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Abstract
The RoboCup is a robotics focused research initiative with several leagues focused on different
competitive fields. One of these is the Standard Platform League[1] in which teams compete
in soccer matches using multiple fully autonomous robots. The NAO is the humanoid robot
platform used within the Standard Platform League, and has been used to bring about various
advances in the field of humanoid walking, including omnidirectional walking[2] or planning on-
the-fly step adjustments[3]. Walking, amongst other environmental interactions, is still one of
the most difficult aspects of humanoid robotics[4][5]. It is also a highly critical component of
the Standard Platform League competition, and the RoboCup provides the perfect environment
to procure and test research advances.

Finding optimal parameters or testing modified walking engine software, often requires hours
of manual labor, and improvements in walking quality are judged through pure guesswork. It is
thus vital to find metrics that can be used to quantitatively judge the quality of walking without
requiring human estimations of what is better or worse. This thesis discusses the application of
six main categories of walking quality in robotics research:

• Robustness

• Speed

• Energy consumption

• Heat production

• Slipping

• Double support time

To gather data on this, while adhering to limitations of the RoboCup Standard Platform League
(SPL), software is developed which accesses the raw sensor data of the NAO. This allows for
the comparison of the B-Human, Nao Devils, HULKs and FastHULKs walking engines, the last
of which are identical in software but differ in the parameters used. Metrics based on torso
stability, energy consumption, heat production and number of falls of the robot are defined and
applied to the collected data. It is found that although the Nao Devils maintain the highest
torso stability while consuming the least energy and producing the least amount of heat, it is
the team which also has the most number of falls. The comparison of HULKs, FastHULKs,
and B-Human shows no absolute ordering, indicating that they may lie on different points of a
Pareto-optimal scale of walking quality. The limited number of metrics defined in this thesis are
not enough to gain a comprehensive objective understanding of what exemplifies high quality
walking and finding a Pareto-optimal walking quality requires further research.
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1 Introduction

Bipedal humanoid robots are a growing field in the domain of robotics, as their compact form
factor and flexibility in movement allows them to work side by side with humans[6][7]. The
RoboCup Standard Platform League (SPL) intends to advance humanoid robotics through the
coordination and administration of competitive autonomous soccer matches. SPL means that all
teams compete using the same robotics hardware, the NAO. As the hardware model is identical
between teams, it is necessary to develop highly performant robotics code in order to gain a
competitive advantage in the RoboCup.

There are various aspects to robotics code in the context of the SPL, including computer
vision, behavioral strategy, and inter-agent communication. One of the main aspects is walking,
the quality of which determines a team’s success in the RoboCup. Walking quality is determined
through various evaluation categories, such as stability, energy consumption, heat production,
and speed. Robots that are able to walk faster across a field, while remaining stable, are able
to get to the ball quicker than the other team, and in turn score more goals. To effectively and
efficiently improve the quality of walking, teams use metrics to judge the quality of the existing
walking software and its parameters. Upon making a change to their software and parameters,
teams evaluate their metrics and are able to identify whether the changes made have improved
their walking quality.

This thesis is written in the context of the HULKs[8] SPL team. For the HULKs to make
effective changes to their software and parameters, it is important to understand how the walking
quality of their robots compares to that of other teams. Additionally, evaluating a set of metrics
solely for the HULKs, only sparsely demonstrates the applicability of these metrics in the more
general context of the RoboCup and humanoid robotics. This thesis therefore compares the
HULKs walking to two other SPL teams, namely B-Human[9] and the Nao Devils[10].

HULKs, B-Human, and the Nao Devils have Glicko ratings[11] of 1601, 2431, and 1663,
respectively[12]. Similar to an ELO rating in chess, a higher number in the Glicko system
indicates a stronger performance in competitions. B-Human was chosen for this thesis as it is
the team with the internationally highest Glicko rating. The Nao Devils are chosen as they
have a Glicko rating closest to that of the HULKs, which indicates a similarity of performance.
However, these teams are also chosen for comparison and evaluation based on empirical evidence
of their walking performance. Experience during RoboCup competitions shows that B-Human
walks the most stable of any team, and a robot falling is a rare occasion. The walking of the Nao
Devils robots is fast, but often leads to instability and robots regularly falling during a game.

1.1 Problem Statement
The HULKs have no metrics by which to analyze the quality of walking that their software
and parameters produce. Software changes and calibration are implemented based on subjective
evaluation. While tuning parameters, stability is judged by visual inspection, and temperature
by how hot the robot’s joints feel to the touch. These are subjective and depend on the previous
experience of the person performing the adjustments. Other aspects of walking quality, like
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1 Introduction

energy consumption, are not even considered. This individualized tuning of robots often takes
hours and wastes valuable time before a competition match. Additionally, as stated above, the
comparison to other teams is also only based on visual comparison.

To this end there are four key challenges this thesis overcomes:

1. To the author’s knowledge, no prior work exists which analyzes multiple facets of walk-
ing quality for the context of the NAO and the RoboCup. The HULKs thus have no
all-encompassing understanding of how robustness, speed, heat production, energy con-
sumption, slipping, and double support time, are used in research of bipedal robots.

2. There is a lack of understanding of how parameters are interconnected with each other
and with the hardware of the robot. For example, increasing the forward acceleration of
a robot from standstill, may lead to the robot tilting backwards too much, and falling
over. Under this circumstance, to compensate for the acceleration, it is necessary to make
adjustments which make the robot tilt more forward. The correlation of parameters,
which reflect this particular scenario and others like it, is unknown. It also depends on
the hardware for which parameter tuning is performed. Some robots have joint gears that
are more worn out and therefore less precise. The amount the robot should tilt, so that
it can compensate for the whiplash created by acceleration during walking, may differ
depending on the deterioration of the hardware. Evaluating the walking quality through
metrics makes it possible to quantify the effect a parameter change has on each robot.

3. Parameter tuning usually takes place a few hours or even minutes before a match, where
individual team members select whatever field space is available to test each robot. In this
context human judgment is currently the quickest way to transform information from visual
inspection of the robot’s walking into parameter changes. Time and space constraints do
not allow for the setup of external measuring tools, such that tuning is done with only a
robot and laptop in hand.

4. Comparison of the walking quality of different teams is difficult. Each team uses their own
software, which in some cases is entirely unique from other teams, including both structure
and programming language. Human analysis of the code does not provide sufficient metrics
to judge walking quality by. The difference in software also presents a challenge as the
format in which each team processes data is individualized and does not provide easily
comparable data. Attempting to modify B-Human’s and Nao Devils’ software, such that
data about each team’s walking is structured the same way, is out of the scope of this
thesis. The software and parameters of the other teams must essentially only be treated
as a black-box for testing purposes.

1.2 Sketch of Contribution
The first part of this thesis delves into state-of-the-art walking analysis categories and metrics
used in current research and explores their applicability to the NAO and the challenges in this
thesis. To collect and analyze data, a non-intrusive sensor data collection software is developed,
along with the groundwork for a data processing pipeline. Qualitative analysis is then performed
to examine the walking quality difference exhibited by HULKs, B-Human, and Nao Devils.
Metrics are defined and evaluated to provide a quantitative evaluation of the variations among
the walking engines employed by these teams.

2



1.3 Structure of Thesis

1.3 Structure of Thesis
Chapter 2 explains preliminary information relevant to understanding the context of this the-
sis. Chapter 3 discusses existing state-of-the-art walking quality analysis of legged robots and
discusses how these are applied to the NAO in scope of this thesis. Chapter 4 explains the
chosen method of data gathering as well as the testing scenarios used to gather data. Chapter 5
provides an overview of the collected data and provides calculations for secondary data that
are calculated from the collected data. Chapter 6 compares the walking quality of the HULKs,
B-Human, and the Nao Devils both qualitatively and quantitatively using metrics. Chapter 7
provides a conclusion for the discovered results and discusses future work in this topic.

1.4 Usage of Electronic Tools
This thesis was written in LaTex. ChatGPT3.5 was employed in this thesis as a search engine
to provide the correct syntax of LaTex formatting commands. The text, images, tables, and
software used in this thesis contain no usage of artificial intelligence.
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2 Preliminaries
This chapter contains necessary preliminaries in understanding the foundational concepts on
which this thesis is built. First is a summary of basic notations used in the rest of this thesis,
as well as a brief description of Unix sockets. Then follows a discussion of what is needed to
make a NAO robot walk. It is first necessary to discuss the hardware and underlying software
of the NAO as it is provided by Aldebaran[13]. From this the process of humanoid walking is
explained along with a description of the walking engine the HULKs team uses to accomplish
this. This chapter concludes with a brief summary of the competitions in the RoboCup SPL,

2.1 Basic Notation
All variables and notations used are defined within context. Table 2.1 contains the most impor-
tant notation that is used throughout the thesis.

Symbol Meaning
g Gravity constant, 9.807m/s2
k Frame Number
K Total number of frames
L,R Subscripts referring to the left or right foot

R,P,G Coordinate Frames
P A 2D/3D Point
TUO Homogeneous transformation matrix from O to U
t Time

X, Y, Z Axes
x,y,z Coordinates within the axes
ẍ,ÿ,z̈ Acceleration along the axes

Table 2.1: Basic notation

2.2 Unix Sockets
Unix sockets are a standard component of POSIX operating systems[14]. They provide inter-
process communication on the same host operating system. One type of Unix socket is a stream
socket. A stream socket provides a sequenced data stream between two applications. A file
descriptor is used to name the socket, which needs to be identical for the socket host and user
when initializing the connection.

2.3 Hardware Description of the NAO Robot
The NAO, as used in this thesis, refers to the sixth generation of humanoid robot developed
by Aldebaran, and serves primarily as an education and research tool in the field of humanoid
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2 Preliminaries

robotics[13]. It features 25 Degrees of Freedom (DOF) provided by 5 different types of motors
that make up its various joints (see Fig. 2.1). Figure 2.1 also includes the labeling for the
rotations of each motor such that changes in roll, pitch, and yaw are rotations about the X, Y,
and Z axes respectively of each joint. This means for example that a rotation of the leg forward
using the hip pitch motor is a negative rotation about the Y axis (see Fig 2.2).

Figure 2.1: NAO Joints Overview[13]

Figure 2.2: Joint Angles of Left Leg and Head[13]

Aldebaran also provides a Universal Robotic Description Format (URDF)[15] file for simu-
lations, which contains masses and dimensions of the limbs of the NAO. The dimensions are
shown in Figure 2.3. The masses and dimensions are required to perform accurate kinematics
calculations of the robot.

The NAO contains several sensors. First, there are 8 FSRs located at the bottom of the feet
which provide pressure information in order to determine ground contact (Fig. 2.4). Second is
the IMU made up of a 3-axis gyroscope and a 3-axis accelerometer. This sensor sits central to
the robots’ torso (see Fig. 2.5). Besides the raw data from the gyroscope and accelerometer,
the IMU also provides a filtered ‘AngleX’ and ‘AngleY’ which determines the radians by which

6



2.3 Hardware Description of the NAO Robot

Width 275 mm

Depth 311 mm

Height 574 mm

Figure 2.3: NAO Dimensions Overview[13]

Figure 2.4: NAO Feet with FSR Sensors[13]
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2 Preliminaries

Figure 2.5: NAO Inertial Measurement Unit (IMU)[13]

the torso is tilted left/right or forward/backward from its upright position in which the Z-axis
opposes the direction of gravity. Each of the 25 motors contains joint encoders to read out the
angle of the joints with 0.1◦ accuracy. Finally, there are sensors to provide information regarding
the electrical current of all 25 motors and the battery.

2.4 NAO Software Basics
As introduced in Chapter 1 the SPL is a RoboCup league where the teams play with identi-
cal hardware, but each team develops their own software usually referred to as robotics code.
Robotics code is the software that is used to take sensor and camera data and calculate motor
control commands.

The NAO runs two underlying processes which enable the programmed robotics code to control
the robot (see Fig. 2.6). At the lowest level is the Hardware Abstraction Layer (HAL) which
manages the communication with the electronics boards of the robotics hardware. Connected to
HAL is the Low Level Abstraction (LoLA) process. LoLA and HAL exchange data every 12ms
which in the direction of HAL to LoLA consists of sensor values and in the reverse is the motor
commands. In order for robotics code to read sensor data and give control commands, LoLA
provides a Unix stream socket that the robotics code can connect to.

Information is sent in both directions in the form of MessagePacks[16]. MessagePack is de-
scribed as an ‘efficient binary serialization format‘ [16] which allows for the rapid data exchange
between multiple applications. It is similar to JSON, which stores data in a key and value pair-
ing such that values can be accessed and written using the key. MessagePack also uses strings
as keys, but it encodes the values to significantly reduce the total object size.
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2.5 Bipedal Walking

LoLA

HAL

Electronic boardElectronic boardElectronic board

HULA

HULKs Robotics
Code

Figure 2.6: NAO Software as based on Softbank Robotics Documentation[13]

In the case of the HULKs team, the connection to LoLA is made by the HULKs Level Ab-
straction (HULA). HULA converts the MessagePack data into structs usable by the rest of the
HULKs robotics code. An overview of this is shown in Figure 2.6.

2.5 Bipedal Walking
A walking cycle of a bipedal robot refers to the complete sequence of movement that encompasses
both feet being lifted and placed once. When a foot is in contact with the ground and supports
the weight of the robot it is considered to be the support foot. The respective other foot which
is moving relative to the ground is considered the swing foot. Figure 2.7 shows one walk cycle,
in which it is assumed that the robot is walking in a straight line. One complete cycle of a

X

Z

Y

Figure 2.7: Bipedal walking cycle

bipedal walk can be partitioned into two steps, usually symmetric for the left and right foot[4].
The timestamps for the right foot are marked in Figure 2.7. It starts at tR,swing, the instant at
which the right foot leaves the ground and becomes the swing foot. The robot then proceeds
through the single support phase as the right foot swings to be in front of the left foot where
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it is placed back on the ground at time tR,support. This is followed by the double support phase
during which both feet are in contact with the ground and the robot continues to move forward
while shifting its weight from the left foot onto the right foot which becomes the support foot.
The step using the right foot finishes as the left foot leaves the ground and becomes the swing
foot at time tL,swing.

For the purposes of understanding how the NAO is enabled to walk it is considered as an
open kinematic chain. This means the limbs of the robot are successively linked to each other
in a chain with the terminal limbs are not attached to a fixed point. Although the arm may
also be used for walking, the main consideration is the torso along with the two leg sub-chains.
The point that represents the location of the average mass of all links in the kinematics chain
is known as the Center of Mass (CoM) and is calculated by:

PCoM =

∑i Pimi∑imi

(2.1)

where Pi and mi are respectively the location and mass of each limb i. Forces acting equally on
all parts of the kinematic chain can be represented as a single force acting on the CoM.

The single support phase provides a unique challenge to balancing the robot as the whole
kinematic chain essentially becomes an inverted pendulum. The CoM of the robot may be in a
position that is not over any point of contact of the current support foot (Fig. 2.8). Assuming
no acceleration of a robot in this instance leads to it inherently becoming unstable as the force
of gravity creates a moment τ = ∆x · Fg around the X axis that causes the robot to fall as
Fg = FN . Where FN is the normal force of the ground acting on the robot and Fg is the force of
gravity. This necessitates that the current swing foot be placed in manner that allows the robot
to catch itself before it falls over. Dynamic walking like this essentially is controlled falling. The

X

Z

Y

Figure 2.8: Single support phase inverted pendulum
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placement and movement of the feet is known as a gait or gait pattern. This includes both the
positioning of the feet relative to each other, and the spline shape of the movement of the swing
foot. Examples of these splines for the HULKs team are shown in Figure 2.9, for a forward and
a sideward step respectively. A forward step follows a symmetric curve and reach its apex at
the middle of the step, while the support limb is fully stretched. Meanwhile, a side step has its
apex early in its movement, in order to prevent the swing foot from intersecting with the ground
as the robot tilts in the direction of the swing foot.

Figure 2.9: Possible Step Splines

2.6 HULKs Software
Software that is successfully applied in a RoboCup soccer match has many components. In
Figure 2.6 the sum of these is simply summarized as the “HULKs Robotics Code”. These
include capturing images from the camera for the purpose of localization and ball detection,
dealing with audio signals such as the whistle at the start of a game, and communicating with
other robots in the team. The HULKs team has a software framework that handles all of these
robotics code processes. While it is running, this framework receives data from LoLA via HULA
at some time tk and after performing necessary calculations sends motor commands back to
LoLA via HULA at some time tk+e where k is the frame number and e is a value between 0 and
1. This means that motor commands are sent back to LoLA before the next set of sensor data
is sent by LoLA. The interval between tk and tk+1 is considered a frame and constitutes 12 ms,
meaning motor commands are only sent as often as LoLA is able to provide data.

2.6.1 HULKs Walking Engine
The walking engine is the software component which handles the calculation of motor position
commands from sensor information. Figure 2.10 shows the schematic representation of the
software implementation of concepts introduced in Section 2.5. The goal of the walking engine
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is to take sensor data and behavioral targets coming from other components of the HULKs
robotics code in order to calculate the necessary motor positions needed to make the robot
reach these targets. The data flow following the description in Figure 2.10 for a frame in which
the robot walks is as follows:

1. Behavioral goal: The behavior code determines a target location, such as the ball, and a
path to reach that location. This is the motion command that enters the walking engine.

2. Decide the best course of action:
a) The step planner calculates necessary foot placements needed in order for the robot

to follow this path
b) At the same time the motion selector determines whether walking is the best course

of action for the robot. If the robot is beyond a point of falling where it can save itself
it may better to perform a different action to protect the hardware. It also might
be the case that it is not safe for the robot to transition into walking from another
motion.

3. Calculation of motor positions: The above data cumulates into a walk command, which
is used to calculate the motor positions for the robot in the current frame. For this the
current motor positions and other sensor data are used along with the walking engine
parameters to calculate the target joint positions based on a desired gait pattern.

4. Sending of motor commands: The joint position commands are sent to LoLA via HULA
before the end of the frame.

Walking Engine

Parameters

Motion Command

Behavior

Robot Kinematics

Walk Command

Motion Selector

Step Planner

Motor Position Calculation

Motor Positions Intertial
Measurement Unit

[1]

[2b]

[2a]

[3]

[4]
Motor Command

Sender

Figure 2.10: HULKs Walking Engine

12



2.7 RoboCup Standard Platform League Competition

2.6.2 Walking Engine Black-Box
In this thesis anything contained within the walking engine box (see Fig. 2.10) is considered part
of the walking engine. In short this is both the software which makes the final decisions and
calculations for the joint commands, as well as the list of parameters used for these calculations.
The parameters will be treated as a black-box for the remainder of this thesis.

The motivation for this is the removal of human guesswork in analyzing walking quality.
Each team’s exact logical setup and definition of the walking engine is unique, and a comparison
of the walking engines provides only a qualitative analysis of software implementations when
considering the individual intricacies of each. Another motivation of this thesis is to perform
quantitative comparisons of the walking engines of other teams. The differences in walking
engines are most like the difference in gait patterns that each team uses and the performance of
these are what the metrics in this thesis quantitatively analyze.

2.7 RoboCup Standard Platform League Competition
A RoboCup SPL match consists of two teams of autonomous NAO robots playing soccer against
each other. HULKs, B-Human, and Nao Devils compete in the Champions Cup, with games
being played with 7 robots from each team. There is also a Challenger Shield where teams play
with 5 robots each, as well as simpler rules for the purpose of beginner friendliness. The match
is played on a 9 by 6 meter field with markings closely resembling those of a standard soccer
field.

A competition match has a length of 20 minutes, split into two 10 minute halves. Before the
beginning of the match all the robots are placed onto the sidelines of the field. Once the match
starts no human intervention by members of the teams is permitted until after the respective 10-
minute half has concluded. This means that during the game the robots must act autonomously
in object detection, locomotion, and multiagent decision-making.

RoboCup SPL tournaments consist of multiple matches over the course of several days. On a
competition day a team plays 2-3 matches and has time in between these to make adjustments
to software and parameters.

As mentioned in Chapter 1 the NAO model is identical between teams. The SPL rules ensure
this by disallowing hardware modifications to the robot.
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3 State of the Art
The walking quality of legged and specifically humanoid robots is analyzed through various
evaluation categories, such as speed and energy consumption. Depending on the research focus,
metrics are defined, that are then used in a closed or open loop manner. Closed loop evaluation
of metrics is targeted towards redesigning and improving the robot through hardware or software
changes. Open loop evaluation seeks to present the success of a robot without further iterating on
design changes. While the goal of this thesis is to evaluate metrics that are suitable for iterating
on software and parameter changes in a closed loop manner, this thesis does not actually propose
specific changes, essentially treating these metrics as open loop.

A metric for an evaluation category is a single value which represents an objective summary
of the success of the robot in that category. The definition of a metric thus requires not only
the calculation of a summary value, but also the distinction whether this value should ideally
be high or low. For example, when analyzing energy consumption, one choice of metric is the
average energy consumption, which should be low. Conversely, when analyzing a robot for its
ability to walk up steps, the higher the step size, the better the performance of the robot. The
choice of metric depends on the application of the metric in the robot design process.

This chapter thus dives into various metrics and evaluation categories used in the research of
legged robotics. It also includes an analysis on applicability to the NAO based on the problem
statement and limitations presented in Section 1.1.

3.1 Robustness
Robustness in software deals with the capability of a system to operate correctly even in ab-
normal, such as unexpected or adverse, conditions. The same applies to the walking of a robot.
One of the main issues when dealing with bipedal walking is primarily the concept of an inad-
vertently instable system as discussed in Section 2.5. Often dealt with as an inverted pendulum,
keeping the upright stability of a robot requires constant adjustments and stabilization. Gen-
erally speaking, falling is considered detrimental to the performance of a bipedal robot, and
thus the number of times a robot falls will be used as a simple indicator of walking quality.
However, assuming a robot manages to stay upright, there are several components to under-
standing walking performance in terms of robustness. These are static and dynamic stability,
camera stability, resistance to external forces, and the ability to walk on various types of terrain.
Hardware robustness also plays a role in this, as a robot must not damage itself during normal
operation. This includes situations such as the robots limbs colliding with each other, and the
robot falling over.

3.1.1 Static and Dynamic Stability
The support polygon of a robot is determined by its support foot or supporting feet. It is defined
as the convex hull of the points of the feet which are in contact with the ground. A robot is
statically stable when its CoM projected to the ground is within its support polygon. Walking
algorithms based on static stability have the limitation that the robot shifts its CoM from
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the supporting polygon of one foot to that of the other, exclusively during the double support
phase[17]. Additionally, static stability does not properly represent stability of the robot while
it is in motion.

Because of limitations of the CoM the Zero Moment Point (ZMP)[18] is introduced, which
takes into account the dynamics of the CoM to give a better representation of stability during
dynamic movement of the robot. The concept of the ZMP asserts that for a dynamically stable
robot there exists a point P := (Px,Py) as the location of the normal force acting on the robot,
such that the sum of forces acting on the robot create no moment of inertia about any axis
parallel to the ground. This includes the gravitational and normal forces as well as acceleration
caused by the robot itself or external forces (see Fig. 3.1).

x

z

y
x

Fg

FN

x

Px

z

Figure 3.1: Zero Moment Point (ZMP)

Based on the work of Kajita et al.[19] the moment equations thus require:

0 = gx+ ẍz − gPx (3.1)

0 = gy + ÿz − gPy (3.2)

where g is the gravitational constant and ẍ,ÿ are the acceleration of the CoM. Additionally, x,
y, z are the positions of the CoM, and P the position of the normal force based on an arbitrary
coordinate system as long as the X and Y axis are parallel to the ground. The components of
the ZMP P can then be calculated by:

Px =
gx+ ẍz

g
= x+

ẍz

g
(3.3)

Py =
gy + ÿz

g
= y +

ÿz

g
(3.4)

For dynamic stability the location of the ZMP must still be within the support polygon. To this
end the dynamic stability of the robot as a metric is determined by whether the ZMP always
remains within the support polygon.
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If the ZMP is allowed to fall outside the support polygon, it is known as a Fictitious Zero
Moment Point (FZMP). When this occurs the normal force acting on the robot is applied at
some point at the edge of the support foot. If the robot instantaneously stops walking, the
positioning of this normal force does not prevent the robot from falling. If the normal force
acts through the FZMP instead, a fall is prevented. Countless walking algorithms[3][17][6] use
the FZMP to allow for a smoother walk. Moving the ZMP to outside the support polygon of
the support foot during walking allows for a transfer of balance toward the next support foot
much earlier in the walk cycle, as opposed to exclusively doing this during the double support
phase.[18].

Evaluating the FZMP is more difficult, as movement of the point outside the support polygon
only implies momentary instability which may be desired as the robot smoothly shifts its weight
mid-step. To combat this issue most research[3][20][21][19] uses a reference trajectory of the
ZMP based on the desired motion of the robot. The deviation of the resultant ZMP or FZMP
from this plan is then used as a metric. For reading clarity this thesis only uses the term ZMP
for the remainder of the text, with full acknowledgement that this may refer to a FZMP should
it lie outside the support polygon.

Additionally, this is only one method of calculating the ZMP. Other methods use the move-
ment of the individual limbs to obtain a more accurate ZMP. However, this requires either
sensors on the individual limbs of the robot, or an accurate model for how the dynamic motion
of the limbs based on a measured acceleration of the motors attached to each limb[18]. Because
of the limitations of the NAO hardware, the simpler method shown in Equations 3.3 and 3.4 is
used in this thesis.

3.1.2 Camera Stability
Another component of robustness is stability of the cameras or camera of a robot. A stable
camera provides a clear image feed that allows for the tracking of objects while navigating and
localization of the robot within an area[22]. In the RoboCup this is critical for the NAO to
determine its location on the field as well as detection the ball and other robots. Optimally,
camera movements relative to the environment are only the result of planned actions. Movements
such as walking which may result in unpredictable shifts of the camera are to be compensated
for. For this purpose robots are designed with hardware stabilization of the camera in mind.
This can take the form of hydraulics, which Bazeile et al.[22] designed for a quadruped robot
intended for terrain mapping. The performance of the stabilization was evaluated through the
accuracy of the generated terrain maps. Another stabilization method involves a motor for each
eye, which Habra et al.[23] used to compensate for the head movements of a humanoid robot.
The performance of their stabilization algorithm was evaluated through pixel accuracy of the
resulting images.

3.1.3 External Forces
A robot’s robustness against external forces or resistance to being pushed deals with both a
robot’s ability to recover from a push and the magnitude and duration of a push[24][25]. Faraji
et al.[25] measure the recovery time both in seconds and in number of steps the robot needs to
take before it is able to resume normal walking operation. The magnitude of the push is both
be analyzed in newtons[24][26] or in newton-meters[25], which uses the positional data of the
push relative to some reference frame to calculate the moment created by a push. Robustness
to external forces is also used in conjunction with an analysis of the ZMP[27]. If the ZMP is
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located centrally to the support polygon, a larger force can be applied to change the acceleration
of the CoM before the ZMP leaves the support polygon and the robot becomes instable.

The RoboCup competitions are situations in which the NAOs feel the influence of external
forces, as robots have the tendency to bump into each other over the course of a game. An
analysis of robustness against external forces is therefore very valuable.

3.1.4 Terrain
A robots walking robustness in respect to terrain is analyzed in research in one of several ways.
One option is to assign a passing or failing value to the robot and its software for a specific
set of obstacles or terrain definitions. An example of this is the bipedal robot SLIDER, for
which Wang et al.[26] designed a step algorithm specifically for being able to walk on slopes.
SLIDER successfully walks on 5◦,10◦ and 15◦ slopes. Another option is a step height analysis,
one that is extensively surveyed by Ke et al.[24]. It involves the analysis of step height of the
robot for the purpose of walking on terrain with disturbances. This is evaluated as the absolute
achievable step height or as a percentage relative to the robots leg height. At the time of survey
the robot ATRIAS[28] was able to successfully step both up and down 30 cm steps, and the
robot MABEL[29] was able to achieve a step height of 20% of its leg height.

3.1.5 Hardware
Hardware robustness means that a robot should not experience mechanical or electrical failures
during its operation. During normal operation this means deterioration caused by the planned
movement of a robot should be minimized. To specifically combat deterioration during prolonged
parameter optimization Hwangbo et al.[30] proposed a novel optimization algorithm which “out-
performed current state-of-the-art algorithm in all tasks by a factor of three or more” [30]. Un-
fortunately Hwangbo et al. only seek the reduction of hardware “wear and tear” as a goal, but
do not propose a method of quantifying hardware deterioration.

Hardware robustness is also studied in the context of humanoid robotics by Kakuichi et al.[31].
Kakuichi et al. analyze the methods for preventing mechanical and electrical damage to a robot
during falls, specifically through the addition of hard points to absorb impact shocks.

3.2 Speed
Speed or velocity can be considered general performance metrics in many robotic systems. Most
research specifically uses velocity as a metric, as it includes a direction component. However,
when trying to judge a robot’s ability to traverse a specific path in a certain amount of time,
only the time and the path’s length effectively matter, which evaluates to an average speed.
Thus going forward these two terms are used somewhat interchangeably.

Speed is especially critical for robots for which traversing a large distance in a given amount
of time is indicative of success in a task. An example is search and rescue robots, such as Boston
Dynamics’ Spot[32] in which walking speed of the robot may determine the survival rate of
victims of a disaster. In other scenarios it leads to higher throughput such as for robots that
may transport goods in a warehouse. In the context of the RoboCup increased speed leads to
higher competitiveness as there is a clear advantage over other teams if the ball may be reached
faster than the other team[33].

For research speed is often used in conjunction with other metrics or evaluation categories.
Research by Roy and Pratihar[34] focused the analysis of a six-legged robot and analyzed the
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relationship between speed and energy consumption. They used a target desired velocity as
an input parameter to calculate the needed gait pattern and timings that would be needed to
achieve such a velocity. Their paper however makes no mention of whether the robot was able
to reach that target speed. Research by Weingarten et al. [35] specifically attempts to maximize
speed in a six-legged robot while using gait adjustments to improve energy efficiency.

3.3 Energy Consumption
There are two main categories for analyzing energy consumption of a robot. First, the peak
energy consumption Ep is required during the design of the robot to ensure that the battery
providing the energy can withstand such a desired power draw. Second, the energy efficiency
and consumption must be known in order to understand robot lifetime between charging cycles
and in many robotics industries the energy efficiency is an important financial consideration[36].

The work of Shamsuddin et al.[37] in 2011 hopes for advancements in increased energy effi-
ciency of humanoid robots. However, the 2018 work by Kashiri et al.[38] summarizes that this
aspect of humanoid robotics still lags far behind other advancements such as walking stability
improvements. A walking engine which has a similar performance in other aspects but outper-
forms another walking engine in terms of energy efficiency is thus for all intents and purposes a
better walking engine. Several RoboCup SPL teams have made improvements to their robotics
code in order to improve energy efficiency [9][39], but no clear metrics have been set to analyze
energy usage of the robots.

As mentioned in Section 3.2 the work of Roy and Pratihar[34] focuses on energy consumption.
Their work also looked at the specific energy consumption Es which is defined as follows:

Es =
E

mgd
(3.5)

where E is the energy required by a robot having mass m to travel distance d. The specific
energy consumption is a dimensionless quantity and is used in their research as an index of energy
efficiency. Roy and Pratihar find that in their six-legged robot an increased velocity decreases
the specific energy consumption, meaning that a higher velocity leads to a more efficient robot.

3.4 Heat Production
All electrical systems produce heat due to resistances in components converting electricity into
heat. This is a problem as sustained high temperatures can damage components of the robot
over time. Primarily this occurs through the demagnetization of the permanent magnets in the
motors at high operating temperatures, but can also lead to burnout of the motor wire windings.
There are several methods that have been developed for humanoid robots to combat heat in joint
motors, which are evaluated for success based on the resulting heat loss. One method involves
using either water-cooling[40] or thermoelectric[41] cooling modules on the motors. The success
of these methods was evaluated based on motor temperature and achievable torque.

Another method is the cooling of joints through current control. One such example is the two
resistor thermal model designed by Urata Et al.[42], which allows for the estimation of a motors
core temperature based on electrical current. This temperature estimate is then used to lower
the temperature over longer periods of time by limiting current.

The NAOs hardware and software provides for a similar setup. The motors of the NAO do
not have thermistors and there is no actual temperature measurement conducted within the

19



3 State of the Art

robot. Rather, joint temperatures are “a simulated one, using [the] electric current value of the
motor” [13], although the exact model used for this is not published.

The NAO’s electric boards implement a temperature limit to protect the motor when the
temperature of a joint is deemed too hot. This is realized by reducing the joint’s stiffness. The
stiffness is a value which indicates a motor’s ability to resist movement induced by an applied
torque, 0 being none and 1 being the maximum torque the motor is rated for. In practice
when this occurs, even momentarily, it results in the robot simply collapsing on the field if, for
example, the ankle joints have their stiffness reduced to 0. It is thus of interest to keep the
operating temperature low by limiting the amount of current required by the motors. Work
by Mellmann[39] has already analyzed that above a specific threshold current supplied to the
motors the joints heat up under stationary conditions.

3.5 Slipping
Slipping deals with the concept of a robot’s limb moving while it is the supporting limb, usually
in the direction opposite of the robot’s target direction of travel. Slipping leads to inefficiencies
in the locomotion of the robot, as the distance covered by each step is reduced, meaning the
energy cost of traversing a distance increases [43]. It also leads to the robot falling down as
the location of the ground reaction forces change, and they are no longer able to counteract the
force of gravity.

Respectively to these two analysis methods there are two main ways to measure slip. The first
is based on the average velocity achieved by the robot over some distance[43], which for a robot
with slip is decreased compared to one that does not slip. The other method involves measuring
the ground reaction forces in the tangential direction along the ground using an angled force
sensor [44].

3.6 Double Support Time
As discussed in Section 2.5 the walking cycle of a robot is split into two components, the
single support phase and the double support phase. The double support phase provides unique
challenges when developing the control algorithm of a bipedal robot[45], as it must deal with
the process of transferring the CoM of the robot from one foot to the other while continuing to
provide forwards motion. The double support time is calculated as part of a step cycle using:

tDST = (tupL1 − tdownR ) + (tupR − tdownL ) (3.6)

where tupL1,tdownR , tupR , t
down
L are defined as the moments in time when left and right foot are placed

down on or picked up from the ground as per Figure 2.7. The proportional length of the double
support phase with respect to the walk cycle is then:

δDSP =
tDST

tupL1 − tupL
(3.7)

The robots Flame and TULip[46] specifically take advantage of an increased double support
time in order to regain energy for the next step using a system of springs in the foot. The
robot Mabel[29] was specifically designed to have an instantaneous double support phase i.e.
zero double support time made possible by the guarantee that the robot’s feet do not experience
slipping.
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3.7 Applicability
The applicability of the evaluation categories to this thesis depend on heavily on the third
and fourth challenges presented in Section 1.1. Those are the context of the RoboCup SPL,
both while performing parameter tuning and during a match, and the requirement that each
team’s robotics code be treated as a black-box. Also, an additional challenge is that there exists
ambiguity in research in the definitions of metrics for the double support time and hardware
deterioration.

Due to these limitations this thesis only defines metrics for these categories:
• Energy consumption and heat production, as the data for these are easily obtainable from

the robot sensors.

• Camera stability, judged by the rotation and acceleration of the robot torso as opposed to
the pixel velocity discussed in Section 3.1.2. Although camera stability also depends on
head movement, keeping the torso steady ensures the camera can be steady if the robot is
not moving its head.

The static and dynamic stability based on CoM and the ZMP, as well as the double support
time, are used to provide a qualitative comparison between walking engines.

The rest of the walking quality analysis categories are not used. The following sections describe
the limitations the challenges from Section 1.1 create for this thesis.

3.7.1 RoboCup SPL Context
The goal of this thesis is to find metrics which can be evaluated for a robot while parameter
tuning takes place before a match. As explained in Section 1.1 this means no external tools are
required. This prevents both speed and robustness to external forces from being applicable as
metrics in this thesis as one requires the measurement of distances and time, while the other
requires a standardized tool for applying a force to a robot repeatably. SPL rules prohibit the
modification of robot hardware, which prevents the introduction of angled force sensors or other
external tools to determine slipping.

The terrain of a RoboCup field does not contain any slopes or large terrain disturbance.
Recent research on the topic of terrain in the RoboCup primarily deals with the motion control
concepts needed to walk on artificial grass at all[47][48] but does not focus on the finer details
behind it. From experience by the HULKs the terrain variation at different events comes through
minor differences in the type of artificial grass used on the field, which may differ in length and
rigidness depending on the event organization. This provides a challenge in studying terrain
robustness in the context of this thesis. The teams walking engine is in general designed to be
able to walk on artificial grass. The HULKs software will thus always be assigned a passing
mark for any field which matches the RoboCup requirements. Analyzing how well the team can
walk on each field must then be based on another metric, such as one of the stability metrics
mentioned in Subsection 3.1.1. In this case the field terrain becomes an input parameter and
the stability is judged as a metric dependent on the field. From this the walking engine’s ability
to adapt its parameters dynamically to each field is judged as an average of the individual
performances of each field. A walking engine which adapts its parameters will perform better
in such a metric than one which whose parameters are fitted to a specific field. However, even
though the goal of this thesis is to quantify walking such that parameter tuning prior to games
may be made easier, the scope of this thesis does not allow for the setting up of several unique
fields to analyze data from.
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3.7.2 Black-box Evaluation
Treating each team’s robotics code as a black-box means that there is no access to motion
planning information, nor to camera data or robot localization. An accurate analysis of the
dynamic stability of the robot requires the knowledge of a reference ZMP which would stem
from motion planning information. Analyzing camera stability using pixel velocity as described
in Section 3.1.2 would require access to the camera information, and a knowledge of the planned
movement of the head.

The location of a robot is known through its localization algorithm, but this is also contained
within the black-box of each team’s robotics code. This makes calculating the speed based on
internal measurements of the robot impossible.

Due to the fact that location and speed information of the robot are not available, two other
metrics cannot be analyzed. One is the efficiency loss due to slipping as it depends on knowledge
of the robot’s actual speed vs. target speed. The other is the specific energy from Eq. 3.5 which
requires knowledge of the distance traveled by the robot.

3.7.3 Addressing Ambiguity
The double support time of a robot’s walk isn’t universally applicable as a metric, unless specific
applications of a robot are considered as in Section 3.6. So although the double support time
can be measured in this thesis it is not reasonable to apply it as a metric because no work exists
to support either argument that a lower or higher double support time leads to higher quality
walking.

There are two issues when dealing with hardware robustness in the context of this thesis.
First, there are no clear definitions of how to measure hardware deterioration of a robot(see
Sec. 3.1.5). Reichenberg[49] analyzes the backlash of specific motors of a NAO robot in an
attempt to understand the effects of hardware deterioration on the robot’s ability to perform
certain motions. However, the work focuses on designing a controller that is able to deal with
backlash, and does not further quantify differences in hardware across robots. Second, for the
HULKs changes in hardware of the NAO through deterioration, besides obviously broken gears
and the like, have only made themselves noticeable over the course of several months or years.
Any metric that measures how the walking engine affects hardware, in a way that may lead to
eventual long term failure, is likely to show no results. Thus, this thesis does not attempt to
define one.
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The method of gathering data involves both the software used to collect data and the experi-
mental setup. For the software aspect, a simple script is designed which fits into the limitations
of this thesis by solely relying on the raw MessagePacks intercepted from between LoLA and the
robotics code. This data is converted from MessagePacks into a human-readable CSV format.
The experimental setup closely approximates what a robot experiences in half of a RoboCup
SPL match.

4.1 Data Gathering Method
The best way to gather data on the robot’s walking is to collect the data directly provided by
LoLA. There are several reasons for this. First, this adheres to the limitations put forth in this
thesis as presented in Section 1.1 as it requires no external data sources. Second, it provides
all the information necessary for the evaluation of heat, temperature, as well as gyroscopic and
accelerometer based stability as described in Section 3.7. Finally, gathering data in such a way
does not require the modification of the code from other teams, another limitation presented in
Section 1.1.

As discussed in Section 2.4 LoLA only allows for one incoming socket connection, which is
taken up by the data handling process of each team. As shown in Figure 2.6, this is the HULA
process in the case of the HULKs. Nao Devils also have a similar abstraction layer, while B-
Human connects to LoLA directly with their main binary. For simplicity the process which
usually connects to LoLA is simply be called the “main” service.

The main service connects to LoLA via the Unix socket identified by /tmp/robocup as defined
by Aldebaran. The fact that this is identically defined for all teams is advantageous. As
previously mentioned, it is possible to move connected Unix sockets by simply renaming them,
such that the connection persists, but the file handle has changed. This brings about the
design of hulahoop which essentially exists as an intermediary between LoLA and the main
service. Hulahoop stores the MessagePack, and the timestamp in milliseconds when the data
was received, as bytes in a file. It consists of the hulahoop binary which handles the transfer
and storage of data, and the hulahoop.service files which handle the arrangement of connections
to LoLA and each team’s respective main service. Summarized for the context of the HULKs
code, hulahoop and hulahoop hulks.service execute the following steps:

1. hulahoop hulks.service stops HULA and the HULKs robotics code which leaves the
/tmp/robocup socket available.

2. hulahoop hulks.service then starts hulahoop which connects to LoLA

3. hulahoop moves the connected /tmp/robocup socket to a new file handles /tmp/lolasocket

4. hulahoop opens a new Unix stream socket at /tmp/robocup
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5. hulahoop hulks.service restarts HULA which is once again able to connect to /tmp/robocup
even though this is now being provided by hulahoop and not by LoLA. hulahoop hulks.service
also restarts the robotics code

Hulahoop then continues running, receiving messages both from the LoLA socket and the main
service socket sides and forwards these to the respective other socket. An overview of these steps
is seen in Figure 4.1. This allows the data that LoLA is sending and receiving to be logged, while
still forwarding it to and from the main service running the robotics code. Hulahoop resolves
the single connection limitation to LoLA’s Unix stream socket.
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Code
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Code
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Figure 4.1: Hulahoop execution steps

4.1.1 Delays in Data
In any robotics system it is never possible to know the exact values of sensor data in a specific
time point, because the processing and transmission of data through software will inherently
cause delays. Böckmann[50] analyzed the delays between motion commands to when the sensors
showed motor movement on the 5th generation NAO and found this to be 30 ms. Reichenberg[51]
updated this information for the 6th generation NAO, as used in this thesis, and found this to be
36 ms, equivalent to 3 frames. The source of the delay is either HAL, which delays motor control
by some time, filtering of sensor noise, which delays the measurement of motor positions, or some
combination of the two. Richter-Klug[52] specifically analyzed the IMU data of the NAO and
discovered that the gyroscope and accelerometer data is not updated every frame, rather LoLA
alternates in sending new values for each every frame. This means that every other frame the
IMU data has at least a 12 ms delay.

Hulahoop now introduces a new delay as there is some processing time to write the Mes-
sagePack data into a file when the MessagePack is forwarded between LoLA and the main
service. To test this a small script which mimics the behavior of LoLA is used such that the
time delay between data being sent to hulahoop and the same data being received from hulahoop
is measured. While this brief test did not constitute perfect benchmarking of hulahoop, it did
show that the delays caused by hulahoop are only up to 100 microseconds. Given the magnitude
of delays already existent in the data transfer to the electronic boards of the motor and from
the various sensors, the delay from hulahoop is, for this thesis, considered insignificant.
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4.1.2 Data Conversion from MessagePack to CSV
As described in Section 4.1, the data is stored as raw bytes from the received MessagePacks.
This is to ensure no further delays occur due to data processing while data is being collected.
The MessagePacks sent by LoLA are all identically 896 bytes in size, meaning that every 896
bytes read out of the binary file can be treated as a MessagePack again in post-processing. The
MessagePack format keeps the keys as human-readable strings while the values are encoded.
Because of this, the MessagePacks are first decoded into JSON (see Fig. 4.2). From there the
tree structure of the JSON is flattened and written as a single row into a CSV file where the
columns match the key names.

{

"Accelerometer": {

"x": 3.4296681880950928,

"y": 0.5748047232627869,

"z": -7.012617588043213

},

"Angles": {

"x": 0.04314344748854637,

"y": 0.0613592304289341

},

...

"Position": {

...

"left_hip_pitch": -0.49083805084228516,

"left_hip_roll": 0.0123138427734375,

"left_knee_pitch": 0.8666679859161377,

...

},

"Received_at": 59614.0,

...,

"Temperature": {

...

"left_hip_pitch": 28.0,

"left_hip_roll": 27.0,

"left_knee_pitch": 28.0,

...

},

...

}

Figure 4.2: JSON excerpt of one frame

4.2 Experimental Setup
The HULKs parameter tuning is usually done in smaller bursts, where the robot walks for a
minute or two, after which some adjustments are made and the process repeats. However, any
parameter changed must perform well for the length of a RoboCup game, so metrics in this
thesis are analyzed across a 10-minute time frame. However, in order to make the setup as
simple as possible, the robot’s behavior does not depend on a certain role assignment or player
position as might occur in a real game. Instead, the robot is brought into a playing state in
which its only focus is to chase the ball and kick it into the opponent goal. This forces the robot
to continuously “chase” the ball as it would in a real match, including any forward locomotion,
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side steps, or turning the walking engine generates. While not all robots would be walking
continuously in a normal game, testing like this ensures representation of the most extreme case
that a robot may have to endure.

4.2.1 Testing Environment
The experimental setup includes a scaled down version of a standard SPL field, with dimensions
seen in Figure 4.3. The following steps are then followed:

1. Hulahoop is started

2. The robot is placed standing up on the sideline at position [S] and a ball is placed on the
penalty marker at position [F].

3. The robot is brought into its stiff state through a push of the chest button. In this state
the robot stands upright with its arms at its sides.

4. The robot is brought into the initial and then playing states through another two pushes
of the chest button.

5. The robot is given time to walk onto the field towards the ball until it reaches position
[A].

6. The ball is then rolled by a human tester to positions [B] followed by [C] and [D], at a
pace which keeps the robot within roughly 1 m of the ball.

7. The ball is then rolled back to [E], [F] and finally [A] in order to make the robot turn
around and walk back to the other side of the field.

8. The previous two steps are then repeated for a duration of 10 minutes as time by a
stopwatch. If the robot falls at any point the stopwatch is paused and only resumed after
the robot has continued walking. This is to ensure that 10 minutes worth of data on just
walking can be collected.

The line connecting points [A]-[F] represents the approximate path the robots walked across the
field.

4.2.2 Testing Scenarios
There are two main variables that should be tested: hardware and walking engine. As described
in Section 1.1, the first variable, comparing hardware, is used to evaluate walking metrics on
different robots in order to understand how the deterioration of hardware affects walking perfor-
mance. For this purpose four HULKs robots were selected, which are identified in the rest of this
thesis as NAO1, NAO2, NAO3, and NAO4. The other goal is to compare the walking engine of
the HULKs with the walking engines of B-Human and Nao Devils. Section 1.1 also pointed out
that using human judgment it is difficult to understand how the change of one parameter affects
another. For this purpose, previously manually tuned faster walking parameters, are treated
as an additional walking engine, here called FastHULKs. The difference in the parameters is
primarily exemplified by quicker steps and a tilt of the torso so that the robot does not fall over.
The FastHULKs parameters are not currently used by the HULKs as by the current method
of guessing these parameters seem to make the robot unstable and produce too much heat.
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Figure 4.3: Field Setup for Data Gathering Purposes

This thesis numerically checks this assumption for validity. The four robots along with the four
walking engines leads to 16 total scenarios for which data is collected. In this thesis the specific
scenario from which data was collected is identified by a combination of the walking engine and
the robot number, i.e. HULKs-NAO3.
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After the data is collected it must be processed in order to obtain comparable data points. The
rest of this chapter explains important secondary values relevant to the analysis categories from
Chapter 3 that can be calculated from the raw data. Additionally, during the data collection,
some robots fell and had to stand back up to continue walking. These falls must be counted
and then removed from the data.

5.1 Collected Data
As stated in Section 4.1.2 the data of each frame is written as a single row into a CSV file.
An excerpt of this data is shown in Table 5.1, the last row of which corresponds to the JSON
excerpt shown in Figure 4.2. The whole table includes the sensor values listed in Table 5.2 with
their corresponding units.

The values for the accelerometer and gyroscope are given based on the axes relative to the
torso, while the angle values show the rotation of the torso relative to it’s upright position. As
shown in Figure 2.2 the positions of each motor are given in its local coordinate system.

Accelerometer.x Angles.y Position.left hip pitch P...left knee pitch Received at (ms)
-1.6190 0.1072 -0.5200 1.0830 59433
-1.6190 0.1116 -0.5384 1.0860 59445
-1.8202 0.1137 -0.5537 1.0753 59457
-1.8202 0.1110 -0.5568 1.0446 59469
-0.7089 0.1049 -0.5537 0.9971 59481
-0.7089 0.0989 -0.5415 0.9342 59493
0.0575 0.0951 -0.5399 0.8759 59505
0.0575 0.0922 -0.5430 0.9020 59517
3.2189 0.0909 -0.5445 0.8743 59529
3.2189 0.0901 -0.5476 0.8667 59541
5.6906 0.0849 -0.5491 0.8513 59553
5.6906 0.0761 -0.5445 0.8452 59565
1.1688 0.0665 -0.5338 0.8483 59578
1.1688 0.0585 -0.5246 0.8559 59589
3.4297 0.0535 -0.5062 0.8621 59602
3.4297 0.0431 -0.4908 0.8667 59614

Table 5.1: An excerpt of B-Human-NAO1 CSV with abbreviated headers

The CSV table also includes the timestamp of when the data was received in milliseconds. To
process the data and perform computations the CSV is imported into a Pandas[53] dataframe
using Python. The dataframe contains the same table of values as the CSV, but is easier to
perform operations on. Secondary values that are calculated from the sensor data are added to
the dataframe as a new column. This thesis uses the names of the headers of each column to
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identify the sensor values. For example, the rotational position of the pitch motor of the left is
identified as Position.left hip pitch. These labels are considered to be self-explanatory as to
which sensor value is used.

Sensor Category Number of values Unit
Accelerometer 3: X, Y, Z axes m

s2

Gyroscope 3: X, Y, Z axes rad
s

Angles 2: X, Y rad
Battery Charge 1 %
Battery Current 1 ampere

Battery Temperature 1 ◦C
FSR 8: 4 on each foot kg

Motor Current 25: for each motor ampere
Motor Position 25 rad
Motor Stiffness 25 unitless

Motor Temperature 25 ◦C

Table 5.2: Sensor Values

5.2 Coordinate Systems in this Thesis
As stated LoLA provides the gyroscope and accelerometer values relative to the robot’s torso.
To deal with this the robot coordinate system R is introduced. This is located centrally at the
base of the robot torso, 221.5 mm below the robot neck and the Z axis is always aligned with
the torso (see Fig. 5.1). Values from the IMU are provided by LoLA in this coordinate system.

X

Z

Y

X

X

Z
Z

Y

Figure 5.1: Robot coordinate system

A point Pj := (x,y,z,1) in the homogenous coordinate system j can be represented in coordi-
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nates in R by:
PR = TR

j · Pj (5.1)

Where TR
j is the homogenous coordinate system transformation from coordinate system j to

coordinate system R.
For each limb the kinematics calculations from the HULKs robotics code are used to determine

the transformation TRj of each limb j. Note that TR
j depends on the position and rotation of

the respective links in the kinematic chain connecting the limb j to the R coordinate system.
As the robot walks and the torso rotates relative to the ground so does the R coordinate

system. To combat this the parallel coordinate system P is introduced, which is located at the
position of R but always parallel to the ground.

PP = TP
R · PR (5.2)

TP
R =


cos θy 0 sin θy 0

sin θx sin θy cos θx − sin θx cos θy 0
− cos θx sin θy sin θx cos θx cos θy 0

0 0 0 1

 (5.3)

Points in R are calculated in P using TP
R which is a homogenous rotation based on θx = Angles.x

and θy = Angles.y (see Eq. 5.3).
Finally, the position of P depends on the movement of the robot. However, to calculate the

ZMP using the equations 3.3 and 3.4 a corresponding coordinate system parallel to the ground
must be used. For this coordinate system G is used, for which the X and Y axis are parallel to
those of P, while the origin of the Z axis sits on the ground plane. The transformation from P
to G is:

T G
P =


1,0,0,0
0,1,0,0
0,0,1,z
0,0,0,1

 (5.4)

where zd is the vertical position of P relative to G and may change over time depending on the
robot’s motion.

5.3 Ground Contact Estimation
In order to calculate the single and double support time of walking, it must be known whether
each foot is in contact with the ground. To determine this, the FSR values are used. The weight
of each foot on the ground is the sum of its FSR values.

FL,k =
∑

i∈Ω1 j∈Ω2

FSR.left foot i jk (5.5)

FR,k =
∑

i∈Ω1 j∈Ω2

FSR.right foot i jk (5.6)

where Ω1 = {front, rear} and Ω2 = {left, right} as in Figure 2.4
According to the NAO documentation of the FSRs “the returned value is approximate” [13]

and best practice is to take into account the change in value rather than the absolute value when
performing calculations. For this purpose a hysteresis estimate shown in Table 5.3 is introduced
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Sk−1 Sk

0 0 if α− β > −γ else 1
1 0 if α− β > γ else 1

Table 5.3: Hysteresis Estimate

which is used to determine boolean of some variable Sk. True and false are represented as 0 and
1 in Sk, and are based on Sk−1, the value of the variable in the previous frame.

Using S0 = 0, β = 0.6 and γ = 0.2 and α = FL,k, FR,k. From this it can be sequentially
determined for each frame whether each foot is in contact with the ground. These are referred
to as left.contact and right.contact in this thesis.

5.4 Support Foot Estimation
In order for a robot to determine that it is safe for it to take the next step in its walking cycle, it
must know that its support foot has changed. One method for this again uses the FSRs in the
feet, while the other is based on the kinematic chain. The main application of the support foot
in this thesis is calculating zd, which is needed to calculate the transformation T G

P (see Eq. 5.4).

5.4.1 FSR
Rather than comparing left.contact and right.contact the HULKs determine the support foot
by comparing FL,k and FR,k. For this the hysteresis estimate from Table 5.3 is again used, with
the following parameters:

• α = FL,k

• β = FR,k

• γ = 0.2

• S0 = 0

The resulting boolean value Left is support is equal to 1 if the left foot is the support foot and
0 if the right foot is the support foot. As the FSR hardware model is the same between teams
this calculation is used regardless of walking engine.

5.4.2 Kinematics
The definition of coordinate system P implies that the position of the robot which has the
minimum Z axis component must be in contact with the ground. Therefore, the support foot of
the robot is determined by using the positions of the feet relative to P. A simple approximation
uses the point at the origin of the soles of the robot and the kinematics chain to calculate the
position of each foot in P (see Fig 2.4). The origin of the sole in the homogenous coordinates
of the left sole is a point Psole = (0,0,0,1). Then it holds:

PP = (xsole,ysole,zsole,1) = TP
sole · Psole (5.7)

where zsole is the location of the sole along the Z axis relative to P and |zsole| is the absolute
distance between P and the ground. However, this is only used under the assumption that the
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foot is always placed flat on the ground while being the support foot, which is not always the
case.

If a robot is standing on obstacle, such as the foot of another robot, the distance of the foot
relative to P based on the above equation, may be shorter than the actual distance of any part
of the foot relative to P. This is shown in Figure 5.2 with [1] indicating the distance based
on Eq. 5.7, and [2] the actual distance to the ground from P.To compensate for this such a
situation, the vertical position of all points of the foot should be calculated and compared. For
this purpose a set ΩL of 33 points, representing the convex hull of the bottom of the left foot,
was extracted from the NAOs URDF file. Set ΩL is plotted in Figure 5.3 together with an
outline of the shape of the foot for reference. Only a convex hull is considered as points fully
contained in the convex hull are unable to make contact with the ground.

[1] [2]

X

Z

Figure 5.2: Angled support foot
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Figure 5.3: Convex hull of left sole in Lsole Coordinates
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Let PL,l = (x,y,0,1) ∈ ΩL be a point of the convex hull in homogenous coordinates of the left
sole. Then the corresponding point PR,r = (x,− y,0,1) ∈ ∇, where ΩR is the set of points in the
convex hull of the right foot. The Z axis position of these points relative to coordinate system
P is given by:

zi ∈ (xi,yi,zi) = PP,i = TP
sole · Psole,i∀Psole,i ∈ ΩL,ΩR (5.8)

Let zL := {zi}|Psole,i ∈ A and zR := {zi}|Psole,i ∈ R. From here the support foot is determined
by:

left is supportκ =

{
1 if min{zL} > min{zR}
0 otherwise

(5.9)

where κ is used to differentiate between calculation based on FSR and kinematics data. In short,
the foot which has a single point further towards the ground than any point in the other foot is
considered the support foot.

5.4.3 Calculation of zd

A comparison of the two above named methods is shown in Figure 5.4. The estimation of the
support foot using kinematics is delayed in time compared to the method using FSR, where
the width of the shaded area represents the delay. The average value of this was evaluated for
the HULKs-NAO4 scenario and was found to be 30.8 ms. This approximately correlates with
the delays of the motor position sensors discussed in Section 4.1.1. As it is important for the
robotics code to know the value of the support foot as soon as possible it makes more sense to
use the values provided by the FSR sensors. This thesis thus uses |zd| based on:

zd =

{
|min{zL}| if left is support = 1

|min{zR}| otherwise
(5.10)
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Figure 5.4: Support foot using two methods from HULKs-NAO4

5.5 CoM, and ZMP
The position of the CoM in the homogenous ground coordinate system is calculated by

PCoM,G = (xCoM ,yCoM ,zCoM , 1) =

∑
j∈ψ T

G
j ·mj · cj∑
j∈ψmj

(5.11)

where mj is the mass of limb j, cj is the location of the CoM of limb j in local limb coordinates,
and ψ is the set of limbs of the robot.

To calculate the ZMP the values of ẍ and ÿ must be known in ground coordinates as well. For
this define the homogenous vector aR = (Accelerometer.x,Accelerometer.y, Accelerometer.z, 0)
representing IMU acceleration in robot coordinates as provided by the IMU. Then:

aG = (ẍ,ÿ,z̈,0) = T G
P · TP

R · aR (5.12)

34



5.6 Support Polygon Calculation

The values ẍ, ÿ, xCoM , yCoM , andzCoM are then used to calculate PZMP∗ based on equations 3.3
and 3.4.

The position of the PZMP depends heavily on the acceleration of the robot, including any
noise this sensor may have, which must be filtered[54]. For this purpose a running average with
a window size of 8 is used, such that

PZMP,k =
1

8

7∑
i=0

PZMP∗,k−i (5.13)

The accuracy of the filter cannot be compared to a reference ZMP, as is done in most research.
The window size is arbitrarily chosen to be lower than that of both Nagasawa et al.[55] and Ven
der Noot et al.[54], which had window sizes 10 and 100 times the sampling rate respectively.

5.6 Support Polygon Calculation
The support polygon as introduced in Section 3.1.1 is the area of the foot or feet which is in
contact with the ground. As this may not always be flat (see Fig 5.2) a 2-D projection onto a
flat plane in G is used. This makes it useful in analyzing the ZMP as the coordinates for these
are also in ground coordinates.

Equation 5.8 already calculates the location of all supporting points, such that the projection
onto the ground simple requires a projection matrix M :

M =


1,0,0,0
0,1,0,0
0,0,0,0
0,0,0,0

 (5.14)

Then:

leftsupportG := {PP,l ·M |l ∈ lefthull} (5.15)
rightsupportG := {PP,r ·M |r ∈ righthull} (5.16)

Where lefthull and righthull are the set of the points PP ,i (see Eq. 5.8) of the convex hull of
the feet in the parallel coordinate system. The total support polygon of the robot is

supportG :=


leftsupportG if left.contact = 1,right.contact = 0

rightsupportG if left.contact = 0,right.contact = 1

conv(leftsupportG ∪ rightsupportG) ifleft.contact = 1,right.contact = 1

{∅} otherwise

(5.17)
However, performing an analysis of the CoM and ZMP with respect to supportG requires, as
stated in Section 3.7.2, knowledge about the robot’s planned motion. An example of this is
shown in Figure 5.5 It shows the support polygon of the left foot along with that of the right
foot, if it was on the ground. The large green area highlights the convex hull of the total potential
support of the feet. Notably both the CoM and ZMP lie outside the support polygon of the left
foot. However, this is because the right foot of the robot is becoming the swing foot and the
weight of the robot is being shifted from the left to the right foot mid-step.
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Figure 5.5: Example of the support of HULKs-NAO4 in one frame

At this moment the robot is technically falling, but because it is planning on catching itself with
the right foot, it cannot necessarily be considered unstable.

To this end this thesis uses the convex hull of the union of both feet as the support polygon.
The assumption is, that if the CoM and ZMP stay within this polygon, even if both feet aren’t
placed on the ground, that the robot can prevent itself from falling by simply placing the swing
foot down.

5.7 Feature Extraction
Hulahoop is started before the NAO is placed on the field (see Sec. 4.2.2) and isn’t stopped
until after the testing is concluded. This causes the data to contain sections of frames which are
irrelevant to the analysis in this thesis. This occurs both before and after the sections during
which the robot walks. While the number of falls itself is a metric, the data from these moments
must be removed from the rest of the analysis, as the interest in this thesis lies in the robot
walking and not the process of standing back up.

Under normal walking circumstances the position of the robot’s knee and hip pitch motors
move as shown in Figure 5.6. The figure shows regular bending of the knees and movements of
the hip joints. The highlighted area corresponds to the values from Table 5.1. To demonstrate
how this section of data correlates with regular walking, the frame tk = 59541 ms as been
marked with a dashed line within the highlighted area. During this frame the left hip has a
large negative angle which indicates it is rotated such that the foot moves to the front of the
body (see Fig. 2.2). Meanwhile, the right one has a lesser negative angle meaning it is rotated
to be more in line with the body than the left leg. This frame approximately correlates to the
time tL,support in Figure 2.7. Such features can be identified everywhere in the regular walking
cycle.

In irregular situations these cyclical patterns are broken. Figure 5.7 shows these three such
situations These areas are exemplified by irregular positions of the legs and rotation of the
torso, The left and right highlighted areas are before and after the robot is placed on the field

36



5.7 Feature Extraction

for testing and the middle contains an instance in which the robot fell. The information of these
irregular positions of the torso and legs is used to remove these sections from the data.
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Figure 5.6: Knee- and Hip-pitches of B-Human-NAO1
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Figure 5.7: Sections of NaoDevils-NAO3 to be removed
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5 Data Presentation and Post Processing

5.7.1 Cropping the Start
To crop the data to the walking start, the timestamp at which the robot starts walking is found.
The steps for this are based on the fact that HULKs, B-Human, and Nao Devils have a look-
around motion as part of their robotics code which is completed before the robot starts walking.
During look-around motion in which the robot looks to the left and right of itself before turning
its head back to the center. To find start of walking following markers are found within the data
under the constraint that they occur after each other in time:

1. kstiff , the frame when Stiffness.left knee pitchk > 0, which occurs when the robot is
brought into the stiff state (see Sec. 4.2.2)

2. kl1 > kstiff + 60, when |Position.head yawk| > 1. The absolute value is used so that the
order of directions in which the robot turns the head does not matter.

3. kc1 > kl1, when |Position.head yawk| < 0.1 which indicates the robot turning its head
back to the center.

4. This is repeated for kl2 > kc1 and kc2 > kl2 to mark points where the robot turns its head
in the other direction.

These timestamps are marked in Figure 5.8
All data from the start of hulahoop at t0 until tkkc2 is then removed from the dataframe. The

timestamps of the data are remapped by tk = tk − tkc2 so that the “Received at” value of the
first frame of the remaining starts at 0.
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Figure 5.8: Irrelevant data from FastHULKs-NAO3 before walking start
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5.7 Feature Extraction

5.7.2 Removing of Falls
Falls are found in the data based on the Angle.y of the torso and the pressure of the feet on the
ground. After finding a fall it is also necessary to find the time when the robot has sat up and
then stood up again and continued walking. Since one testing scenario may have multiple falls
it is necessary to go through the data iteratively. The procedure is as follows:

1. Initialize fallcount = 0

2. Find kfall where left.contactk, right.contactk = 0 and|Angle.yk| > 1

3. If kfall > 600000 or nonexistent skip to Step 9. Any fall more than 10 minutes since the
start is irrelevant.

4. Find ksitting > kfall where left.contactk, right.contactk = 1
Position.left knee pitchk > 2

5. Find kwalking > ksitting where Position.left knee pitchk < 1

6. Remove the frame range [kfall, kwalking] from the dataframe, fallcount+ = 1.

7. For tk > tkwalking
remap with tk = tk− tkwalking

so that the timestamps remain continuous.

8. Repeat steps 2-7.

9. Remove all data with tk > 600000 from the dataframe. Store the value of fallcount.

This process ensures that exactly K = 50000 frames equaling 10 minutes of data are left in the
dataframe. Figure 5.9 shows a section of data where a robot fell with the relevant timestamps
marked.
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Figure 5.9: Section from FastHULKs-NAO3 where robot fell
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5 Data Presentation and Post Processing

5.8 Issue In Data Gathering
It is important at this point that the data for FastHULKs-NAO2 and NaoDevils-NAO2 do not
include data for 10 minutes of walking, or 50000 frames. Over the course of three attempts,
each these combinations of walking engine and robot always lead to instability and falls, from
which the robot was not able to or simply did not stand up from again. Therefore, the attempts
with the longest time frame of information are used here. For FastHULKs-NAO2 this was 48056
frames or roughly 9 minutes and 37 seconds, and for NaoDevils-NAO2 this was only 27147
frames or 6 minutes and 26 seconds. For calculations K is adjusted accordingly.
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6 Data Analysis

This chapter consists of a qualitative analysis of the various evaluation categories discussed in
Section 3.7, with regard to the collected data. It discusses interesting findings in regard to the
relationship of evaluation categories to each other and to the hardware and walking engines that
were tested. Finally, it also mathematically defines and calculates metrics with which the final
evaluation of the walking engines is made. The metrics used, all assume an optimal value of 0
or close to it, meaning the larger the number the worse the walking quality. This is not further
specified in each metric definition.

As mentioned in Section 5.8 the results of FastHULKs-NAO2 and NaoDevils-NAO2 are based
on incomplete data. These two scenarios are still analyzed in this thesis, but for all intents
and purposes the walking performance of these combinations of robots and walking engines is
considered atrocious. In the tables in this chapter the corresponding values are marked with a
* as a reminder to this fact.

6.1 Falling
As stated in Section 3.1, falling is generally detrimental to a robot’s performance. Any time
that it takes for a robot to stand back up during a RoboCup match, is time spent that it isn’t
actively attempting to score goals.

Metric 1: fallcount (6.1)

The results of this metric are shown in Table 6.1

HULKs FastHULKs B-Human Nao Devils
NAO1 0 2 0 5
NAO2 0 1* 0 1*
NAO3 0 1 0 1
NAO4 0 0 0 9

Table 6.1: Metric 1: Number of falls, *based on less than 10 minutes of data

As mentioned in Section 4.2.2 the parameters that make up FastHULKs are not used by the
HULKs team as they lead to instability. In comparing HULKs and FastHULKs, the results are
thus as expected, with HULKs showing zero falls for any robot and FastHULKs showing some.
In the case of FastHULKs-NAO2, the single fall that occurred resulted in the testing scenario
having to be ended early.

Also expected is the regular falls of the Nao Devils. As stated in Chapter 1 the Nao Devils
were chosen for this thesis based on the general observation that their robots regularly fall. Even
though it is known that Nao Devils robots fall during games, the robot falling 9 times during
the NaoDevils-NAO4 testing scenario was unexpectedly high.
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6 Data Analysis

6.2 Center of Mass (CoM)
Although the static stability of the robot is not analyzed in this thesis, the position of the CoM
relative to the robot still provides interesting insights into the differences of the walking engines.
Figure 6.1 shows scatter plots of the X and Y axes position of the CoM in ground coordinates
for each walking engine. There is a distinct similarity between HULKs and FastHULKs, which

Figure 6.1: Comparison of CoM of the walking engines on NAO1

stems from the fact that the software of these two walking engines is the same. Notably though
the CoM of FastHULKs is shifted further forward than HULKs, which is to be expected from
the torso tilt adjustments that are part of the FastHULKs parameters. The overall shape of
the HULKs walking engine is similar to that of B-Human, with large clusters (see Fig. 6.2) for
the left and right foot at approximately ±5 cm along the Y axis. Nao Devils looks drastically
different, the CoM being clustered much closer to y = 0 while being spread out further along
the X axis.

Additionally, several outlying trails of points can be seen outside the main cluster (see Fig. 6.1).
While the few outliers seen in B-Human are all situations in which the robot was able to recover,
demonstrated by B-Human having 0 falls, the outliers seen in the Nao Devils scatter plot may
indicate points in time when the robot was extremely unstable and close to falling. Notably
these patterns occur regardless of the robot chosen, and are approximately equal for each walking
engine. A similar trail of outliers is seen for FastHULKs, which is verified to be the few frames
before one of the falls that the robot experienced in this scenario.

When comparing the CoM for the HULKs walking engine with different robots the first
differences in robot hardware are visible. This is shown in Figure 6.3. NAO2, which was stated
to be considered the robot with the most hardware deterioration int Section 4.2.2, shows the most
visible outliers of these four robots. This may be the result of loose joints causing more backlash
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Figure 6.2: Heatmap of CoM of the walking engines on NAO1

Figure 6.3: Comparison of CoM of the HULKs walking engine on NAO1-4
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6 Data Analysis

in the robot as it walks, leading to the CoM shifting unpredictably. However, while NAO3 does
not have a lot of outliers, NAO4 does, even though these two robots were purchased at the same
time. This indicates that in even the few months since their purchase date these robots have
received uneven usage and the hardware has deteriorated in unequal ways. A comparison of the
CoM of two brand-new robots must be conducted to see if the shape of the CoM scatter plot is
a direct result of the hardware or whether other factors play into it.

6.3 Zero Moment Point (ZMP)
As stated in Section 5.5 this thesis analyzes the ZMP with regard to the support polygon of
both feet. An initial approach to finding summarizing value for this involves determining the
average distance of the ZMP to the support polygon, with the distance equaling 0 if the ZMP
is inside the support polygon. The equations for that are as follows:

Davg =
1

W

∑
k∈K

Dk (6.2)

Dk =

{
0 if PZMP,k ∈ supportG,k

min(dist(PZMP,k,AB)) otherwise
(6.3)

W =
∑
k∈K

i where i =
{
0 ifDk = 0

1 otherwise
(6.4)

Here Davg is the average distance of the ZMP outside the support polygon, calculated using the
distance Dk to the support polygon and W the number of frames that the ZMP was outside
the support polygon. Dk in turn is the minimum distance of the ZMP to any line AB in the
boundary of supportG,k (see Eq. 5.17). However, this initial approach provides values which are
too similar between testing scenarios to offer any interesting insight. The average distance for
each scenario is on the order of a few micrometers.

Instead, only the values of W are considered, the number of frames during which the ZMP
is outside the convex hull of the support polygon of both feet. The results of this are shown in
Table 6.2 and Figure 6.4. These values indicate the number of frames during which the ZMP

HULKs FastHULKs B-Human Nao Devils
NAO1 120 820 356 889
NAO2 233 1169* 216 489*
NAO3 23 156 36 212
NAO4 32 83 10 886

Table 6.2: Number of frames (W ) where the ZMP was outside support polygon of both feet

was not contained in the convex hull of the support polygon of both feet. As was stated in
Section 3.1.1, the ZMP represents the point where, if the robot stops instantaneously walking,
a normal force must be applied to prevent it from falling over. Under the assumption that the
robot is able to place its swing foot down on the ground, the instance before it stops walking, it
means that as long as the ZMP is contained within the support polygon of both feet, the robot
does not fall over. However, the values from Table 6.2 show instances where the ZMP is outside
the support polygon. This means that even if the robot were able to instantaneously place it’s
swing foot down, it would not be able to stabilize itself if it instantaneously stopped walking.
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6.4 Double Support Phase Length
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Figure 6.4: Number of frames (W ) where the ZMP was outside support polygon of both feet

While this is by no means a perfect analysis of dynamic stability, it does provide same valuable
insight into the differences between the walking engines.

For the case of FastHULKs and Nao Devils this data approximately correlates with the number
of falls the robot’s experienced, with an increased value of W indicating unstable walking and
thus more falls. The pattern breaks down when looking at BHuman-NAO1, B-Human-NAO2,
and HULKs-NAO2, which each had more frames of instability than NaoDevils-NAO3, yet in
these scenarios the robots never fell. This is most likely due to an early enough detection
of instability of the robot by the walking engine and the ability to properly compensate with
stabilizing steps. Further testing with intentional pushing of the robot would provide more
evidence to each walking engine’s ability to compensate for instability.

Finally, it is interesting to note that NAO3 and NAO4 consistently, except for the case of
NaoDevils-NAO4, fewer frames of the ZMP being outside the support polygon than NAO1 and
NAO2. This could be due to differences in hardware deterioration, since NAO1 and NAO2 are
approximately 2 years older than NAO3 and NAO4, and have thus been used for more testing
and competitions. Further testing might provide evidence to support that tracking the value of
W over the course of the robot’s usage may be a way to objectively determine that the hardware
has deteriorated. Another valuable comparison would be to thoroughly calculate the backlash of
the joints of the robots and determine if this has a correlation with the instability as determined
by the ZMP.

6.4 Double Support Phase Length
As stated in Section 3.7 the length of the double support phase cannot be analyzed objectively
with respect to some optimal value as the optimal length of the double support phase is unknown
for the NAO robot and the different walking engines.

Rather than calculating the double support phase as a fraction of each walk cycle, the average
double support phase length over the entire data set is considered. The equation for this is:

δDSP =
1

K

∑
k∈K

1− |left.contactk − right.contactk| (6.5)

which calculates the proportion of frames where both feet are in contact with the ground. For
this the boolean values from Section 5.3 are used, such that the calculation inside the sum
evaluates to 1 if both feet are in contact with the ground and 0 if only one foot is in contact
with the ground. The results for this are shown in Table 6.3.

The length of the calculated double support phase relies entirely on data accuracy from the
FSR sensors. The actual length of the double support could in reality be identical between each
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6 Data Analysis

HULKs FastHULKs B-Human Nao Devils
NAO1 0.123 0.122 0.128 0.207
NAO2 0.081 0.102* 0.082 0.150*
NAO3 0.122 0.126 0.127 0.170
NAO4 0.070 0.093 0.060 0.130

Table 6.3: Average Double Support Phase Length
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Figure 6.5: Average Double Support Phase Length

robot for a walking engine. However, if the FSRs of one robot are overall more sensitive than
those of another, the pressure needed to consider a foot supporting is reached earlier, and the
double support phase becomes longer. The responsiveness or accuracy of the FSRs were not
tested in this thesis, so this correlation between hardware and double support time based on
FSR values is not proven.

The most interesting result from a comparison of the double support phase between walking
engines is the comparison of the Nao Devils to the other three. The Nao Devils have a longer
double support phase than any of the other walking engines for any given robot.

6.5 Energy Consumption
Due to the fact that the batteries of the NAOs all have the same nominal voltage, calculating
the average energy consumption in Watts would only result in a scaled version of the average
current. Therefore, the metric for the average energy consumption is given in terms average
current of the battery. The current is positive while the robot is charging and negative while
it is not. Since the battery is not being charged while the robot is walking, the negative of the
current is used, such that this metric continues to have an optimal value of zero or close to.

Metric 2: 1

K

∑
k∈K

−Battery.currentk (6.6)

The results of this are shown in Table 6.4 and Figure 6.6
For every robot the highest average energy consumption was from FastHULKs, followed in

decreasing order by HULKs, B-Human, and NaoDevils. It means that the walking engine
and parameters of the HULKs software can possibly be improved in order to reduce energy
consumption. However, there also seems to be a limit to how much can be gained from trying
to limit the energy consumption of the robot. Although the Nao Devils have the lowest current
draw of all the teams, they also have the highest number of falls. Instead, the difference in
HULKs and B-Human shows a more realistic comparison of the energy that can be saved. Both
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6.5 Energy Consumption

HULKs FastHULKs B-Human Nao Devils
NAO1 3.189 3.268 3.076 2.648
NAO2 3.178 3.417* 3.143 2.512*
NAO3 3.028 3.181 2.971 2.786
NAO4 3.021 3.170 2.848 2.702

Table 6.4: Metric 2: Average battery current
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3.189 3.178 3.028 3.0213.268 3.417 3.181 3.1703.076 3.143 2.971 2.8482.648 2.512 2.786 2.702

HULKs FastHULKs B-Human Nao Devils

Figure 6.6: Metric 2: Average battery current

of these walking engines suffered from 0 falls, but B-Human managed to do this while consuming
less energy, which is considered a higher quality of walking.

Additionally, the peak energy consumption is of interest. This is simply calculated by:

Metric 3: max(−Battery.currentk)∀k ∈ K (6.7)

The results are shown in Table 6.5 and Figure 6.7. The values approximately follow the same
trend as those of metric 2, with a minor distinction that the scenario B-Human-NAO4 had the
lowest peak energy consumption.

HULKs FastHULKs B-Human Nao Devils
NAO1 5.602 6.156 5.605 5.259
NAO2 6.205 6.944 6.201 5.720
NAO3 5.994 6.340 6.340 5.187
NAO4 6.060 5.893 4.903 4.913

Table 6.5: Metric 3: Peak battery current
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Figure 6.7: Metric 3: Peak battery current
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6 Data Analysis

Critical is that both the peak energy consumption and average energy consumption should
stay within the limits of what the battery is capable of handling. While no walking engine
triggers the surge protection of the NAO’s battery, it is notable that all teams have an average
and peak energy consumption above the 2 amps that the NAO battery is rated for.

6.6 Heat Production
The joints of the NAO do not heat up equally. This is seen in Figure 6.8 and 6.9, which show
that specifically the hip-, knee-, and ankle-pitch motors of both the left and the right leg heat
up the most. In the case of BHuman-NAO1, a few other motors heat up some amount, namely
the pitch motors of the left and right shoulder and the head pitch. For FastHULKs-NAO3 these
also heat up, along with the left hip yaw pitch motor and the left and right ankle roll motors.
However, the temperature of most of these after 10 minutes of walking is well under 48◦C. For
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Figure 6.8: Temperatures of motors from BHuman-NAO1

all test scenarios it was the case that the pitch motors named above heated up the most. These
are the most relevant in walking, especially in stepping forwards as the kinematic chain formed
by these limbs are what allow the placement of the feet far in front and behind the robot torso.
Therefore, a metric is defined which considers only these motors:

Metric 4: 5000

|Ω|K
∑
i∈Ω

Temperature.iK − Temperature.i1 (6.8)

Ω = {left hip pitch, right hip pitch, (6.9)
left knee pitch, right knee pitch,

left ankle pitch, right ankle pitch}

where K is the total number of frames, such that Temperature.iL is the ending temperature of
the respective joint. The factor of 5000 is the number of frames in one minute. Equation 6.8
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Figure 6.9: Temperatures of motors from FastHULKs-NAO3

thus gives the average temperature gain in ◦C / minute of joints in Ω This metric is defined
like this to allow for a comparison of heat gain even for the two scenarios where less than 10
minutes of data were gathered. The results are shown in Table 6.6 and Figure 6.10. The trend

HULKs FastHULKs B-Human Nao Devils
NAO1 5.10 5.23 4.87 3.67
NAO2 4.97 5.31* 4.90 3.20*
NAO3 5.27 5.43 4.88 4.20
NAO4 5.03 5.00 4.53 3.93

Table 6.6: Metric 4: Average temperature gain in ◦C / minute of joints in Ω
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Figure 6.10: Metric 4: Average temperature gain in ◦C / minute of joints in Ω

of the metric 4 generally follows that of metric 2, i.e. that FastHULKs is the worst and Nao
Devils is best performing walking engine. This makes sense as the temperature values of the
NAO are simulated based on the current consumption as explained in Section 3.4. An outlier
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6 Data Analysis

to this trend is FastHULKs-NAO4, although the reason why this robot heats up less, is not
determinable from the data without a deeper analysis of the walking patterns of the robot.

While B-Human has an average temperature gain for the 6 leg joints that is lower than HULKs,
for all except NAO4 the maximum temperature of any single leg joint is equal to or higher than
that of both hulks and FastHULKs (see Tab. 6.7). It was expected that the robots with high
joint temperatures would eventually collapse due to HAL potentially reducing the stiffness in
the motors, however, this did not occur. It is unknown exactly when and how HAL reduces
the stiffness in the motors, and there exists no data to show that this would be reflected in the
sensor data from LoLA. For the case of BHuman-NAO3 either HAL didn’t reduce the stiffness
in the 104◦C motor, or the B-Human walking engine was able to compensate any momentary
loss of stiffness through balance adjustments of the whole robot. The maximum temperature

HULKs FastHULKs B-Human Nao Devils
NAO1 90 88 90 82
NAO2 92 94* 94 66*
NAO3 98 90 104 90
NAO4 90 94 84 84

Table 6.7: Maximum temperature in ◦C of the hottest joint in Ω

of NaoDevils-NAO2 was 66◦C when the test was concluded due to the robot’s inability to get
back up. During the testing the assumption was that the robot had simply gotten too hot.
However, given that this temperature is well below that of other testing scenarios, it is unclear
what caused this combination of walking engine and robot to repeatedly fail. Finding this source
of the issue would require a deeper investigation into the Nao Devils software along with tests
on other hardware to see if this is reproducible in some way.

6.7 Torso Stability
As stated in Section 3.7 the camera stability is judged through the stability of the torso, where
better stability is defined by a decrease in the movement of the torso. The three main aspects of
this are the acceleration in the Y and Z axes, and the rotation around the X axis of the robot.
Rotations around the Y and Z axes can be compensated by the head’s pitch and yaw motors
respectively. Acceleration of the torso along the X axis does not result in the camera changing
the direction and rotation of it’s field of view and is considered less detrimental than motion
blur caused be a rotating torso or lateral and vertical acceleration. Thus, the following metrics
are defined:

Metric 5: 1

K

∑
k∈K

|Gyroscope.xk| (6.10)

Metric 6: 1

K

∑
k∈K

|Accelerometer.yk − yR| (6.11)

Metric 7: 1

K

∑
k∈K

|Accelerometer.zk − zR| (6.12)

where yR and zR are the acceleration due to gravity in the robot coordinate system calculated
using a homogeneous vector based on g:

(xR, yR, zR,0) = TR
P ∗ (0,0,− g,0) (6.13)
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6.7 Torso Stability

Metric 5 is the rotational speed of the torso around the X axis, metrics 6 and 7 are the absolute
acceleration of the robot torso in the Y and Z axis compensated with gravitational acceleration.
The results of these metrics are shown in Tables 6.8,6.9 and 6.10.

There is no clear trend when comparing the different robots and walking engines for the three
metrics that make up the torso stability. The only exception to this are the values of the Nao
Devils, which, like was the case for energy consumption and heat production, are lower and
therefore better than those of the other three walking engines. This comes as a surprise, given
the general instability observed for the Nao Devils and the number of falls the robots using the
Nao Devils walking engine experienced. However, what this clearly shows, is that torso stability
does not correlate to overall stability or the ability to not fall.

For NAO2,NAO3, and NAO4 metrics 4 and 5 saw an improvement and metric 6 got worse
when comparing HULKS to FastHULKs. This indicates that although FastHULKs consumes
more energy and heats up the robot more, it is possible to gain some camera stability from the
set of parameters that make up FastHULKs.

HULKs FastHULKs B-Human Nao Devils
NAO1 0.420 0.425 0.474 0.269
NAO2 0.431 0.428* 0.383 0.217*
NAO3 0.383 0.381 0.388 0.224
NAO4 0.433 0.404 0.392 0.262

Table 6.8: Metric 5: Average absolute gyroscope x value
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Figure 6.11: Metric 5: Average absolute gyroscope x value

HULKs FastHULKs B-Human Nao Devils
NAO1 2.067 2.097 2.153 1.752
NAO2 2.064 2.072* 2.122 1.541*
NAO3 2.022 2.068 2.096 1.794
NAO4 1.966 1.960 2.018 1.740

Table 6.9: Metric 6: Average absolute accelerometer y value compensated for gravity

When analyzing torso stability for HULKs, FastHULKs, and B-Human the difference in hard-
ware are once again visible. For all situations, except NAO4-HULKs, NAO3 and NAO4 con-
sistently showed more stability than NAO1 and NAO2. This points again to differences in the
looseness of joints leading to different amount of backlash in the robot. Nao Devils is an outlier,
as the highest torso stability, i.e. the lowest rotation and acceleration of the torso, were demon-
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6 Data Analysis
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Figure 6.12: Metric 6: Average absolute accelerometer y value compensated for gravity

HULKs FastHULKs B-Human Nao Devils
NAO1 2.430 2.430 2.455 2.157
NAO2 2.517 2.548* 2.499 1.815*
NAO3 2.106 2.253 2.320 1.969
NAO4 2.237 2.314 2.276 1.987

Table 6.10: Metric 7: Average absolute accelerometer z value compensated for gravity

NAO1 NAO2 NAO3 NAO4
0

1

2

3

m
/s

2

2.430 2.517
2.106 2.2372.430 2.548

2.253 2.3142.455 2.499 2.320 2.2762.157
1.815 1.969 1.978

HULKs FastHULKs B-Human Nao Devils

Figure 6.13: Metric 7: Average absolute accelerometer z value compensated for gravity

strated by NAO2, the robot considered to have the most hardware deterioration. This would
indicate that the Nao Devils walking engine may include a stabilization specifically for worn out
hardware. A code analysis or further testing on other robots could be used to verify this.

6.8 Summary
Overall, based on the metrics defined, save for the number of falls, the walking engine of the Nao
Devils outperforms the other walking engines in every metric. On average, it keeps the torso
the steadiest to allow for the highest potential camera stability, while consuming less energy
and producing less heat than the walking engines of HULKs and B-Human, regardless of the
robot used. However, as pointed out, the Nao Devils testing scenarios also had the highest total
number of falls by far. As was discussed in the introduction, these regular falls are an expected
occurrence, as the Nao Devils have a much more stop-and-go approach to their walking. Robots
will either walk slow and steady, or speed up to a point of instability, and fall over.

The increased energy consumption, heat production, and number of falls are evidence of why
the parameters of FastHULKs are not employed by the HULKs team. The heat production and
number of falls especially have an impact on hardware deterioration in the long run. However,
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6.8 Summary

the comparison of these two scenarios shows that the metrics in this thesis are usable in analyzing
the effects of parameter changes in a way that subjective human observation of walking can not.
It is possible to quantify torso stability using this metric which replaces human judgement of
the same.

As for the walking quality of the walking engines overall, when taking into account all metrics
including the number of falls, no Pareto-optimal combination of walking engine and hardware is
determinable. No single robot or walking engine consistently outperforms the rest. It is clear that
in order to assign a metrics to the walking quality as a whole, a cost function which combines the
individual metrics is needed. One example of this is a weighted sum of the individual metrics.
However, in this first attempt at analyzing walking quality such the weights would only be
arbitrarily chosen, thus a combined metric is not calculated in this thesis.
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7 Conclusion

This thesis lays the groundwork for an intensive study of walking quality of a NAO robot in
the context of the RoboCup. It provides a review of state-of-the-art categories for analyzing
walking quality, and under the limitations set forth, defines and calculates metrics for a portion
of these. An important finding of this thesis is that the metrics defined and evaluated in this
thesis are not enough to obtain an absolute objective ranking of the walking engines of the three
teams studied. The Nao Devils consistently have the lowest and therefore the best value for
all metrics except the number of falls. B-Human had higher maximum joint temperatures than
HULKs, but managed to consume less energy and have a lower average heat gain of the walking
critical joint motors in the legs of the robot. While these metrics do cover important aspects of
potential camera stability by means of torso stability, heat production, and energy consumption,
other aspects critical to the RoboCup, such as speed and robustness against pushing, were not
studied. It is clear that all aspects of walking quality must be used to gain a fully comprehensive
understanding of walking.

The HULKs gain several insights into walking quality from this research. First, the summary
of research in this field provides a concise reference point for further research into walking quality.
Second, this thesis establishes an initial set of metrics for analyzing walking quality, along with
a method of gathering the required data, both for the HULKs walking engine and for that of
other teams. It also means that changes in walking quality can now be analyzed when changes
in walking engine software occur. Third, while differences in hardware deterioration are not
consistently noticeable, differences in the robot stability calculated through the ZMP and the
torso stability do seem to show that older hardware inherently becomes unstable. This should
be a focus point for further investigation. Finally, the evaluation of the metrics for the four
walking engines shows that there is a range of walking engines and parameters that still allow
for successful walking. This means that the HULKs should try out other ranges of parameters
to further improve their walking quality and evaluate the metrics proposed in this thesis for
these changes. This may allow for a finding of an entirely unique set of parameters that improve
the walking quality drastically, for example by reducing energy consumption.

Outlook
Based on the gained insights there are many applications of this research which future work can
pursue.

First, to gain an even deeper understanding of the differences in the walking engines, a larger
data gathering setup must be designed which is not limited to the restrictions of the parameter
tuning environment of the RoboCup. Using a camera based robot tracking system allows for the
identification of the robot’s position and speed without requiring access to the robotics code.
Such a setup optimally also includes the ability to track each limb of the robot to determine
slipping, and a system through which the robots can be pushed repeatably, so that the robustness
against external forces is tested. New metrics based on the collected values can be defined which
allow for an even more in-depth comparison of walking engines.
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7 Conclusion

Second, the scope should be limited to just the HULKs team, as the motivation is for the
HULKs to improve their walking. When no longer comparing the HULKs to other teams, the
requirement of performing black-box analysis becomes obsolete and allows for a deeper analysis
of the walking quality through access to the robotics code. This means that the position of the
ZMP can be compared to the planned motion of the robot and deviations can be determined, even
when only considering a single support foot. The location of the robot can be tracked by using
the internal localization algorithms which allows for the calculation of speed and inefficiencies
due to slipping.

Third, based on the scope which focuses on just the HULKs team, large amounts of data using
different parameters can be gathered through simulations. This also allows for the testing on
slightly different fields and simulating external forces, such that information is gathered about
all aspects of walking quality. Through this enough data can be gathered to the point that
an optimization algorithm can be applied to the gathered data, and sets of parameters which
optimize the individual metrics are found. With enough data it may be possible to approximate
gradients for the changes in parameters, which allows for the applicability of stochastic gradient
descent. If a combined cost function for all metrics is defined, this method allows for the finding
of a set of parameters which optimizes all aspects of the walking quality.
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