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Abstract
Humans can perform a wide range of navigation and manipulation tasks. Often, these
tasks are combined, for example when walking to a table and picking up an object or
walking to a door and opening it. Motions can be very complex because each person
can act and react in different ways, where movements can take place consciously or
unconsciously.
This thesis reports on an experiment that investigates how humans are combining
navigation and manipulation tasks. Using a motion capture system, we recorded 8
participants walking toward a round table and touching discs on various locations
with either their left or right hand. We chose the dimensions of the round table and
the positions of the discs such that the participants had to adjust their approach
path and their manipulation task for each disc. By analyzing the approach paths, the
reach moments, the number of footsteps, the step length adaptation and the posture,
we observed that efficiency and comfort are taken into account when a table is
approached and when a disc need to be touched. In addition we observed that
manipulation tasks are performed in a fluent way by means of preparation and that
step adaptation occurred during the approach or at the end of a path. We hope that
these results provide a better insight in how humans are performing combined
navigation and manipulation motions, which can be used to improve the accuracy
and realism of computation models of human motion.
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1.

Introduction

Nowadays 3D graphics are frequently used in a wide range of applications like TV
series, movies and computer games. Especially the 3D graphics in computer games or
images created with specific software are becoming more photo-realistic and are
almost indistinguishable from reality. Not only 3D graphics will increase realism, but
also the way how animations are presented. For virtual characters it is important
that they are believable in the way they move, behave and interact. When a virtual
character is very realistic because of good 3D graphics, but one of the previous
mentioned aspects is bad looking, this can spoil the believability of the virtual
character.
These days it seems that the emphasis is placed more and more on the animation
quality of virtual characters. Animations in games like Assassin's Creed 2 [6] and
Uncharted 2 [10] contain a lot of motions obtained by motion capturing. Former
animations were mainly created by hand and controlled by scripts. Compared to 3D
graphics this meant that improvements to animations remained behind. Now with the
use of motion capturing techniques, we get new opportunities to get insight in human
behavior. Humans act and react in all kinds of ways and minor details on how
someone is acting or reacting can significantly improve the realism and believability
of an animation. A lot of movements performed by human exist of multiple and
combined tasks. Someone can for instance walk to a door to open it and on its way
he or she can take an object from a table. In this example all kinds of (small)
navigation and manipulation tasks occur. These tasks are interesting to examine so
that models can be created which automatically produce animations in which these
navigation and manipulation tasks are combined.
Because many different movements can be made, we have focused on motion studies
that are useful for virtual environments. In this research we will analyze combined
motion of humans, when walking to a round table and the moment they start
reaching for a point which is placed at predefined places on the table. We used a
motion capture system to record the participants motions. The obtained data will
then give us insight in how and when participants performed a manipulation task
while navigating.
This thesis is organized as follows. Chapter 2 discusses research previously done by
others. Chapter 3 shows the research questions, hypothesis and variables that will be
used and analyzed during this research. In Chapter 4 an overview of the experimental
approach is given including an overview of the required tools that are used during
this experiment, how the setup of the experiments is established and how the
recorded data will be processed and analyzed. Chapter 5 describes the results and in
Chapter 6 conclusions and suggestions are given for future research.
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2.

Background

In this chapter we will discuss previous research that is related to our work. This will
give insight in how others have performed experiments and what their results were.
Techniques used by them and their results can then support our research.
Subsequently we will give our motivation for our research area and what our
objectives will be.

2.1. Related work
Nowadays motion studies can be accomplished quite easily with the use of advanced
techniques like motion capturing devices. Former motion studies did not have these
techniques, so other ways were used. Gunnar Johansson did a research on human
motion recognition by using bright spots of light on the major joints of a human
model. This made it possible to recognize a walking person in a dynamic point-light
display [1]-[3]. The recordings were taken with a video camera and observed on a TV
but the contours of the human model were not recognizable by observers because of
the exposure times. By setting the exposure times in a range of .1 sec up to .5 sec.
observers were able to identify different motions such as walking and running from
the shown point clouds (Figure 2.1). Later research performed by Cutting and
Kozlowski showed that it was even possible to recognize someone’s gender [4] and the
person itself [5] by observing the way they walked.
These researches show in some manner that small observed details in movements give
extra information about people. Thus the way how people move will also affect the
believability and realism of a virtual character. E.g. a cool and evil looking virtual
character has to act in a way that people expect.

Figure 2.1: Outline contours of a walking and a running participant (A)
and the corresponding dot configurations (B)
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With more recent techniques like motion capturing devices, more details of how
humans act, navigate and manipulate can be obtained from recorded data. In a
recent research by Arechavaleta et al. [8] seven participants were recorded with a
motion capture system. They had to start from a pre-defined position and direction
and had to cross over a porch. They considered three body frames, namely the head,
pelvis and trunk. It appeared that the trunk could be considered as a kind of steering
wheel for the human body. With a model they were able to predict the human
locomotion with more than 87 percent of the recordings.
In addition to previous research, another research performed by Arechavaleta et al.
[9] shows that path predictions could be made by the use of clothoids, also known as
cornu spiral. This is a curve, whose curvature grows with the distance from the origin
and whereby the radius of the curvature is opposite proportional to its arc measured
from the origin. With this they were able to predict more than 90 percent of the
recordings.
Previous research at Utrecht University performed by Smid [7] is showing how people
are approaching a door and opening it under different approach angles and with or
without holding an attribute. A global observation during this research was that the
comfort of a motion can be seen as an important factor, because analyses showed
that people tend to choose the most comfortable motion without thinking about
efficiency.
Another research at Utrecht University performed by van der Wolk [11] shows how
people are picking up objects while walking. By varying approach angles and
destinations and by using three different sized cubes placed in two orientations on a
table, he showed that manipulation tasks influenced navigation behavior and that
variation in navigation influenced grasping behavior.

2.2. Research objectives
Previous research studies mainly focus on either navigation or manipulation tasks.
Research on combinations of these tasks is considerably rare. Therefore it is
interesting to examine human behavior while they perform combined navigation and
manipulation tasks, so that it can be applied to animations to increase realism.
Current navigation and manipulation tasks are mainly created by hand or with the
use of scripts. Besides that most of the current animations consist of tasks followed
after each other. With this research we get detailed insight in how and when tasks
are performed. If these tasks can be applied to animations with the use of automatic
models, then this will enhance the realism and believability of a virtual character in a
less labor-intensive manner. To create such models, we therefore need to examine
how humans perform combined navigation and manipulation tasks.
Specifically our research objects are:
 Examine if combined motion and manipulation tasks have an influence on a
traveled path.
 Examine if people make adjustments while walking or reaching.

3

Chapter 2. Background






We will try to determine the relation between a path, the position and posture
after a navigation and manipulation task.
Examine if people initially take preparatory decisions.
Examine foot placement and adaptation while navigating and manipulating.
We will examine the conjunction between the path and hand usage.

For these research objectives we need participants and a motion capture system.
With this system we can record the motions of the participants, while they are
performing a combined navigation and manipulation task. In the next chapter we will
describe our plan wherein we describe in more detail what we are going to examine
and what we hope to achieve by describing the research questions, hypotheses and
variables.
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3.

Experimental plan

This chapter details the plan of our experiment. Because combined navigation and
manipulation tasks consist of many operations and circumstances, specific subjects
are delimited to get insight in the parts, which are interesting for this research. In
Section 3.1 we will discuss our research questions. The research questions will provide
a set of hypotheses that we want to examine during the analysis phase. These
hypotheses are given in Section 3.2. For the experiments variables are formulated so
that the outcome of the experiments can be verified. These independent, dependent
and controlled variables are defined in Section 3.3.

3.1. Research questions
A global research question for this experiment is how people approach a table and
when they will start reaching for an object on a table. Such a global research question
is very broad defined and provides a number of sub questions which gives a better
insight in how people combine navigation and manipulation tasks. These sub
questions are more specific, because during combined navigation and manipulation
tasks, multiple actions can occur.
The sub questions which are distilled from the main research question are formulated
as follows:
1.
2.
3.
4.
5.
6.
7.

Which path do people take, when they walk to an object on a table?
With which foot do people start?
Is there a relation between the first footstep and the hand they have to use?
How many footsteps are needed to reach an object?
When do people start to reach, while approaching a table?
What is the relation between the step length and an object on the table?
Is the path to the same object nearly the same or identical when performed
left- or right-handed?
8. When an object is touched, what is the distance to be bridged and the
posture?
9. Will the moment of manipulation be a constant or will it depend on the
location of an object?

3.2. Hypotheses
In this section we will formulate our hypotheses, at which our experiment is directed.
Section 3.2.1 will show the hypotheses regarding navigation. In Section 3.2.2 the
hypotheses are given regarding manipulations and in Section 3.2.3 we will show the
hypotheses which correlate with the posture of people.
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The hypotheses that were made for this research are as follows:

3.2.1. Approach





When an object on a round table cannot be touched easily, then a person will
cover the longest distance to get as close as possible to the object.
The path to an object on the left side of the table would be the same (a
mirrored image) as the path to the right side of the table.
When an object is located at the center of a table, then a person will probably
walk in a straight line to the table and not to the left or right side of the
table.
We expect that the first footstep is not related to the hand which must be
used to touch an object.

3.2.2. Manipulation





The reach moment will occur while walking and not from a stationary
position.
The reach moment of a person, will likely be within a small area of the object,
because lifting the arm will take place when the object is in range to be
touched.
We except that the handedness of a person has no influence on the reach
moment.
When nearing the table, the step length will likely become shorter.

3.2.3. Posture



The end position of a person will be near an object, so that the object can be
touched comfortably.
When an object is touched, both feet are on the ground.

3.3. Variables
The variables during an experiment are important because they can influence the
outcome of the experiment. Therefore different variables where predetermined and
exist of variables that are purposely changed or manipulated. These variables are
called the independent variables and will be given in Section 3.3.1. Variables which
respond to changes or manipulations because of the independent variables are called
the dependent variables and will be given in Section 3.3.2. Besides these variables
there are also variables that will not change during the experiment and are called the
controlled variables or constant. These controlled variables or constants are shown in
Section 3.3.3.
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3.3.1. Independent variables
The following list shows the independent variables which can change during the
experiment.





The object that has to be touched on the round table. This can be one of the
in total seventeen objects.
The hand that has to be used to touch an object.
The gender of the participants.
The length of the participants.

3.3.2. Dependent variables
The next list shows the dependent variables which will be observed or measured as a
result of the independent variables.





The reach moment of the participant.
The path which is taken from the initial position to the end position where the
object has to be touched.
The pose of the participant when an object is touched.
The foot placement.

3.3.3. Controlled variables
In the following list the controlled variables are shown, which are constant during the
experiment:






The
The
The
The
The

position where a participant start.
position of the round table.
size of the round table.
positions of the objects on the table.
size of the objects.
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Experimental setup

To provide answers to our research questions and to verify our hypotheses we will
discuss in this chapter the setup that is used for the experiments. In Section 4.1 we
will give information about the participants who were necessary for our experiment.
Section 4.2 shows details about the setup to carry out our experiment. In Section 4.3
detailed information will be given about the approach of the experiments. Section 4.4
shows details about the technical aspects of the experiments, like information about
the motion capture system and how the recordings were processed for analyses.

4.1. Participants
We have performed a series of experiments with 8 participants. As a requirement the
length of the participants was 180 cm with a margin of +/- 10 cm which is based on
the average body length in the Netherlands [12]. The length was important so that
comparison between the participants and the experiments could be made and because
of the diameter and height of the round table, so that none of the participants had
any advantage or disadvantage while reaching for the objects on the table. The
participants had an age between 18 and 29 years old. They had a normal posture and
weight so that bending and walking did not form an obstacle. We assume that the
handedness of the participants is immaterial because of the setup of our experiment
(see next section). Furthermore, none of the participants had any disabilities that
could affect the outcome of the experiments.

4.2. Setup
For our experiments we needed a motion capture system to record the motions of the
participants. Utrecht University has the facilities for this in their motion capture
laboratory (Figure 4.1), where a Vicon motion capture system was at our disposal.
The motion capture system allows motion recordings of people and objects by
attaching reflective markers to them. The use of the motion capture system at
Utrecht University gives a lot of advantages for this experiment:
 The recorded data gives an accurate 3D representation of the motions made
by the participants
 The Vicon motion capture system which is used at the Utrecht University has
a motion capture suit with optical markers attached. This will not hinder the
participants in their freedom of movement.
 The obtained data is stored in a way which is supported by multiple software
applications. This means that the recorded data can be converted quite easily
into useful data that can be used in applications or scripts.
 Utrecht University has a motion capture system with multiple cameras which
is crucial for our experiments because it provide a large area where the
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experiments can take place (Figure 4.2) and it provides better recordings,
because optical markers will then be seen by more cameras.

Figure 4.1: Picture taken in the motion capture laboratory at Utrecht University.

Figure 4.2: Overview of the experimental area with the round table,
the start position and a table for the cards.

For the experiments, we constructed a round table with a diameter of 1.40 m and a
height based on ISO 5970 [17] of approximately 0.76 m. These dimensions are when
looking at the length of the participants, sufficient so that an object on the other side
of the table could not be reached comfortably when standing at the opposite side of
the table.
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On top of the round table, we marked 17 points (from now on called discs) which had
to be touched during the experiments. The diameter and height of the discs were
chosen in such a way, that they were clearly visible from a distance and did not
hinder while touching. We placed optical markers on the table as well to retrieve the
position of the table in the recordings. 3 markers were attached on top of the table
and 1 marker was attached at the bottom at one of the table legs. The specifications
of the round table, the discs and a drawing are shown in Table 4.1 and Figure 4.3.

Specifications of the table and disc
Table
Diameter
Height

1.40 m
0.76 m

Discs
Diameter
Height
Color
Division

5.0 cm
0.6 cm
Black
32.0 cm

Table 4.1: The specifications of the round table and the discs.

Figure 4.3: Image of the round table with the 17 discs on it.
The 3 markers were placed at the center of the 3 bold lines.

The round table was positioned in such a way that the actions performed by the
participants were visible while performing tasks on the computer with the Vicon
software. For getting the best recordings, most of the actions took place at the center
of the room. By performing trials we determined where the round table and the
starting location had to be placed, so that the optical markers were visible by the
cameras during the whole recording. The distance between the start position and the
front of the round table was 3.25 m, which was sufficient for analyzing the paths and
the motions for each experiment.
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For the experiments there were 34 cards with on one side a number and on the other
side an image of a right or left hand and a top view of the round table with a black
circle (Figure 4.4).

Figure 4.4: Two examples of cards which were used during the experiment.

The cards were made of thick paper so that they were durable during the
experiments. The cards were lying on a small table near the start position so that
after each recording, another card easily could be grasped. For the cards we made a
small box where the completed cards were placed in, to prevent mistakes while taking
another card.

4.3. Experiments
Each experiment started for a participant with reading a document about the
experiment (see Appendix A). In the document information was given about the
parts of the motion capture suit and where the parts of the suit belonged. In addition
an overview of the actions during a ROM trial was given and some personal
information was asked, so that the participants agreed to participate in the
experiment and the use of results. To get used to the suit, we let the participants
walk around in the laboratory before we actually started with the recordings for the
experiment. For us this was an opportunity to check the system and to see if all the
optical markers were clearly visible and staid visible for the cameras.
For the experiment a couple of ROM (Range Of Motion) trials were recorded from
the participant. We made a few of these ROM trials on purpose, so that we could
choose the ROM trial with the best quality, which gave a benefit for the rest of the
recordings.
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Each experiment with a participant was performed in the same way. The participant
had to pick up a card, call the number of the card and remember which disc they had
to touch on the table with their left or right hand. They put the card away in the
box and took position (in T-pose) at the starting line. We gave a signal when the
participant could start. They walked to the table and touched the disc with the palm
of their hand. When they touched the disc, we stopped the recording and the
participant walked back to take the next card.
During the recordings, the card numbers and the actions of the participant were
constantly checked. We used a drawing of the table with all the possibilities that
occurred during the recordings (Figure 4.5). This way we kept up the card number in
the Vicon IQ software and with the drawing we could check if the action was
performed correctly. In the drawing, the first letter which can be L or R implies the
handedness so ‘L’ is left-handed and ‘R’ is right-handed. The number that follows
stands for the card number.

Figure 4.5: Drawing of the round table with the numbered discs and
their hand usage, corresponding with the card numbers.

4.4. Technical aspects
This section will explain in more detail the motion capture system and how the
obtained data was prepared for analyses. In Section 4.4.1 we will show the technical
details about recording the participants with the motion capture system and will give
more information about the motion capture system itself. In Section 4.4.2 we explain
how the recorded data was processed and was prepared for analyses.
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4.4.1. Motion capture
In Section 4.2 we already mentioned that with a motion capture system it is possible
to record a wide range of motions. For the experiments we used a Vicon motion
capture system consisting of 8 cameras. The camera type is MX40+ (Figure 4.6).
These cameras contain lenses with 4 megapixel sensors, a resolution of 2352 x 1728
pixels and a maximum frame rate of 160 frames per second. The lenses are
surrounded by LEDs (Light Emitting Diodes). These LEDs emit a bright red light,
which illuminates the optical markers that are attached to the subject. The optical
markers are reflecting the red light and are perceived by the lenses of the cameras.
The reflected light is then converted by the cameras into data that represents the
optical markers 2D position and radius. 3D marker positions are computed by
triangulating the 2D marker data from the cameras. The cameras are connected to
the MX Ultranet box (Figure 4.7). This box supplies the power, synchronization and
communication between the cameras and the computer with the Vicon IQ software
[13].

Figure 4.6: Vicon MX40+ camera.

Figure 4.7: Vicon MX Ultranet box.

The suit with optical markers we have used consists of separate pieces, which can be
worn over clothes. Markers can easily be attached or removed for specific purposes.
During the experiment we have used 38 optical markers for visualizing the
movements of joints, so that we could analyze all the motions from the participants.
An image of the locations of the markers is shown in Figure 4.8.

13

Chapter 4. Experimental setup

Figure 4.8: Overview of the front and back, which shows where the 38 markers are located.

Before each experiment a couple of ROM trials were recorded. During a ROM trial
the participant has to move body parts so that all the markers and thus movements
can be captured by the motion capture system (see Table 4.2). The reason for making
a ROM trial is that it will help during data processing, because specific tasks can
then be carried out automatically.

Movements during ROM trial
Body part

Action

Basic pose (T-pose)
Head














Arms

Pelvis
Back
Legs

Stand straight with arms spread
Watch left, right, up and down
Make a rolling motion
Move forward
Move up and down
Bend elbows
Swing around
Bend slightly forward and backward
Raise foot forward and bend knee
Swing foot while slightly raised
Move sideways
Move backwards

Table 4.2: Table with the proceedings during a ROM trial.
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4.4.2. Post processing
Before analyses can take place, we need to post-process the recorded data so that the
recordings contain all the correct information. The recorded data was reconstructed
with Vicon IQ. During that process positions of markers that were seen by all
cameras are converted from 2D to 3D. After that all the markers are visible in Vicon
IQ but are unlabeled. We need to know which marker is for example a knee joint or
joint of an elbow. Therefore we need a Vicon Skeleton Template (VST), which was
already available because of previous research performed with the motion capture
system. The VST file is a template with all the marker information. By taking the
ROM trial, where the participants initially stand in T-pose, we matched the markers
from the VST with the markers in the recorded ROM trial which could then be
labeled automatically with the information from the VST. Automatic labeling could
give in some occasions errors, like swapped markers. A marker that needs to be
labeled as a right knee marker could for instance be labeled as a right hip marker. By
checking the whole ROM trial, such errors had to be fixed by manually assigning the
right label to the corresponding marker.
With a fully labeled ROM trial we can automatically create a Vicon Skeleton (VSK)
in Vicon IQ. Compared to the VST were the markers are matched to the markers of
the suit, a VSK is for matching the markers to the joints to create a kinematic model
of the participant. The advantage of creating a VSK is that automatic labeling of all
the recorded experiments can be performed better since it will lead to fewer errors.
Labeling the recordings of the experiments can be performed automatically with the
use of pipelines. In between we still had to manually check the processed recordings
for errors after which another pipeline could be started, which exported the fully
labeled data without errors. Finally this gave us a C3D file wherein all the marker
labels and positions are stored (Figure 4.9).

4.4.3. Simplifying data access and usability
The data which is exported with Vicon IQ is stored in a binary file format, called a
C3D file. The files are usable for analyses with the use of specific motion
editing/analysis software or by creating custom tools with the use of a C3D Software
Development Kit (SDK) [14].
For our analysis, we have converted the C3D files to CSV (Comma Separated Value)
files containing the marker data, with the use of a script created in Python [15].
These CSV files can then be easily exported in other tools such as Microsoft Excel or
more elaborate statistics tools. We have chosen for Python because it is a freely to
use open source programming langue with a lot of documentation and libraries. With
Python we made scripts that can read the data from the CSV files. For this we used
the CSV module which provides easy readying or writing of CSV files. By using the
library matplotlib [16] we could export plots of the data in a clear and fast way. An
example plot created with Python and matplotlib is shown in Figure 4.10. The plot
shows the round table and a path, which is calculated by averaging the x,y
coordinates of the 4 markers at the waist and which forms the root.
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Figure 4.9: An exported C3D file imported into Vicon IQ, showing
the markers attached to the suit and the markers of the round table.

Figure 4.10: Plot created with Python and matplotlib showing
the path taken by a participant during recording 32.
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Results

The results of our experiments will be presented in this chapter, divided into three
sections. We will describe in each section the results related to our research
hypotheses and variables. In Section 5.1 we will show the results that are related to
navigation, such as the approach path taken by the participants and their feet
movement. Section 5.2 analyses the combined navigation and manipulation tasks, like
when participants started their reach motion. With Section 5.3 we provide an insight
into the pose of the participants and the distance between the participant and the
round table while touching a disc.

5.1. Approach
In this section we discuss the navigation behavior of the participants. We will show
what the effect is on the navigation behavior of participants depending on the
position of a disc on the table and the hand used to touch it. In Section 5.1.1 we
show the paths taken by each participant and the relevant results. Insight in the
required number of footsteps per disc and taking the first footstep is discussed in
Section 5.1.2. Finally conclusions about the analyses are given in Section 5.1.3.

5.1.1. Path to destination
Paths to a disc always start from the same starting location (Figure 4.2). Analysis of
all the plots per participant show in 4 cases a different path when disc L01, L02, R03
and R04 (see Figure 4.5 for clarification) need to be touched. When for instance disc
L01 needs to be touched, then participants who are right-handed take a path to the
right side of the table and left-handed participants take a path to the left side of the
table. The opposite applies to (the same disc) R03, were right-handed participants
walk to the left side of the table and left-handed participants walk to the right side of
the table (see Figure 5.1 and Figure 5.2). In all other cases the paths to a disc are
similar as shown in Figure 5.3.
Per disc, we have calculated the average path from all the individual paths as shown
in Figure 5.4 and Figure 5.5. As previously mentioned, there were 4 cases where path
variations occurred. For these cases, averaging cannot be done instantly, since this
will give a deviant path which would go through the table. Therefore we assume that
in these 4 cases, paths can be mirrored by mirroring the smallest number of outliers.
So if we look at Figure 5.1, then the 3 lowest paths can be mirrored and if we look at
Figure 5.2, then the 3 upper paths can be mirrored. For this reason we assume that
paths can be mirrored for each side of the table. Figure 5.4 show for instance the
average path for disc R11 which is the opposite path to disc R27 (see Figure 5.5).
Although to be sure, additional experiments are needed to get more insight to this
issue.
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Figure 5.1: Paths to disc L01, taken
by all 8 participants.

Figure 5.2: Paths to disc R03, taken
by all 8 participants.

Figure 5.3: Paths to disc R11 when touched with right hand, taken by all participants.

Figure 5.4: The average path of disc R11.

Figure 5.5: The average path of disc R27.
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Analysis of the paths and the distance of a path seem to indicate that both comfort
and efficiency are important. For disc R03 for instance, three participants cover a
longer distance to get to the disc but in the majority of the cases, the paths seem as
efficient as possible. With this we mean that if a disc is within reach, then
participants will not walk farther than necessary. In Figure 5.6 we can see for
instance that two participants at the upper part and one participant at the lower
part are covering a larger distance and are standing relatively close to the disc.
Figure 5.7 show that only one participant is covering a larger distance with respect to
the others.

Figure 5.6: Paths and covered distances
for disc R03.

Figure 5.7: Paths and covered distances
for disc L06.

The disc located at the center of the table is nearly always approached in a straight
line. It is notable that there are small variations between the paths for disc L33 and
R34 because the paths for disc L33 are more consistent than for disc R34 (see Figure
5.8 and Figure 5.9). Because of the small variations, we have not included these
outliers in our analysis since there are only three outliers (the two lower paths and
the most upper path) for disc R34 with the upper path in particular. In spite of these
few outliers, the average of the paths will still produce a straight path.

Figure 5.8: Paths for disc L33.

Figure 5.9: Paths for disc R34.
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5.1.2. Footsteps
Footedness is the tendency of people for placing or using a preferred foot over the
other foot [19][20]. The choice between starting with the left or right foot show to be
significant (P < 0.01). Analysis show that in 59% of all the experiments, the
participants started with their left foot and 41% started with their right foot as
shown in Figure 5.10.
Analysis of the hand usage and the starting footstep show no direct relation as shown
in Figure 5.11 and the charts in Figure 5.12. In 32% of the recordings, the first
footstep corresponded with the used hand. So when a disc was touched with the left
hand, then the starting footstep was also carried out with the left foot. In 38% of the
recordings there was no correspondence between the hand usage and the starting
footstep. For the remaining 30%, the first footstep was for the left and right foot
equally frequent.
An interesting outcome while analyzing the footsteps was, that participants generally
started with their left foot while approaching disc R19 till R32. These discs are
located at the left side of the table and therefore this could indicate that the starting
footstep is related to the direction in which someone is walking. However, the same
did not occur for discs L05 till L18 which are located at the right side of the table.
Since we cannot draw any conclusion about this fact, other experiments are needed to
get more insight in this phenomenon.

Figure 5.11: Correspondence of starting footstep
and hand usage for all participants.

Figure 5.10: Starting footstep for all participants
in all the recordings.
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Figure 5.12: Starting footstep for all participants per recording.
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The position of a disc on the round table is a variable in our experiment. When a disc
is positioned farther away, then the required number of footsteps will be larger than
when a disc is close by. From the results we see that this can be confirmed (see
Figure 5.13). Discs that are positioned at the opposite side of the table like disc L01,
require around 6 to 7 footsteps and discs that are positioned at the front like disc
L17, require 4 to 5 footsteps.

Figure 5.13: Average footsteps per recording.
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After analysis of the footstep data, we have identified a number of different phases
describing the navigation actions (see Table 5.1).
Footstep phases and actions
Phase Action
1.
2.
3.

4.
5.

Standing still where both feet are on the ground.
Taking the first step with the option to choose between the left or
right foot.
Taking a number of steps while navigating to an end position. The
number of steps between the shortest path and the longest path
depends on the size of the table. In our case it was 1 or 2 steps.
Adjusting the step length while approaching the end position (see
Section 5.2.2).
Ending with the option to add a rest/stability step at which the
manipulation task and rest step occur at nearly the same moment
or by leaving one foot in the air (see Section 5.3.2).
Table 5.1: Observed phased and actions while analyzing the footsteps.

5.1.3. Conclusion
The results of the approach paths to a disc, show that people will choose a path
which is the shortest, most comfortable and most efficient. When a disc is in reaching
range then most of the participants walk no further than necessary. When for
instance disc L01 and R03 are touched, then none of the participants walk entirely to
that disc.
Traveled paths per participant and averaged paths per disc show similarities in the
majority of the cases. Exceptions only occur for disc L01, L02, R03 and R04, where
some participants are walking to the left side of the table and some are walking to
the right side of the table. In those cases, the handedness of the participant plays a
role. We cannot conclude that paths for both sides of the table are universally
similar. To clarify this issue, additional experiments are needed with more
participants and a more equal number of left- and right-handed participants.
We can conclude that discs at the center of the table are approached in a straight
line. Although there are some outliers for disc R34, averaging will still produce a
straight path.
The number of steps depends on the distance to a disc and is significant (P < 0.01).
If the distance is larger than the number of steps will also be larger. From the results
we see how many steps are needed per disc. Although our approaching paths are
rather short, we can indicate how many footsteps are necessary to reach a disc.
Relations between the first footstep and the hand usage are not found. For certain
cases it looked like there was a relation between the first footstep and side of the
table, however it only occurred on one side of the table. More experiments are needed
to get a better insight in this issue.

23

Chapter 5. Results

5.2. Manipulation
In this section we will discuss the results concerning the combined motion and
manipulation tasks. In Section 5.2.1 we will show the results of reach moments during
manipulation tasks and in Section 5.2.2 we show the effects on the approach path
and the foot placement during combined motion and manipulation tasks. After these
sections we will give the conclusions about the observed results in Section 5.3.3.

5.2.1. Reach moment
As stated in one of our hypotheses we assume that the reach moment will start while
walking and not from a stationary position. This would mean that a reach moment
will never occur at the start or end of a path. With plots of the recorded data where
crosses indicate the reach moment (see Figure 5.14), this hypothesis prove to be
correct for all recordings.
Analyses of the data show that reaching for an object involves a preparation phase to
ensure fluent motion. While approaching the table, participants raise their arm
during the transition from one footstep to another. This moment can be seen as a
first phase of reaching. When they are closer to a disc, then they perform a second
phase where the disc is effectively touched. Because motions are fluent between both
phases, we have defined the start of the first phase as the actual reach moment.
Like the footstep phases in Table 5.1, we can identify a number of phases describing
the reach moment (see Table 5.2).

Figure 5.14: Overview of the path, footsteps and the reach moment.

Reach phases and actions
Phase Action
1.
2.
3.
4.

Approaching the table.
Partially raise an arm during the penultimate or last step
and during the transition from one footstep to another.
When the disc is in reaching range, move the arm forward
to the disc.
The hand is effectively touching the disc.
Table 5.2: Observed phased and actions while analyzing the reach moment.
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From the plots and by creating charts we can verify that one of our hypotheses is not
valid. The moment when a participant starts to reach for a disc is namely not always
close to a disc. When a participant starts to reach, then this takes place during the
last, penultimate or antepenultimate footstep (see for instance Figure 5.15). By
comparing the results of all participants (see Figure 5.16) it appears that in 34% of
the cases the reach moment occur during the last step. In no less than 57% of the
cases the reach moment is performed during the penultimate step and in only 9%,
participants start to reach during the antepenultimate step.

Figure 5.15: Number of steps and reach moment for one of the
participants when approaching disc L05.

Figure 5.16: The distribution of the reach moments per footstep for all participants.

When we look at the handedness and the reach moments per participant, then it
appears that the distribution for solely left- or right-handed participants correspond
with the results in Figure 5.16. For both left- and right-handed participants is the
penultimate step still the most common (see Table 5.3). The penultimate step occurs
for left-handed participants more often than for right-handed participants. This may
be related to the fact that we had more right-handed than left-handed participants.
A more even distribution of participants and their handedness will probably produce
a more equal result.
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Handedness and Reach moment during footstep
Footstep

Left-handed

Last
25%
Penultimate
72%
Antepenultimate 03%

Right-handed
37%
52%
11%

Table 5.3: Percentages per handedness and footstep.

5.2.2. Step length adaptation
During the experiments, the participants were walking with a natural cadence. In the
results (see Figure 5.17) we see that this corresponds to a step length in a range of
1.20 m to 1.50 m, which is similar to results reported by Winter [18].

Figure 5.17: Number of steps and the step length for one of the participants,
when approaching disc R07.

One of our hypotheses stated that the step length will likely become shorter when
nearing the table. From the results it is clear that this hypothesis is not valid in all
cases. Analysis shows that there are four issues for adapting the step length. The first
issue is a clearly visible step length adaptation as shown in Figure 5.17. In such cases
the step length is clearly shorter or longer than a preceding or succeeding step. The
second issue is shown in Figure 5.18 and Figure 5.19. Here we see that the step
length is gradually decreasing or increasing. This could indicate that the step length
is adapted during each step or in advance. A third issue seems to show that
adaptations are not always made by adapting the step length. Figure 5.20 shows for
instance no significant differences between each step. In these situations adaptation is
not done by adapting the step length but by balancing on one leg and bending
forward at the end of a path. Besides that, the path can end by chance without step
length adaptation. The fourth issue is shown in Figure 5.21. Here we see a
combination of an increasing and decreasing step length.
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Figure 5.18: The step length decreases while
approaching the table.

Figure 5.19: The step length increases while
approaching the table.

Figure 5.20: The step length does not change with respect to previous steps.

Figure 5.21: First the step length is increasing and from step four it decreases.

By analyzing all the charts, we see that adaptation occurs in 43% of the cases during
the last step and in 28% of the cases during the penultimate step (see Figure 5.22). In
the remaining 29% we are not able to say, where adaptation takes place, since it can
occur during multiple steps or because adaption is done by balancing and bending
forward or the path ends by chance without adaptation.
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Figure 5.22: The distribution of the step length adaptation per footstep for all participants.

5.2.3. Conclusion
Touching an object is not an action which happens all of a sudden. During all the
recordings we see that participants make preparations which can be divided in
phases. Initially they raise their arm in a fluent motion and when they are in range of
a disc, then they move their arm in a forward direction to touch the disc. This means
that reaching occurs while approaching the table and not from a stationary position
at the table.
Reach motions are prepared motion and are performed fluently while walking. It
appears that preparations take place during the transition from one footstep to
another. By analyzing the footsteps, results show that the reach moment occur in the
majority of cases during the penultimate step. Comparing the reach moments per
handedness show the same but not significant result, where the penultimate step is
also the most common for both left-handed and right-handed participants. Since most
of the reach moments started during the penultimate step, we can therefore state
that the reach moment is not performed within a very short distance to a disc.
Drawing conclusions from the step length adaptation is difficult. We assumed that
the step length would become shorter when approaching the table, though it appears
that this is not always the case. There occurred different cases such as a decreasing
and/or increasing step length, sudden adaptation between steps, adaptation during
the penultimate or last step and adaptation at the end of a path by adjusting the
posture. For most of these cases the adaptation is not clearly visible in the data.
Only when the adaptation occurs during the penultimate or last step, then it is
visible since the step length is then shorter or longer compared to a preceding or
succeeding step.
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5.3. Position and posture at the table
This section discusses the results that relate to occurrences at the end of a combined
navigation and manipulation task. In Section 5.3.1 we will show the results, related
to the position where someone is standing while a manipulation task is performed. In
Section 5.3.2 we look at postures and the distances distributed over the body parts
while participants are standing at the table. Conclusions about the observed results
are given in Section 5.3.3

5.3.1. Position at the table
We have examined the root positions of all the participants at the end of each
recording. This is the moment when a participant is touching one of the 34 discs on
the table. We noticed that the end position per participant can vary for a disc.
Figure 5.23 shows for instance little variation and Figure 5.24 shows more variation.
Another interesting result is that when a disc at the edge of the table is touched,
then some space remains between the table and the waist. This is probably done due
to comfort and efficiency. We assume that this distance is related to the body length,
the height of a table and how far a disc is located from the edge of the table.
Probably, shorter people will stand closer to the table than taller people. By
performing experiments with a wide range of body lengths or by varying the height of
the table, better insight can be obtained.

Figure 5.23: End positions for disc L14
lie relatively close together.

Figure 5.24: End positions for disc L29
lie relatively far away from each other.

As previously mentioned, there is variation in end positions when discs are touched.
Most of the variation seems to occur for discs that are located from the middle up to
the back of the table. When we look at Figure 5.25 and Figure 5.26 then this can be
seen at the end positions and the coordinates and standard deviations in Table 5.4.
For clarification we have marked the areas where most variation occurred. For these
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cases it seems that people are taking the shortest path which is most efficient. When
a disc is in reaching range, they stop and start bending for the disc. Others choose to
bend less and will walk a bit further. This outcome is probably related to the shape
of the table.

Figure 5.25: The end positions for disc L06
shows one outlier.

Figure 5.26: The end positions for disc L29
shows more variation.

Coordinates of the root end positions in cm
Recording
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Avg. X
-51,95
-06,85
-51,60
-05,91
-13,51
24,50
-1,86
28,55
41,95
65,75
47,48
61,53
85,53
76,23
84,82
74,72
98,05
82,64
104,50
81,97
87,00
77,81
83,25

X
7,57
24,55
19,16
17,11
25,99
26,75
13,39
19,42
17,86
16,24
6,84
19,78
6,97
6,87
7,93
6,16
10,00
4,42
9,50
2,95
11,45
5,01
9,29

30

Avg. Y
76,62
73,34
71,64
78,99
89,64
75,33
89,70
72,60
76,92
47,47
71,89
44,26
46,80
29,94
37,03
25,95
3,80
1,88
-2,05
2,73
-33,77
-20,39
-43,44

Y
4,55
17,99
12,39
7,86
6,80
9,12
6,40
11,11
14,30
13,46
8,22
18,50
8,73
7,76
10,34
11,55
3,40
8,60
6,77
8,14
10,37
8,50
15,25
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24
25
26
27
28
29
30
31
32
33
34

79,96
50,43
59,14
44,04
57,06
1,52
34,18
-1,95
23,67
75,58
73,70

5,80
9,71
10,74
14,80
14,25
26,44
13,54
18,32
19,42
6,08
5,33

-23,77
-70,94
-49,94
-76,76
-56,72
-82,93
-67,39
-86,70
-78,71
-0,63
3,13

9,47
9,63
19,56
11,37
12,18
8,76
14,80
4,89
9,37
11,65
17,55

Table 5.4: Coordinates and standard deviations per recording for all participants.

When we average the root of all participants per disc (see Figure 5.27), we can
determine the following. We see that the averaged end positions on both sides of the
table are nearly identical. Therefore we still assume that paths on the left and right
side of the table can be mirrored although to be certain, more experiments are
needed. The next thing to notice is that most of the end positions are located from
the front of the table up to the center of the table. Only for the disc at the back of
the table (L01 and R03), participants found the need to walk farther.
Our hypotheses where we stated that the end position of a person will be near a disc
is clearly not always valid. Especially for the discs which are located at the back of
the table, we can see that the end positions are not close to a disc compared to discs
which are located at the front of the table.

Figure 5.27: Average end positions for all participants per recording.
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By analyzing the distance between the averaged end points and the edge of the table
(see Figure 5.28) we see that the farthest distance is 34 cm. Most other end positions
are located at half this distance as shown in Table 5.5 where in 25 cases the distance
is lying between 0 cm and 17 cm and in 9 cases the distance is lying between 17 cm
and 34 cm.

Figure 5.28: Distances to the table, where 34 cm is the furthest distance.

Root distances at the table
Distance

Number of cases

> 00 cm & ≤ 17 cm
> 17 cm & ≤ 34 cm

25
09

Table 5.5: Distances between averaged end points and table.

5.3.2. Pose at the table
Analyzing the pose of the participants gives details about the relation between the
manipulation task and how each body part contributes to the traversed distance in
the touching position. The analyzed body parts are the arms, trunk and legs. We
have defined the distribution per body part as the distance from the reaching wrist to
the upper body, from the upper body to the root and from the root to the ankle of
the rear leg (see Figure 5.29).
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Figure 5.29: Distance per body part while touching a disc.

Analyses show that per participant, most of the distance is covered by the arms. By
taking all the recordings together we see that they cover 41% of the total distance.
The upper body covers 25% of the distance and the remaining 34% is covered by the
rear leg (see Figure 5.30). When we look at the covered distance per body part, for
the outer discs, the inner discs and the disc in the center (see Figure 5.31 for
clarification and Figure 5.32), then we see that the distribution for the arms and
upper body increases and the distribution for the rear leg decreases.

Figure 5.30: Distribution of distance per body part for all recordings.
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Figure 5.31: The outer, inner and central disc(s).

Figure 5.32: Distribution of distance per body part for the outer, inner and central disc(s).

The covered distance of the legs is with respect to the arms and upper body relatively
large, compared to results by Smid [7] where the arms covered most of the distance.
Analyses of the data show that this has to do with the last step, which is either a
normal step, a rest step or a stability step. A rest step or stability step is a step that
follows when a disc is already touched and is not always ending with a full step,
because the ankle is not touching the ground. When the last step is a small step, then
in most of the cases it is a rest or stability step. In other cases this step is necessary
to touch a disc easily and comfortably. Another interesting result is that when a last
rest step is necessary, then this last footstep and the moment of touching the disc
occur at nearly the same moment.
Frequently participants touch a disc while one of their feet is in the air or while their
toes touch the ground. Analysis of the data show that in no less than 68% of the
cases it appears that participants are holding one foot in the air and in the remaining
32% of the cases both feet are on the ground (see Figure 5.33). These results prove
to be significant (P = 0.03). Examples are shown in Figure 5.34 where at the end of a
path both feet are on the ground and in Figure 5.35 where one foot (left foot) is not
touching the ground. For that reason is the covered distance of the rear leg relatively
large.
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Figure 5.33: In 68% of the cases, one foot was on the ground
and in 32% of the cases, both feet were on the ground.

Figure 5.34: A path to disc R27, ending with
both feet on the ground.

Figure 5.35: A path to disc L17, where at the end
one foot is left in the air.

5.3.3. Conclusion
We assumed that participants would end as closely as possible to the disc to be
touched. Especially for the discs located at the back of the table this is not correct.
We noticed that none of the participants walked farther than necessary, so when a
disc was within reaching range they stopped. Another occurrence was the distance to
the table. The distance to the table is related to the body length, the height of a
table and the position of a disc, depending on the distance from the edge of the table.
We have analyzed the end positions and the distance to the edge of the table. All the
average end positions are located in a radius of 34 cm from the edge of the table,
where most of the end positions are located at half this distance or less. The
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difference in end positions compared to left handed and right handed actions are
hereby relatively close to each other.
The participants stood in a certain pose at each end position. By analyzing the
distance per body part we saw that the arms covered most of the total distance,
followed by the legs and upper body. We looked at the distribution of distance
coverage per body part for 3 subsets of the data: the central disc, the inner circle
formed by the eight inner discs and the circle of discs at the edge of the table. For
these situations we see that the covered distance of the arm and upper body
increases, when the central disc and inner discs are touched. We noticed that the
covered distance of the legs with respect to the arms and the upper body was
relatively large. The reason for this is that final steps are not always ending with a
full step, since most of the participants are holding one foot in the air or are placing a
foot partially on the ground by touching the ground with the tip of their toes. In
these cases, participants are bending slightly forward while touching a disc, which
probably has to do with comfort and stability. If we would have used different table
heights, then perhaps both feet would be more often on the ground. So to get more
insight in this behavior, other experiments are required.
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Conclusion and Future Work

In the previous chapters, we have presented an experiment that investigates
combined navigation and manipulation motions. Participants walked to a round table
and touched discs on the round table with either their left of right hand. We
analyzed how discs where approached, when manipulation tasks occurred and how
the postures were at the end of a path when a disc was touched. In this chapter we
will discuss our conclusions and possible directions for future research.

6.1. Conclusions
During a combined motion and manipulation task, lots of operations are performed
from the first footstep till the end of an end location where a disc is touched. Some
motion and manipulation tasks are clearly visible, other are less visible or obvious
since they are performed for instance in a fluid motion or they can happen by
coincidence.
The paths while approaching a disc on a round table showed that in the majority of
the cases, the paths per participant were more or less the same. Only the paths when
discs at the back of the table were touched, showed variation, where the variation
occurred due to the handedness of a participant. This means that generic paths for
human navigation can be used to steer humans realistically in combined navigation
and manipulation tasks. During the experiments we saw that comfort and efficiency
are important factors when navigation and manipulations tasks are performed. All
participants approached and touched a disc in a convenient way. So when a disc was
within reaching range, almost no one walked further than necessary. Discs at the
front of the table, which were positioned in a straight line from the starting position,
were also approached in a straight line by the participants. This was an obvious
outcome since the recordings stopped when a disc was touched, after which they
walked back to the starting position.
The first footstep during each experiment showed no relation with the handedness of
a participant. In the majority of the cases, participants started with their left foot
even though six out of the eight participants were right-handed. A relation between
the hand to use and the first footstep was not found. So when a disc had to be
touched with the left hand, then it was not by definition that they were starting with
their left foot. Also the direction to the table and the first footstep showed no
relation. More experiments are therefore needed to draw further conclusions about
this. Although the approach paths to the table were relatively short with a distance
of 3 m to 4 m, we saw that the number of footsteps increased from 4 to 7 steps as a
disc was placed further away. So when automatic models are created then the
distance and the cadence must be taken into account.
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We have examined the reach moments while navigating to the table. In the
experiments we noticed that reach moments occurred during navigation and not at
the start of a recording or at the end of a recording. We saw that reach moments
happened by means of preparation and were performed fluently. Besides this we
noticed that the reach moments consisted of phases. In a first phase the reaching arm
was lifted slightly and in a second phase, the arm was moving forward to the disc.
We have defined the start of the first phase as the actual reach moment where we
saw that this phase occurred in the majority of the cases, during the penultimate
step. Comparison between the handedness and the reach moments showed no
difference for left-handed or right-handed participants. For both cases was the reach
moment mainly performed during the penultimate step. So when automated systems
are created, then these moments and phases can be taken into account.
As previously mentioned there were a number of steps required perform the task. The
number of steps is not only influenced by the distance to a disc, but also the cadence
and the step length. We let the participant walk in a natural cadence, so only the
step length adaptation could influence the number of steps and the end location of a
path. We assumed that the step length would become shorter when nearing a disc,
but this was clearly not the case. We noticed that the step length could exist from
several possibilities. The adaptation of the step length could be clearly visible during
a path, where the last or penultimate step was a small step. Adaptation could also
occur by increasing or decreasing the step length or by a combination of both. In
another case was adaption not visible, since adaptation was compensated by bending
forward and balancing or the number of steps came out well.
When a disc was touched, then participants stood at a certain position near the
table. We noticed that end positions past the middle of the table, showed some
variation per participant compared to end positions for the middle of the table. We
believe this has to do with efficiency, since when a disc is within reaching range, than
none of the participants walked further than necessary. This means also that end
positions are not necessarily close to a disc. We saw that the distance from the edge
of the table to the averaged end positions depends on the disc that had to be
touched. When the outer disc had to be touched, then this distance was lying
between 17 cm and 34 cm. When the inner discs or disc at the center of the table had
to be touched, then this distance lies between 0 cm and 17 cm.
Observing the pose at an end location also showed interesting results. By looking at
the covered distance of the reaching arm, upper body and rear leg, we saw that the
arm is covering most of the distance, followed by the rear leg and upper body. It was
remarkable that the rear leg covered such a great distance with respect to the arm
and upper body. We noticed that this had to do with the last step, since in 68% of
the cases the last step was not ending with both feet on the ground, but by leaving a
foot in the air. We think that this has to do with efficiency, so that by balancing on
one leg and bending forward, the disc could be touched both easily and comfortably.

38

Chapter 6. Conclusion and Future Work

6.2. Future work
Despite our research where we have analyzed combined navigation and manipulation
tasks, further analysis is required to get even more insight in human behavior.
Human navigation and manipulation tasks and combinations of both are complex and
can depend on multiple (external) variables. Considering this complexity, different
kinds of variables and individual human behavior, our research is only covering a
specific part of human behavior. During our research we looked at the approach
paths, foot placement and reach moments when a disc had to be touched. We expect
that the navigation and manipulation tasks are different when a disc is replaced by
other types of objects or objects with other shapes and dimensions. The discs on the
table had to be touched with the palm of the hand, were flat and formed no obstacle
for each other while touching them. If objects had to be picked up or other tasks had
to be performed with an object, then we expect that paths and postures will be
different, considering research performed by van der Wolk [11]. Also varying the
velocity can give interesting results because the reach moments can for instance
change. Investigate where and when mirroring can be applied is another interesting
research and varying the gender, age and body length of participants can also lead to
interesting results. Finally, it is not yet clear how the results from human motion
analysis studies can be applied to computational models of human motion, which
introduces many different problems that should be investigated.
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Appendices
Appendix A: Participation information and instructions
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Appendix B: Graphical plots
This appendix shows some randomly selected plots and some averaged plots of the
experiments per participant. Indicated in the plots are the table, the path, the
footsteps and the reach moment.
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Several average paths
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