helps to avoid placing the object on other objects on the
table but also encapsulate the behavior of a human being where the placement
of the object has been shifted a certain amount from the original value, in near
locations to the object on the table. For an example, if the robot was asked to
place the object on the middle of the table, the placement location will be moved
slight to the right side of the table. This type of system behavior tally with the

results obtained from the study in Section 3.5.

6.2.2 Reachability of the Robot

The reachability of the robot is the area that can be manipulated by it. Here
the arm reach and the position of the robot is considered. The extent to which
robot can get closer to the table varies according to the placement, orientation
and height of the table. The results from the study 3.6 shows the effect that
restrictions in reachability has on a human participant when placing the object.
Human beings has a complex anatomy that allows them to bend and reach differ-
ent locations on the table. But when it comes to a robot the reachable location on
a certain height is fixed and there are areas that the robot cannot reach. Since the
height of the table is fixed, the reachability for a certain location depends on the
surface area of the table and the obstacles around it. The Navigation Manager
lets the robot reach different places on the table by reaching out from different

directions around the table, but some areas may not be reachable anyhow.

For this modification also the 3D distribution of the output membership func-
tions are considered. The calculations are performed in the same manner as for
the obstacle modification factor. In each output curve 3D distribution is consid-
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Figure 6.4: Effect of the User’s orientation is shown here. Where area terms are
represented as “L”-Left, “R”-Right, “F”-Front and “B”-Back.

ered and the value of the unreachable areas are taken as zero. So the placement in
those areas will be avoided. Furthermore, there will be shift in each output curve
near the unreachable areas. This behavior matches with the results obtained
from Section 3.6. Where the study shows that even-though some locations are
reachable, human participants were reluctant to reach out and place objects on or

Reachability
K;

near unreachable areas. Modification factor reachability is calculated

using 6.2.

KiReachabz'lity _ OZRR o OZNR (62)

Where CEE is the center of gravity on the XY plane of the 3D distribution of
the output membership functions with restricted reachability. CV%® is the center
of gravity on the XY plane of the 3D distribution of the output membership

functions without restricted reachability.
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6.3 Special Attention

6.3.1 Concerns for User Location and Orientation

The Kinect sensor was mounted on a pan-tilt unit using which the sensor was
directed at the user to track the user inside the room as mentioned in Section 4.3.
The collected data includes the position, body orientation and the head orienta-
tion of the user which were the main factors that were identified during the user
study to have an effect on the reference frame. This section mainly focuses on
determining the reference frame which is used by the user. The head orientation
of the user was used to estimate whether the user was paying attention to the
table or not. As shown in Fig. 6.4(a), if the table is in the 120 degree angle then
it was considered as the user was paying attention to the table. The reference
frame of the user was determined by body orientation of the user. The left side
of the table was taken as same as the left hand side of the user. For circular
shaped table this was applied without any bounds since there were no strict sides
as shown by Fig. 6.4(c). For square shaped tables, spatial terminology allocation
is divided into four quadrants as shown by Fig. 6.4(d). The suitable quadrant is

selected depending on the orientation of the user with respect to the table.

For oval and rectangular shaped tables the orientation of the users body with
respect to the table was divided into four quadrants as shown by Fig. 6.4 (e).
But here only two quadrants that are highlighted, use the reference frame with
respect to the user. The other two cases use the robot’s reference frame. This
was due to the fact that from the user study it was found out that the users did
not categorise the spatial keywords for these two tables as shown by Fig. 6.4 (f).
For the cases where the user was not paying attention to the table, the reference
frame of the robot was used to place the object. So as shown by Fig. 6.4 (b), the
robots reference frame was used to place the object. But this also followed the

same quadrants laws as stated earlier.

57



6.3.2 Calculating the Placement Position

In order to find the membership values for S; the density distribution of the

classified areas is used.

Equation 6.3 shows the modification for reachability for membership function
values S;. Here the effect of the two constraints for placing the objects, free space
and reachability is averaged in order to get the final value. This is because the

effect of both the scenarios affect equally to the placement of the object.

Si _ SiBase + (KiObjectFree + KZReachability)/2 (63)

Where Sipgqse value is calculated using the most preferred areas classifications
from the user study. This value is calculated for each output membership function

respectively.
6.3.3 Safety Distance

Final step is to determine the safe positioning of the object. Each object has
a safety clearance that is required in order to manipulate the object as well as
to ensure that the object will not come in contact with other objects. Another
concern is about the safety of the object near the edges and corners of the table.
So from the closest edge the item needs to have a minimum distance of Dg + Dg.
Where Dpg is Edge Clearance and Dg is Safety Clearance. The item is placed
in the position where the centroid of the object is as close as possible to the
calculated position. In Fig. 6.5 this value is denoted by D¢. The highlighted
green area shows the possible area for the object to be placed after considering

Dg and Dg. The item will be placed where D¢ is minimum.

6.4 Example Scenario

This section explains an example scenario that uses the total system capabil-

ities. In this scenario the user is using both pointing hand gestures and voice
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Figure 6.5: Safety concerns when placing the object.

commands as shown by Fig 6.6. The user command is “Keep the object in the
middle of the table”. So the action keyword is “Keep” and the spatial keyword
is “Middle”. Since there is a valid hand gesture which points towards the middle
of the table, submodule 3 of UIUM is selected.

The pointed hand gesture location is calculated using the skeletal information
of the user. Since the user is right handed, the right hand is considered for
calculations. The handedness is identified using the hand that is pointing towards
the table. The tracked skeletal is shown by Fig. 6.8. The ‘Eye - Hand Tip’ vector
is calculated and considering the location of the table, the pointed hand gesture

location is (-95mm,-102mm). Fig. 6.7 shows the robot’s point of view of the user.

The system considers the user as paying attention to the table. So the spatial
area term classifications will be taken as shown in Fig 6.4 (b). In this particular
scenario the attention of the user is not considered because a valid hand gesture

is available.

The Kinect is then tilted to analyze the objects that are on the table. Fig. 6.8
shows the image that is taken of the table. With this image the system performs

image processing to find the occupied areas on the table.
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Figure 6.6: Example scenario using both voice and hand gesture based commands.

Figure 6.7: Robots point of view of the user.
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Figure 6.8: Tracked skeleton of the user’s body.
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Figure 6.9: Y and X axis transformations from oval shaped table to a rectangular
shaped table.
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Next the system searches for obstacles that may be around the table which will
restrict the reachability of the robot to certain area on the table. But since there

are no obstacles available, the total surface of the table is taken as reachable.

In order to use the module 3 of UIUM the table has to be converted to rect-
angular shape. The conversion is performed separately for the two axes. The X
axis conversion is shown in Fig. 6.9 (c) and (d). The green “X” shows the hand
gesture location which is also recalculated. In Fig. 6.9 (d), the hand gesture point
is recalculated so that ji/j2 = j1/j5. The areas that are occupied and unreach-
able are also converted using the same algorithm. In Fig. 6.9 (c) the occupied
area (by the book) is shown by yellow color and in Fig. 6.9 (d) the same area is

shown by yellow but recalculated.

The table in Fig. 6.9 (b) is fed to the UIUM module 3 Y axis while Fig. 6.9 (d)
is fed to the X axis. The output membership functions are modified as mentioned

in Section 6.2.

The inputs to the UITUM includes “Middle” for X axis spatial term and —103mm
as X axis hand gesture value. For Y axis the spatial input is “Middle” and hand
gesture input is —112mm. The hand gesture location is recalculated according

to the table conversion shown in Fig.6.9.

After calculating the placement location for rectangular table, the location is
recalculated to the oval shape table using the reverse process of the method shown
in Fig. 5.3. The final placement location is calculated as (—73mm, —82mm). The
system then examines whether this placement will violate any safety concerns.
Since there are no obstructions the system will proceed with the placement as
shown by Fig. 6.12. After the placement is complete the robot will move back to
the starting position as in Fig. 6.13.
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Figure 6.10: The robots point of view of the table.

Figure 6.11: The robot moves forward to place object.

Figure 6.12: The robot completes the placement of the object.
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Figure 6.13: The robot is returning to the starting position
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CHAPTER 7

RESULTS AND DISCUSSION

7.1 Hardware Implementation

The system has been implemented on the MIROB platform in [40]. The
MIROB consists of a ‘Pioneer 3DX’ mobile platform alongside ‘Cyton Gamma
300" manipulator. The MIROB platform with a Kinect sensor connected on top

of a pan tilt unit is shows in Fig. 7.1.

7.2 Experimental Setups

The experiments were conducted using two setups. In the first setup the main
focus was on the system’s ability to alter the placements according to objects
that are on the table and the consideration for restricted reachability of the user
so a single table was used that is rectangular in shape. In the second setup the
results were obtained mainly focusing on the system’s ability to consider different
table shapes and the user’s orientation and position so four tables were used as
explained in section 7.2.2. Multimodal capabilities of the system were analysed

in both setups using voice, hand gesture and combined user commands.

7.2.1 Experimental Setup 1

The experiments were carried out using different arrangements of the table,
under both limited free space and reachability conditions. In order to limit the
free space available, objects were kept on the table as obstacles. Limitations for

reachability were achieved by introducing obstacles in the map near the table,
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Figure 7.1: MIROB - The hardware that was used to implement the system.
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Figure 7.2: Figures (a) to (h) shows the different table settings that were used
for the selected set of commands given in the Table 7.1. Setting 1 corresponds to
figure (a) and so on.

where the robot’s reach to the table was limited. Fig. 7.2 shows the arrangements
that are relevant for the commands given in Table.7.1. Fig. 7.2 shows the robot’s

point of view of the table where figure (a) correspond to the arrangement 1 in
the Table 7.1 and so on.

Experiments were conducted with 12 participants whose mean value of age was

39.11 years with a standard deviation of 15 years. Each participant were told to
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Figure 7.3: Placement of objects on the table for setup 1.
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Figure 7.4: User satisfaction for setup 1.
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give 20 commands. First 5 commands using module 1, next 5 commands using
module 2 and another 5 commands using module 3. For the last 5 commands,
users were given the choice to select the preferred module depending on their
experience on the previous commands. Table 7.1 presents some of the commands
which showed the key features of the system, where it shows the input keywords
for both X-Axis and Y-Axis fuzzy inference systems and the membership values
for the output. Hand gesture inputs are denoted by “H.G.”. All the distance
values are given with reference to the X and Y axis marked in Fig. 7.3. The table
used for the experiments is 900 mm in length and 710 mm in width. The relevant
submodule of the UTUM is selected automatically by the system according to the
type of position information available in the user instructions. The selected UTUM
submodule number is given under the column “UIUM”. The positions where the
objects were placed by the robot is marked by “X” in Fig. 7.3. Feedback of the
user is given under the tab “User Rating”. This denotes the satisfaction of the
user regarding the positions of the object placement from an scale 1 to 10 where
1 being least satisfied. The final placement of the object is denoted by the tab
“System Output” where the object is placed after considering for safety and edge
clearance. In Fig. 7.4, the average user rating for each module is given. Also the
number of times where module 3 was selected during the last 5 commands are

given in the forth column in each table

7.2.2 Experimental Setup 2

In this section the experiments were carried out in an artificially created room
as shown by Fig. 7.5. The room is 3.8m in length and 3.2m in width. Fig. 7.6
shows the map of the room. The table placements are shown by dotted lines.
Each user was instructed to issue 20 commands using the 3 submodules as ex-
plained in Chapter 5. The users were asked to issue 10 commands for the first
module; 5 commands considering the user attention and the remaining 5 com-
mands using the reference frame of the robot . Module 2 and module 3 were
subjected for 5 commands each. After each placement, the users were asked to
rate the performance of the robot. The rating was from 1 to 10, where 1 is the
minimum satisfaction and 10 is the maximum satisfaction. The experiment was
conducted with 22 participates, with a average age of 27.5 years and a standard
deviation of 7.2 years. The tables used for the experiments were of four basic

69



Figure 7.5: Shows the room setup that was used for experimental setup 2.

shapes as shown by Fig. 7.7. Even though the system has the ability to adopt to
different sizes and shapes of tables, a set of fixed shaped tables were used that has
a fixed height. The limiting factor here was the availability of different shapes of
tables at disposal. In order to place the object with higher accuracy the system
needs to know the exact location of the table with respect to the room walls. So
the location of the table was mapped to the robots navigation database. The

maps for the robot were created using Mapper 3 software.

In Table 7.2, shape of the relevant table is given by “T.S.”, corresponding to
the table shapes that are given in Fig. 7.7. The extracted X and Y axes spatial
keywords are given in the same table as well. “H.G.” refers to the extracted lo-
cation of the hand gesture, where the values are given in mm with respect to the
axes marked in Fig. 7.7. “UIUM” shows the relevant UIUM submodule that was
selected for the given command. “VIEM” refers to the extracted user’s position
and orientation with respect to the axes given in the Fig. 7.6. Here the location
is given by meters and the direction of the user is given by degrees. The direction
is given with respect to the arrow marked on the Fig. 7.6 where the angles are
measured in the clockwise direction. The final output of the system after consid-
eration for the safety concerns of the object is given as “System Output” and are

measured in mm with respect to the axes marked in Fig. 7.6.
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Figure 7.6: Shows the map of the room that was used for experiments in setup
2. The reference direction for the user’s orientation is marked here. Orientation
and the position of the user is marked using a triangle for the relevant commands

in the Table III.
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Figure 7.7: Different table shapes that were used during the experimental setup 2
are shown here. Rectangular, Oval, Square and Circular shaped tables are repre-
sented by (a),(b),(c) and (d) respectively. The object placements are represented

by ‘X’ on each table.
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7.3 System Evaluation

This section analyzes the obtained results in the above case studies where the

system performance was tested.

7.3.1 Basic Multimodal System

In module 1 and 3 the system showcases the ability to provide interpreted
numerical values required for the object placement task after evaluating the un-
certain terms. For example in experimental setup 1, command 1 uses module 1

and keyword “Right” to obtain position (673,355) on the table.

Some locations on table cannot be reached just using the voice commands. This
scenario is visible when commands 5 and 6 in experimental setup 1, are compared.
Further commands 1 and 2 in experimental setup 2 are compared, same outcome
is visible. Specially the locations which do not tally with the classified areas
(e.g. area between two spatial terms) are only reachable by incorporating hand
gestures. This further is evident when the Where in command 2 in experimental
setup 2, by using hand gestures, the user was able to have a much more flexible

placement position that will otherwise not be possible.

Another main concern when using hand gestures is that there can be human
and system errors when extracting the hand gesture position information. This
can endanger the safety of the object which is to be placed. But when a fuzzy
inference system is used this type of errors can be minimized. Command 8 in
experimental setup 1 presents an example for this type of case where the hand
gesture pointed coordinates are outside of the table. Specially when both voice
and hand gesture information are present, even in scenarios where the extracted
hand gesture is erroneous can produce a satisfactory outcome following solely the
voice commands. In command number 3 in experimental setup 2, the user has
given a lower rating due to the fact that the system extracted the hand gesture
a little deviated from the expected position. But in the command number 4 in
experimental setup 2, the usage of the voice command alongside the hand gesture
gave a more satisfying result. When using multimodal approach, the users can
obtain object placements with a higher confident. This is due to the fact the
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system takes into consideration the voice command as well and not solely depend

on the hand gestures.

In most cases, the sole usage of voice commands was not sufficient to achieve
the desired location for positioning. But in cases where the item is to be placed
in a specific location like the center of the table, using voice commands gave more
satisfying results. This is visible when the user tried to place the item on the
center of the table in commands 3 and 11 in experimental setup 1. Here usage of

voice commands gives a more satisfied outcome.

Commands 5 and 7 in experimental setup 1, show cases that the placement
done with multimodal system input gives more satisfaction due to the precision
placement. Further when considering the satisfaction of the users given in Fig. 7.4,
it is clear that users obtained a more satisfied results when using Module 3 and
prefer it to the other two modules. It can be noted that 10 out of 12 users have
a higher user rating for module 3 over the other two modules. Furthermore, a
clear majority of users selected module 3 for their last 5 commands. This factor
is evident in experimental setup 2 as well, the average user rating for the module
1 when the user orientation is taken into consideration was 7.6 while without
the user orientation consideration was 4.2 which was considerably lower. From
the three submodules of the UIUM, module 3 obtained the highest average user
rating of 8.4.

7.3.2 Effect of Dynamic Space Constraints

Restricted Reachability

With reference to the obtained results it can be shown that when subjected to
the reachability restrictions, system is capable of changing the position of item
placement accordingly. This can be verified by comparing commands 1 and 2 in
experimental setup 1. In both cases system is given the same voice command
but the final position of placement has been shifted 51mm along the negative X
direction and 15mm along negative Y direction after modifying for safety of the
object as the item cannot be placed at the location of the given system output

due to limitations in reachability.
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Objects on the Table

Interpreted quantitative values for object placement vary accordingly when
the free space on the table gets limited. This can be verified using command 3
and 4 in experimental setup 1, which used module 1. The only change between
the two scenarios is the limitation in free space due to the object that is present
in table setting 2. But the resulting object position has been shifted along the

negative X axis and positive Y axis.

7.3.3 Special Attention

Concerns for User Location

The effect of the user’s orientation is considered when the system is supplied
with only voice based positioning information. When the system receives hand
gestures based positioning information, the system decides the reference frame
of the object placement based on the hand gesture. The consideration for user
location and orientation is presented in experimental set-up 2. In the command
7, the user asks the robot to place the item on the left side of the table while
effect of the user’s orientation is not taken into consideration. This results in
a low user rating for the placement because the user refers the left side of the
table differently from the robot’s left side. For a similar scenario in command 9
the user’s orientation is taken into consideration. This results in a much more
satisfying outcome. Further in command 8 where the system receives a hand
gesture alongside the voice command the reference frame is decided by the system
using the hand gesture. Here the user gives a higher rating for the placement.
So it can be highlighted that using multi-modal interaction, the ambiguity in the

reference frame has been diminished.

In command 9, the user is facing the table with 90 degree orientation. If the
user’s orientation were to be considered when placing the object, the area terms
has to be categorised as shown by Fig. 6.4(f). So the system ignores the user’s
orientation and place the object using the robots reference frame. But in a similar
scenario when a square shaped table is used, the user’s orientation is taken into
consideration. In command 12 a circular table is used while the user is paying
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attention to the table. So here the placement is performed using the reference
frame of the user. Command 13 presents an example to a scenario where the user
is not paying attention to the table. So the object placement is performed using

the robot’s reference frame.

Safety Distance

Commands 12 and 13 in experimental setup 1, are example cases for concerns
about the safety of the objects. Even though the positions obtained by the system
are inside the table boundaries the objects were kept taking into consideration

the safety factors.

7.3.4 System Limitations

An unsatisfied user rating was detected on command 9 in experimental setup
1, which may be due to the height of the objects. As the robot uses its own
point of view, the space behind the obstacle would seem limited than it really is.
This could lead to misinterpretations in object placement. Specially in similar
scenarios, users felt that objects has to be placed a little bit away from the
obstacles that are taller. To overcome this limitation 3D depth analysis of the
table surface can be incorporated. One other limitation was that the robot had
to start from the same start position each time because the coordinates of the
Kinect sensor’s position had to be known in order to obtain hand gesture pointed

location.
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CHAPTER 8

CONCLUSIONS

A multi-modal interactive system has been proposed that can place objects
effectively on the desired positions of a table using a fuzzy based approach. A
modular Uncertain Information Understanding Module (UIUM) is introduced
which is able to handle the placement of objects on a surface using voice and/or
gesture based positioning information. The system can interpret uncertain user
commands using hand gesture positioning information and spatial factors like dis-
tribution of free space available and the reachability of the robot to certain areas
on the table. Safety concerns for object placement has also been incorporated
making the system more reliable. The deployed voice command interface uses
no strict grammar rule. This system improves the human-like object placement

capability of the robot improving the human robot interaction.

The summary of main contributions are listed as follows,

e Multimodal approach for object placement

— This research introduces a novel approach for object placement using
multimodal inputs of both voice based commands and hand gestures.
The previous system has used multimodal approach to draw attention

to items or to select items from a group of items.

— A modular UITUM has been introduced that can understand the spatial

terminology in voice commands using hand gestures.

— The system has the capability to act for both unimodal and multimodal

commands depending on the availability of information.
e Six human studies have been carried out in the real world scenario

— This research contains six human studies to understand how a human
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user would behave in a object placement situation and to understand
what factors may affect the placement of the objects. All the studies
have been carried out in real world scenarios. The results has been

analysed and discussed.

e Understanding of uncertain spatial terms in voice commands when manip-

ulating objects

— The proposed system uses fuzzy based approach to understand the
uncertain spatial terms. The system uses two fuzzy system for X and

Y axes to determine the location of placement.

e Spatial factors as well as user aspects has been considered when under-

standing the user commands and performing the placement

— Objects that are on the table and the reachability of the user are taken

into consideration when placing the objects.

— The system has the capability to adapt to different shapes and sizes
of tables.

— The user’s location and orientation is taken into account when deciding

the reference frame for understanding the user commands.

The main conclusions of the research is as follows,

e Multimodal approach with both hand gestures and voice commands produce
a better user satisfaction. In Fig.8.1 shows the average user satisfaction for

each module out of 10.

e Ability of the system to adjust for the restrictions in space is important
for robotic system with human like behavioral capabilities. Two of such
important limitations include objects that on the table and obstacle that
are around the table which may limit the navigation of the robot when

reaching out to certain areas on the table.

e [t is important for the robotic system to be able to perform the placement
taking into account different shapes of table. From the conducted studies

71.4% of user satisfaction was detected for the multi-modal system without
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Figure 8.1: User satisfaction in unimodal and multimodal systems.

consideration for obstacles on the table and restrictions in reachability. The
user satisfaction was improved to %84.61 when these restrictions were taken

into consideration.

e Having the ability to consider the robot’s position and orientation with
respect to the table is important when deciding the reference frame of the
user commands because the reference frame changes with the orientation

and the position of the robot itself.

The effect from the height of the table was not considered during this research,
even though the effect of the height of both the user and the table can have a
significant effect on the final placement of the object. Furthermore, the effect of
the handedness of the user was not implemented in the system even though the
effect was analysed during the studies. These effects can be considered in the
future developments of the system. The objects that were used in the studies
as wells as in the experiments were not significantly larger in height. But the
visibility of the area behind an object can determine the space that is available
for manipulating the objects. In order to improve the capabilities of the system

these effects acan be improved in the future implementations.
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