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Abstract
There is a persistent need to establish a spatial mapping between two or more 2D or 3D represen-
tations of an object. This task is very common in the field of science, medicine, engineering, as
well as in the field of robotics. This spatial mapping is called object registration or object pose
(position and orientation) estimation and its goal is to determine a spatial transformation that
best aligns two object descriptions.
This thesis work focuses on the implementation and evaluation of methods for free-form object
registration from 3D point clouds. Enhancement to the registration accuracy is achieved by
using more informative features (color) to existing methods (ICP, PPF). This thesis, for example,
describes a system for accurate object registration from a 3D point cloud which is vital in the task
of robotic grasping.
3D pose estimation experiments demonstrate that proper down-sampling and the use of color
information in our setup significantly increase registration accuracy.
Besides having multiple areas in which object registration can be applied, the chosen field of
application for this thesis is oriented to a future robotic grasping task.
Key words: 3D point cloud, 3D pose estimation, ICP, PPF
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1 Introduction
The need to establish a spatial mapping between two or more 2D or 3D representations of an object
is very common in the field of science, medicine, engineering, as well as in the field of robotics.
This spatial mapping is referred to as object registration or object pose (position and orientation)
estimation. The registration problem is that of determining a spatial transformation that best
aligns two object descriptions based on a suitable cost metric. Several tasks can be carried out
using the spatially aligned object descriptions. Some of these tasks include:
• 3D object recognition:
This is a well-known research problem in the field of computer vision. Most approaches to this
object recognition problem are based on 3D pose estimation. See Figure 1.1.
• Real-time pose tracking:
Tracking the position and orientation of a free-form object in real-time requires high-speed
registration capabilities. Real-time human pose tracking for example as in Figure 1.1, is achieved
by rapid processing and registration of motion and depth sequences.
• Model-based localization:
The location of a desired physical scene object from its model description is achieved by spatially
registering the model object to the physical scene. For example in automatic localization and
grasping, once registration is done properly, the grasping task can be performed accurately. See
Figure 1.1.

Figure 1.1: Tasks based on pose estimation.
Recognition and location of objects from 3D image datasets (left) [1].
Real-time human pose tracking scenario (middle) [2]. A grasping task

performed after accurate model localization (right) [3].

1.1 Motivation

Although there are numerous fields in which registration can be carried out as mentioned earlier,
the field of interest for this thesis work is that of robotics. The ideas and approaches described in
this work can be applied to a broad range of pose estimation problems. However, it is particularly
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beneficial in robotics since the object to be registered must not always be necessarily at the exact
same location.
The problem of robotic grasping being a difficult one today was even more complicated in the
past due to the lack of sensory capabilities. Most of the grasp planning methods could not act
intelligently in recognizing objects and perceiving the workspace. To perform an effective grasp
operation, for example, the target object presented to the robot needed to be placed in a predefined
precise location and with a known fixed orientation. Such systems, therefore, lacked automatic
modification capability and flexibility to adjust for changes in the assigned task. Further flexibility
enhancement can, therefore, be obtained by the integration of vision sensors.
The area of robotic grasping based on visual information has emerged within the past years as more
informative visual sensors can be integrated with the robotic grasping system to meet flexibility
needs [4], [5], [6], [7]. This research area combines mechanical actuation, vision sensing, image
processing, simulation, and high-performance computing for proper planning and execution of
grasping tasks. Central to the grasping task is the registration operation, objective of this thesis
work, which relays on the sensing capabilities of the vision system and good processing of the
sensed information (colored and depth images) to generate the registration data. A point cloud is
used as registration data to describe the scene and model objects in this work.

1.2 Thesis Objective

This thesis mainly focuses on the problem of achieving and ensuring accurate 3D pose estimation
results. Figure 1.2 sketches a scheme for achieving this goal. The example application used in
this scheme is the estimation of Mikado stick poses which are necessary for a future grasping
task. However as suggested earlier, the proposed approach can be applied to other fields. The
method consists of two stages. The first stage consists of data generation and collection, i.e, a
computer-aided design (CAD) generation of the model point cloud and the critical collection of
visual information (colored and depth images) of the real scene to create the scene point cloud.
The data obtained from the first stage then serves as the entry point into the second stage
centred around various registration algorithms, the ICP algorithm (and its variants) and the PPF
registration algorithm. ICP directly performs the online registration of the model object taking as
input the scene and model point clouds and outputs the optimal registration pose. Contrarily to
ICP, PPF consists of 2 phases, an offline phase which uses the model point cloud to generate a
global model description of the object to be registered; this global model description is then used
in the online phase together with the scene point cloud to carry out the registration operation.
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Figure 1.2: Free-from point cloud Registration scheme.
In stage 1, quality model and scene point clouds (inputs) are generated
from CAD software and vision sensor data (colored and depth images),

respectively. The inputs are later passed to the pose estimation algorithm.
The execution of the registration algorithm then outputs the optimal

registration pose.

In stage 1 of the registration scheme in Figure 1.2, quality model and scene point clouds (inputs)
are generated from CAD software and vision sensor data (colored and depth images), respectively.
The inputs are later passed to the pose estimation algorithm. The execution of the registration
algorithm then outputs the optimal registration pose which describes the spatial location of the
object of interest in the scene.

1.3 Thesis Layout

The rest of the thesis work is organized as follows.
Chapter 2 provides the foundation of the work, the background, and the description of the
object registration problem. Herein is equally presented details on the choice of the vision sensor
configuration and its calibration for our specific setup.
Chapter 3 presents the registration algorithms used as solution methods in this thesis. This chapter
equally provides some enhancements to speed up the registration algorithms in order to obtain
reasonable registration time. The important and subjective nature of the ICP algorithm to local
minima is discussed and possible methods to overcome the problem are equally provided.
Chapter 4 demonstrates how both the synthetic and quality real-world data are generated. Dealing
with a data-driven scheme, the quality of the real-world data has a great influence on the registration
results. To this aim, an approach to obtain good quality real-world data to describe the scene is
provided herein.
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Chapter 5 shows how the proposed registration scheme presented in Figure 1.2 can be applied to
the 3D pose estimation problem using the collected synthetic and real-world data. The overall
registration setup and experimental results and plots are also described in this chapter.
Chapter 6 contains the conclusion and proposes directions for eventual future work.
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2 Foundations
This chapter lays down the foundations necessary to achieve our goal of accurate object registration.
Details on the pose estimation problem description are provided in this section. Herein is equally
presented the basic concepts of the image generation process

2.1 Vision System

The quality of the images plays an important rule in our registration scheme as the scene point
cloud is generated from these images (See Figure 1.2). Having clear in mind that judicious collection
of quality visual information gives better registration results, a proper view of the object to be
registered is therefore mandatory for the vision system to be integrated with the registration
scheme. To this end, a preexisting pinhole camera model is used as the main component of the
vision system, with the sole purpose of generating quality data for object pose estimation.

2.1.1 Eye-In-Hand Camera Location

Several studies have been carried out in the field of eye-in-hand (EIH) visual servoing method-
ology [8], [9]. This is because eye-in-hand configuration plays an important role in industrial
assembly operations, object tracking [10], object pose estimation, as well as in many other fields of
application. An eye-in-hand configuration can be defined as a robot end effector equipped with a
camera (in general a close-range camera), as shown in Figure 2.1. Depending on the complexity of
the task to be performed, a specific camera will be selected. To counteract the effect of changes in
light intensity at some points in the real-world scene and guarantee caption of good images even
in dim light, an illuminating source could equally be attached to the gripper. Such systems are
mainly used to guide the robot end effector (gripper) to perform a specific task. In our set-up,
the task will be that of collecting clear images of the scene from different poses of the camera to
generate the point cloud. This point cloud will be used to estimate the poses of objects (Mikado
sticks) in the scene. The pose information can then serve as guidance for robot movement to a
specific location in the workspace for eventual operations.
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Figure 2.1: Eye-in-hand configuration.
Experimental setup showing the Eye-in-hand location of the

camera. This configuration ensures the collection of clear scene
images from different poses of the camera.

The eye-in-hand camera configuration is beneficial for our scenario since it guarantees that the
camera will not be occluded by the manipulator itself, as it follows its trajectory, taking images of
the scene from different poses.

2.1.2 Pinhole Camera Model

A camera can be described as a system that performs the non-invertible mapping from real-space
coordinates to image plane coordinates (R3 7→ R2) [11]. An analytical model for this transformation
is therefore necessary for determining image plane measurements in the real-world coordinates
system. The analytical model therefore plays a major role in pose estimation as well. Due to its
central projection and its capability to provide good approximations for other lensed cameras, the
pinhole camera model is one of the most adopted in computer vision. This model has equally been
adopted for our set-up.
The projection of a 3D point M[X , Y, Z]T in real space onto the image plane at m[x , y]T for a
simple pinhole camera located at the origin of the world frame is represented in Figure 2.2. The
non-linear transformation expressing this projection is given by:

x =
f X
Z

(2.1)

y =
f Y
Z

(2.2)
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Figure 2.2: Pinhole camera model. Projection of a 3D point M[X , Y, Z]T in
real space onto the image plane at m[x , y]T for a simple
pinhole camera located at the origin of the world frame.

However, the assumption that the camera is located in the center of the world frame is not always
true. If this is not the case, M must be transformed from the world frame to the camera frame
before applying the projection. This camera operation can be described more compactly by the
linear projective transformation proposed by Hartley (1999) [12] as:

m= PM (2.3)

where M[X , Y, Z]T and m[x , y]T for simplicity of notation are written as M and m, respectively,
as will be the case in other equations of this section. M and m are homogeneous coordinates in the
world frame and image plane, respectively, and P ∈ R3×4 is the 3×4 projection matrix of the camera.
By definition, the position and orientation of the camera in the world frame are given by its extrinsic
parameters. Representing these extrinsic parameters by an inhomogeneous translation vector t
and rotation matrix R, the projection matrix which performs both the coordinate transformation
and projection onto the image plane can be expressed as:

P = K(RT | −RT t ) (2.4)

where (RT | −RT t ) ∈ R3×4 is the 3×4 extrinsic camera parameters and K ∈ R3×3 is the 3×3 camera
calibration matrix. The calibration matrix for a general pinhole camera is:

K =









a f s f x0

0 f y0

0 0 1









(2.5)

where f is the focal length, (x0, y0) is the principal point (located at the intersection of the optical
axis and image plane), a is the pixel aspect ratio and s is the pixel skew description. These
quantities are independent of the position and orientation of the camera and are collectively
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known as the intrinsic camera parameters. When accurate calibration is not necessary, it is quite
reasonable to assume squared pixels (unity aspect ratio and zero skew) and the principal point
at the origin of the image plane. In such cases, the focal length f is the only parameter of the
calibration matrix:

K =









f 0 0

0 f 0

0 0 1









(2.6)

This camera focal length and its principal focus point can be computed by following a standard
calibration approach proposed by Chen and He (2007) [13]
The projection of a 3D point M[X , Y, Z]T on to the image plane at a point m[x , y]T can thus be
represented in the homogeneous matrix form, and its complete pixel position can now be written
as:

m= K(RT | −RT t )M (2.7)

2.2 Object Registration

This section provides details on how the registration problem is formulated and presents a brief
related background on what has already been done as far the registration tasks are concerned. It
equally clarifies how the characteristics of the information extracted from the data can guide the
choice of the registration approach.

2.2.1 Problem Description and Related Background

Object pose estimation (also known as object registration) is the problem of finding the relative
pose (position and orientation) between two descriptions of the same object. These descriptions of
the object may be either geometric, i.e, based on the geometry (shape) of the object or photometric,
i.e, based on the object image, or they can be equally based on point cloud representation of the
object, and could be 2D or 3D.
The goal of registration is to determine a spatial transformation which aligns the two object
descriptions based on a suitable cost metric. The determined transformation can either be rigid or
deformable, and may or may not include a scale term. This thesis work however focuses on the
problem of rigid registration without scale of 3D geometric object descriptions.
Related background research on object pose estimation suggests that it can be tackled either
through a learning-based approach or following a classical approach. In the former, natural features
of the object are extracted from the image to create a 3D metric model, which is used for offline
training of the neural network used for registration [14]. In the later, iterative algorithms directly
operate online and repetitively find correspondence between model points and scene object points
until convergence is achieved. Other approaches equally extract features from the model object
not to train a network but rather to generate a global model description in the offline phase
of the registration; this description of the model is then queried during the online phase of the
registration [15]. A close examination of 2D photo-metric image registration which has applications
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in the fields of object recognition and medical processing can be found in [16]. A huge amount of
work which aims at registering 2D geometric descriptions to 3D geometric models in computer
vision can be found in [17], [18].
Estimating the relative pose between 2 sets of points with known correspondences is a common 3D to
3D registration problem. Two general solutions to this problem are the singular value decomposition
(SVD) solution method [19], [20]. and the quaternion-based solution method [21], [22]. The former
solution method is adopted in this thesis work in the implementation of the ICP algorithm. Several
other approaches have been used to solve variants of 3D to 3D pose estimation problems. These
approaches differ in the search mechanism of the optimal transformation pose and the choice of the
cost function. For example, the quaternion and SVD solution methods mentioned above are both
formulated as least-squares minimization problem. A nice outline of other methods that register
3D surfaces to point-sets can be found in [23].
Research from the literature suggests that a minimum of 3 points are necessary for solving
the 3D correspondences point problem. The presence of additional points renders the problem
overconstrained and makes it possible to remove outlier correspondences. The elimination of
outliers requires to specify which points to eliminate. In most methods, this is done by setting
a residual error threshold which partitions the point-set into inlier and outlier correspondences.
Methods for robust determination of residual thresholds are proposed in [24], [25].

2.2.2 Shape-based Registration

The geometric description of an object as mentioned earlier encodes information about the object’s
shape. Volumetric shape descriptions on the other hand explicitly represent the regions of space
that are occupied by an object. The transition between an object and its surrounding (i.e, the
object’s surface) is explicitly represented by boundary shape descriptions. All this information on
the shape of the object and its surrounding leads us to a form of registration based on geometric
data: Given a 3D data-set in sensor coordinate system, which describes a data shape that may
match with a model shape, and given different geometric shape representations of a model shape
in a model coordinate system, the goal is to estimate the optimal rotation and translation that
best aligns (registers) the model shape and the data shape minimizing the distance between the
shapes through a suitably chosen cost metric. As mentioned earlier, Several cost functions exist.
The choice of the cost function in most cases differentiate a solution method from another. For
example, the shape-based registration problem solved in [22] minimizes the mean-square distance
metric. Primitives which can be used to describe the geometric data (object shape) include: sets
of points, sets of lines, sets of curves, sets of polygons (e.g., triangle meshes), implicit surfaces, or
parametric surfaces.
A general class of shape registration problems is the 3D to 3D registration, which includes the
registration of a Model composed of point-sets, line-sets, curve-sets or surfaces, to Data composed
of one of these representations. A common example is the registration of point-sets to surfaces.
More formally, the objective of these problems is to solve the minimization equation:

min
T

d[M , T (S)] (2.8)

where M is a Model description, S is a Data description, T is a rigid transformation, and d is a
measure of distance (similarity) between the object descriptions. A solution method for this class
of problems as proposed in [22] is based on the iterative closest point (ICP) algorithm. The ICP

9



algorithm being the basis for most registration algorithms will be described in detail in Section
3.1. It is, however, important to point out that the shape-based registration approach requires no
extraction of features, no curve or surface derivatives and no preprocessing of the 3D data apart
from the elimination of outliers if necessary.

2.2.3 Registration from 3D Point Cloud

A point cloud is a collection of data points in space defined by a given coordinate system. In a 3D
coordinates system, for example, a point cloud may define the shape of some real or simulated
physical system. They are generally produced by 3D scanners but can equally be generated from
colored and depth images taken by an RGB-D camera. The later point cloud generation method
will be adopted in this work as shown in Figure 2.3.

Figure 2.3: Generated point cloud. Processing of the depth image on the left and the
colored image in the middle outputs the resulting Point cloud on the right.

Pose estimation from point cloud data and shape-based registration share the same concept. The
difference between the 2 approaches only resides at the level of the data structure. In point
cloud-based registration, the scene and model objects are both represented by 3D point cloud
data-sets. The problem can, therefore, be formulated as in the previous case choosing a suitable
cost function to be minimized. Besides, being a model-based registration method like the one
mentioned in Section 2.2.2, object registration from point cloud data provides the additional
advantage that peculiar features can be extracted from the point clouds and used for registration
of free-form 3D objects.
A mixed-integer problem formulation of this point cloud registration problem focuses on finding the
best configuration of a rigid-body model to explain the sensed point cloud data [26]. The model
configuration is parameterized by the rotation R ∈ SO(3) and translation t ∈ R3 of the rigid body.
The point cloud sensor samples a set of Ns points S = {si} from the geometry of the world. The
model can be described as a collection of Nm point features, leading to an optimization penalizing
a norm.

min
R,t ,C

∑

i∈[1,Ns]

‖Rsi + t −mC(i)‖, (2.9)

C(i) = argmin
j∈[1,Nm]

‖Rsi + t −m j‖, (2.10)

where C(i) relates each scene point to the closest model feature according to the desired norm.
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The crucial point in solving the pose estimation problem is finding the right correspondences
between the 2 object descriptions. This fundamental step in the registration process is generally
problematic because correspondence search can easily get trapped into local minima. When this
happens, the registration fails to return the optimal solution. This correspondence problem can,
however, be solved by using Go-ICP. Based on the aforementioned mixed-integer formulation
(solved using the BnB method), Go-ICP is capable of returning the optimal registration pose.
The drawback of this method is that it involves a very high computation cost. To avoid this
huge computation, alternative approaches such as PPF algorithm and other enhancements to the
basic ICP algorithm will be used in this thesis work to find correspondences and minimize the
registration error.
The alternative formulation of this problem is based on the assumption that both the scene and the
model point clouds are represented as a finite set of oriented points, where a normal is associated
with each point (point pair feature; PPF) [15]. This formulation is based on a global model
description and a voting scheme. Nevertheless, regardless of the formulation, proper management
of outliers improves the registration performance.
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3 Algorithmic Description of the Investigated
Algorithms

Object pose estimation being a very fertile research argument, several algorithmic approaches to
achieve this goal are present in the literature. This chapter provides some of these algorithms
with specific emphasis on the ones investigated for our setup. Eventual improvements to these
approaches to enhance pose estimation performances are also herein presented.

3.1 Iterative Closes Point (ICP) Algorithms

Considering the more general class of registration problems, i.e, 3D-to-3D registration, the individual
point pairs (si, mi) correspondences are unknown a priori. The iterative closes point (ICP) algorithm
proposed in [22] is an approach for solving this class of problems since, it handles the full 6 degrees
of freedom (dof) and requires neither derivative estimation nor feature extraction. This algorithm
is the basis of most registration algorithms and is very popular because of its simplicity and clarity.
However, the algorithm in its base form works only in ideal cases. This will, therefore, lead us to
further modifications and improvements, that will be discussed in Section 3.1.3

3.1.1 Mathematical Background

Some mathematical background related to the ICP algorithm is hereafter recalled. Let’s consider
in general two point-sets M and S in a finite-dimensional vector space Rd with Nm and Ns
points respectively. What we want to do is to determine the rigid (or non-rigid) transformation
T : Rd → Rd that minimizes the distance (mean squared distance) between the two point-sets:

RMSD(T (M), S) =

∑

m∈T (M)

∑

s∈S |m− s|2

n
(3.1)

In presence of outliers, i.e, situations where the two sets do not have the same number of points,
only partial overlapping can be performed. This leads us to setting a threshold parameter that
eliminates point pairs which are greater than the user-specified threshold (thr).
Thus, for a set of pairs of points C = (mi, s j), where mi ∈ M , si ∈ S, dist(·) is the euclidean
distance function, it must hold that:

∀sk ∈ S : dist(mi, sk)≥ dist(mi, s j), dist(mi, s j)< thr

Hence (3.1) can be rewritten to manage outliers as:

RMSD(T (M), µ(S)) =

∑

C dist(T (mi), s j)2

|C |
, mi, s j ∈ C (3.2)

where µ(S) is the point-set such that ∀mi, s j ∈ M , S, dist(mi, s j)< thr. The distance
dist(T (mi), s j) is minimized and |C | is the cardinality of set C.

12



3.1.2 ICP Formulation

• ICP mathematical description
Let M and S be two point clouds with finite number of points Nm and Ns, respectively. Firstly, we
compute the nearest point in S for every point in M . The points can be chosen randomly. The ICP
algorithm assumes that corresponding points are the nearest ones. For these pairs, we compute
the rotation matrix and translation vector and try to minimize the error:

E(R, t ) =
Ns
∑

i=1

Nm
∑

j=1

wi j‖si − (Rm j + t )‖2 (3.3)

where wi j are the weights of corresponding points. If point mi is the nearest point to s j, we set the
weights as wi j = 1, otherwise wi j = 0.
We can then rewrite (3.3) as:

E(R, t ) =

∑N
i=1 ‖si − (Rm j + t )‖2

N
(3.4)

where

N =
Ns
∑

i=1

Nm
∑

j=1

wi j (3.5)

and the corresponding matrix of weights wi j is substituted by the sum of corresponding points.
Singular Value Decomposition (SVD) is then used in the optimization step to find the optimal
transformation T (R, t ). However, we need the centroid of alignment to compute SVD. Having
determined point pair correspondences, the centroids of both point clouds can be computed as:

CM =

∑N
i=1 mi

N
(3.6)

CS =

∑N
i=1 si

N
(3.7)

After determining the centroids, we align all the points of M and S using their corresponding
centroid and we have:

M ′ = {m′i = mi − CM}i...N
S′ = {s′i = si − CS}i...N

With their corresponding matrix forms given by M ′, S′ respectively.
The covariance matrix H is calculated as:
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H = M ′S′T (3.8)

The decomposition of H into its Singular value components gives:

H = UΛV T (3.9)

The rotation matrix is then given by:

R = VUT (3.10)

And the translation vector is calculated as:

t = CS −RCm (3.11)

• Execution steps of ICP
Hereafter is presented an overview of the ICP algorithm which considers management of outliers [20]:
Given two input point clouds M and S, where M is the model point cloud with Nm data points
and S is the scene point cloud with Ns data points, the goal is to find the rigid transformation
that guarantees the best correspondence between these point clouds. This can be formulated in
the following steps:

1. Computation of the nearest point in S for every point (eventually part of points) in M , e.g,
using the Euclidian distance:

dist i =min
¦Ç

m2
i − s2

j

©

, j = 1...Ns (3.12)

2. Eliminate the point pair if dist i > thr

3. Assignment of weight to individual point pairs: typically the weight is wi j = 1. The weights
could, however, be set as the dot product between the normal vectors to the point pairs:

wi j = nin j (3.13)

4. Computation of the rotation matrix R and translation vector t using distance minimization
least square method in equations (3.6)-(3.11).

5. Computation of the transformation of M using the values of R and t , from the previous step
as: Rmi + t

6. Computation of the registration error E(R, t ) using (3.4).

7. Repeat steps 1-6 until required accuracy or maximum number of iterations (if set) is attained.
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The computation of the closest point in step 1 equally outputs the set of point pair correspondences
C = {(mi, si)}i=1. . . N , since each point in S is paired to Nm points from M . Hence N will turn out
to be equal to Ns in case no point pair was eliminated due to the threshold distance constrain.
Figure 3.1 Shows a Flowchart and pseudocode of the ICP algorithm:

Figure 3.1: Pseudocode (left) and Flowchart (right) of ICP.
Herein, T is the transformation matrix (rotation matrix R and
translation vector t ), T0 is the initial transformation matrix

(R0 ∈ R3×3 identity matrix and t0 ∈ R3 zero-translation vector),
set C contains all point pair correspondences that cover the

closest points in S to points in M . We then iteratively calculate
the new transformation T = (R, t ) using SVD ((3.6)-(3.11)) and
apply the calculated T to the model points M and the error is
computed. The iterations continue until convergence ((R∗, t ∗))

or maximum number of iterations (if set) is reached.

3.1.3 Enhancements to ICP Algorithm

Due to convergence issues and the high computational cost (O(NmNs)) of the closest neighbor
search in the ICP algorithm, several approaches have been developed to speed up the algorithm.
Some of them are hereafter presented:

• Guidance to convergence region:

The ICP algorithm works quite well, especially when there exists an approximate estimate for
initialization that can reduce the number of registration iterations. However, this algorithm
is subject to the problem of local minima for which a theorem exists and is proven in [22]:

“The iterative closes point algorithm always converges monotonically to a local minimum
w.r.t. the mean-square distance objective function.”

There is, therefore, no guarantee that the ICP algorithm will converge to the global minimum.
In such situations when non-global convergence is a problem it is necessary to develop
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techniques for guiding the algorithm to the region of global minimum. One of these techniques
is presented in [22]. The idea behind this technique is based on the assumption that there
exist a finite set of local minima for the 2 point-sets to be registered. This set of local minima
can be partitioned into equivalence classes such that one of theses classes maps to the correct
global minimum. To guarantee that the global minimum is found during the registration, it
is necessary to use an appropriate set of initial transformations such that transforming the
model object by at least one of these initial transformations will place it into the correct
equivalence class. This will then guide the registration to the global minimum. Methods for
determining the equivalence classes and the set of initial transformations are discussed in [22].

• Using a k-dimensional tree:

Finding the closest points (step 1 in the execution steps of ICP algorithm above) is computa-
tionally expensive. In general, having Nm points in the model point cloud and Ns points in
the scene point cloud, the complexity of a single closest point query is O(NmNs) in the worst
case and O(Ns log(Nm)) in the average case. However as suggested in [22], an expected cost
of O(log(Nm)) using a k-dimensional tree (simply k-d tree) can be achieved. The k-d tree
being a special case of the binary partitioning reduces the closest point computation to a
binary tree search. At each node of the tree, a test is performed to determine on which side
of a hyperplane the closest point lies.

• Weighting of points:

In the trivial case all points have the same weight (ideally wi = 1). However, it is suitable
to assign a weight to points based for instance on their relative distance. Depending on the
distance of the points, we can decide to either eliminate the point if it exceeds a predefined
threshold or assign a weight to the point pair based on the formula proposed in [27]:

weight = 1−
Dist(s1, m2)

Distmax
(3.14)

Alternatively, weight can be assigned based on the direction of the normal vectors to the
points, as their scalar product varies depending on their spatial orientation. If the normal
vectors at both points are parallel, the dot product is larger while it decreases with increasing
size of angle-normal and reduces to zero in the perpendicular case. The weight can thus be
assigned as:

weight = ns
1nm

2 (3.15)

• Multiresolution scheme:

The idea behind using a multiresolution approach to improve the performance of ICP is to use
a down-sampled data-set for the first few iterations and increase the resolution of the data-set
later in the next iterations. For example, one could progressively scale up the resolution from
1
5 of the data-set in the initial iterations up to the entire data set towards the final iterations
thereby achieving a coarse to fine registration.

This approach reduces the computational cost, since the duration of each iteration carried
out at low resolution is considerably reduced. As suggested in [28], where multiresolution
ICP is used for image registration, the final matching precision is expected to be the same
as in the case of using all the data-set throughout the whole registration. Besides, the total
number of iterations is expected not to be greater than the one in the single resolution case.
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3.2 Colored ICP

The use of an RGB-D camera in our setup provides additional information (colour) besides the 3D
location of the point cloud. Dealing with a coloured scenario, this photometric information could
help increase the accuracy of the registration by using colour along with the geometric location of
points. Each point in the point cloud has an associated RGB colour.
The simpler 3D ICP problem formulation presented in Section 3.1.2 is therefore raised to a higher
6D dimensional space parameterized by both position and colour. Correspondences between the
scene and model point clouds for our point-to-point registration are therefore established in a 6D
space rather than a 3D space. The registration goal is that of optimizing the joint photometric
and geometric cost function represented below:

E(R, t ) = (1−σ)EC(R, t ) +σEG(R, t ) (3.16)

where EC and EG are the photometric and geometric terms, respectively, and σ ∈ [0,1] is a weight
used to balance the two terms.
This formulation of the problem presented by Park(2017) [29] and used for scene reconstruction
provides a rather complex definition of the photometric term EC . The photometric term in the
latter case is defined as a continuous and differentiable function whose gradient is an indication
of how colour varies as a function of position, whereas in our case-study, we simply define the
photometric term as the RMSE variation of RGB colours associated to scene and model points.

E(R, t ) =
Ns
∑

i=1

Nm
∑

j=1

wi j‖si − (Rm j + t )‖2 (3.17)

where,

wi j =

¨

1, if ‖(mi − s j) + γ(cm
i − cs

i )‖
2 < thr

0, otherwise

where, cs
i and cm

i are RGB colours associated to scene point si and model point mi, respectively,
and γ ∈ [0,1] is the color scale.
The complex definition of the photometric term in [29] is aimed at reducing the dimensionality
of the problem and the error due to distant correspondences that have a similar colour. This is
however not the case in our setup since the Mikado sticks have distinctive colour strands to help
identify them. Hence the decision to bear the 6D parameterization cost is made.
The colour information plays a vital role in orienting the model Mikado stick toward the correct
Mikado stick in the scene, since geometrically all the sticks are identical. Obviously, all the possible
improvements to ICP algorithm discussed in Section 3.1.3 equally hold in this case, since this
formulation is merely an extension of the former one raised to a higher dimensional space.

3.3 Globally Optimal ICP (Go-ICP)

Due to its iterative nature, the ICP algorithm is well known for its problem of local minima. This
imposes the necessity of a good initialization. Without such an initialization, it easily gets stuck
into local minima which may be very far from the optimal solution.
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The necessity to overcome these weaknesses for our specific setup made us investigate an alternative
algorithm: the Globally optimal iterative closest point algorithm, which guarantees global optimality
without the need for a good initialization. Just as the regular ICP, GO-ICP relies on the search of
closest points at each iteration.

Overview of Go-ICP

Go-ICP achieves global optimality by solving the registration problem formulated as a mixed-integer
problem. The underlying mixed-integer problem is solved using the branch-and-bound (BnB)
technique.
The BnB technique is not a solution method limited only to the class of mixed-integer problems
since it can be applied to several problems of different nature.
This technique is based on the principle that the total set of feasible solutions can be partitioned
into smaller subsets of solutions. These smaller subsets are then evaluated systematically until the
best solution is found. BnB uses a tree diagram of nodes and branches to organize the solution
partitioning. An optimal integer solution is reached when a feasible integer solution is achieved at
a node that has an upper bound greater than or equal to the upper bound at any other ending
node.
Go-ICP is summarized in [30] as follows:
“Use BnB to search the space of SE(3)

Whenever a better solution is found, call ICP (initialized at this solution) to refine (reduce)
the objective function value.

Use ICP’s result as an updated upper bound to continue the above BnB search.

Until convergence.”
SE(3) is the spatial euclidean group in R3 that consists of rotations and translations in R3.
The Go-ICP using a BnB scheme efficiently searches the entire 3D motion space SE(3). By
exploiting the special structure of SE(3) geometry, it continuously derives novel upper and lower
bounds for the registration error function. The local ICP is integrated into the nested BnB scheme,
which speeds up the registration method while guaranteeing global optimality as shown in Figure
3.2
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Figure 3.2: Collaboration between BnB and ICP to achieve global minimum.
Whenever the outer BnB finds an upper bound better (less)

than the so-far lower bound, the classical ICP algorithm is called
to take over with new initial parameters. By doing so, the ICP
jumps out of the previous local minima and the function value
is progressively decreased until global optimality is achieved.

Despite its ability to achieve global minimum, due to its computational cost, Go-ICP is especially
useful for practical scenarios where having an exact optimal solution is highly desirable. Go-ICP
does not apply to real-time critical application. Also, as experimented in [30] for pose estimation
of an object in a cluttered scene (which is the situation for our specific setup), Go-ICP has a
registration time which is quite long compared to real-time expectations. For these reasons the
algorithm is only briefly described and will not be tested in our registration scenario. However,
more details on Go-ICP can be found in [30].

3.4 Point Pair Feature (PPF) Registration Algorithm

The classical ICP algorithm performs well for registration purposes mostly in ideal situations such
as: the absence of clutter in the scene, absence of occlusion, good initialization (R0, t0), and to some
extent it requires the scene and model point clouds to have the same number of points. Go-ICP on
the other hand does not necessarily need a good initialization to guarantee optimal registration,
but unfortunately it is not suitable for real-time applications due to its high computational cost.
All these limitations lead us into examining another registration algorithm: the Point pair feature
(PPF) registration algorithm. This algorithm will be implemented for our specific setup in an
attempt to have better 3D pose estimation performances.
The alternative approach we adopted for solving the problem of pose determination of free-form 3D
objects in point clouds as proposed in [15] is based on oriented point pair features. Compared to
traditional approaches based on point descriptors, whereby the registration is performed by directly
exploiting local information between points in the two point clouds, the PPF algorithm creates
a global model description based on oriented point pair features and matches that model locally
using a fast voting scheme. The global model description consists of all model point pair features
and represents a mapping from the point pair feature space to the model, where similar features
on the model are grouped together. This approach allows the use of much sparser model and scene
point clouds. Registration is performed locally on a reduced two-dimensional search space using
an efficient voting scheme. Conceptual description and in-depth overview of the algorithm are
presented in the following subsections.
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3.4.1 Point Pair Feature (PPF)

The PPF algorithm is based on the withdrawal of point pair features from the model and scene
point clouds, which are then used for computing the feature vectors. The idea presented here is
similar to the surflet-pair feature described in [31], whereby local information on the surface is
provided by the relative position and orientation of surface point pairs. A schematic representation
of the information is presented in Figure 3.3

Figure 3.3: Point pair feature F of two oriented points. m1 and m2 are
oriented points with normals n1 and n2 respectively. The

distance between the point pair is given by d. The distance, the
angles between both normals and the distance form the features

of the point pair.

Given a pair of oriented points m1, m2, with normals n1, n2, the distance between them is set as
d = m2 −m1 and the feature vector F is defined as:

F(m1, m2) = (‖d‖2,∠(n1, d),∠(n2, d),∠(n1, n2)) (3.18)

where ∠(a, b) ∈ [0;π] denotes the vector angle between a and b. This feature F assumed
symmetric (F(m1, m2) = F(m2, m1)) is then used for creating the global model description and
later for estimating the pose of the object of interest in the scene.

3.4.2 Global Description of the Model

In the offline phase of the algorithm, a global description of the model is built using the point
pair feature described in Section 3.4.1. The global model is defined by a set of point pair features,
whereby similar feature vectors are grouped together. This grouping of feature vectors to describe
the model is done by calculating the feature vector F of equation (3.18) for all point pairs
mi, m j ∈ M (the model point cloud). The distances are then sampled in steps of ddist and the
angles in steps of dangle = 2π/nangle. Feature vectors of same distance and angles are then grouped
together. The global model description is therefore represented as a mapping from the sampled
point pair feature space to the model: L : R4→ A⊂ M2 where the four dimensional point pair
features in equation (3.18) are mapped to set A of all pairs (mi, m j) ∈ M2 that define an equal
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feature vector. This is better illustrated in Figure 3.4, which shows an example of point pairs with
similar features on a single object.

Figure 3.4: Global description of the model and hash table representation.
Same features on the model object are collected in a set A and

stored in the same location in the hash table.

Same features on the object are collected in a set A. From an implementation point of view,
this description of the model is represented as a hash table which can be accessed directly using
the sampled feature F as key. Point pairs on the model surface with the same feature vector F
are stored in the same slot in the hash table. Therefore by using Fs as key, all model features
Fm(m i , m j) matching a given scene feature Fs(si , s j) can be retrieved on average in constant time
and used for pose determination.

3.4.3 Local Coordinate and Voting Scheme

Once the global model description is computed, it can then be queried in the online phase of
the registration process to determine the final object pose. To achieve this, local poses are first
determined for the set of scene point pairs that have similar feature vectors as the model point
pairs. These local poses are then grouped (clustered) in a systematic way after voting for each of
them. Details on Pose clustering and the voting scheme are presented in the later sections. Central
to local pose determination is the concept of local coordinates described hereafter.

Local Coordinates

Let’s assume an arbitrary reference sr ∈ S (scene point cloud) lies on the object whose pose is
to be estimated. If this assumption is correct, then there exists a point mr ∈ M (model point
cloud) that corresponds to sr . Alignment of sr , mr and their normals leads to a decrease in the
number of dof for the pose of the model in the scene. This is because, after such an alignment,
only a rotation of the model around the normal of sr is needed to align it to the scene. Thus,
the rigid transformation from the model space into the scene space can be represented by a point
on the model and a rotation angle α. The pair (mr ,α) is defined as the local coordinates of the
model w.r.t the reference point sr . A point pair (mr , mi) ∈ M2 is therefore aligned to a scene pair
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(sr , si) ∈ S2 whenever both pairs have the same feature vector F . The transformation from the
local model coordinates to the scene coordinates is given by:

si = T−1
s→gRx(α)Tm→g mi (3.19)

This transformation is explained in [15] as sketched in Figure 3.5.

Figure 3.5: Model and scene Coordinates transformation. Set of
transformations necessary to align a model point pair to a scene
point pair. Tm→g is the transformation that translates mr into
the origin and rotates its normal nm

r onto the x-axis. Ts→g is
the transformation that translates sr into the origin and rotates
its normal ns

r onto the x-axis. Rx(α) is the rotation around the
x-axis of angle α to match the si and mi

The angle α is computed as α= αm −αs where αm = ∠(Tm→g mi, y) is the angle between Tm→g mi
and the y-axis and αs = ∠(Ts→gsi, y) is the angle between Ts→gsi and the y-axis.
Important to note here is the fact that compared to a general rigid transformation which has 6dof
in 3D, the local coordinates transformation have only 1dof (the rotation angle α)

Voting Scheme

Pose voting is crucial since the global object pose can easily be retrieved once the optimal local
coordinates are found. The scheme hereafter used for voting is very close to the Generalized Hough
Transform (GHT). GHT solves the problem of finding the transformation’s parameter that maps a
given model onto an image. Given the value of the transformation’s parameter, the position of
the model in the image can be determined. However, the voting scheme used in this work could
be more promising since the local coordinates has only 1dof. The goal of the voting scheme is,
therefore, that of finding optimal local coordinates (mr ,α) that maximize the number points in
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the scene that lies on the model, given a fixed reference point sr on the scene point cloud. To this
aim, a 2D-array Nm × Nangle is created to accumulate the votes, where Nm is equal to the number
of model sample points |M |, and Nangle is the number of sample steps of the rotation angle α. The
discrete space of local coordinates of a fixed reference point is defined by this accumulator array.
The Actual voting is performed by pairing every other point si ∈ S in the scene with the reference
point sr to form the feature vector Fs(sr , si), and the model surface is searched to find point pairs
(mr , mi) that have the same feature vectors as Fs . This search is done using the precomputed
global model description and answers the question of where on the model the scene point pair
(sr , si) could be located. The computed feature Fs(sr , si) is used as key to access the hash table of
the global model description which in turn outputs the set of similar features on the model.
For every possible location of (sr , si) on the model surface, the rotation angle α that corresponds
to the local coordinate (mr ,α) that maps (mr , mi) to (sr , si) is calculated using equation (3.19),
as depicted in Figure 3.5. A vote is cast for the local coordinates (mr ,α). The steps involved in
the voting scheme proposed in [15] are depicted in Figure 3.6. Once all the scene points si ∈ S are
processed, the entries of the accumulator array with maximum values correspond to the optimal
local coordinates. However, to improve registration stability, all entries with values (number of
votes) relative to the maximum value based on a predefined threshold can be used. From these
optimal local coordinates, a rigid movement can be performed to estimate the 3D pose of the
corresponding model object in the scene.

Enhancement to the Voting Scheme

Improvement of the PPF algorithm is done by making the voting stage of the registration faster. We
obtain this by speeding up the solving of equation (3.19): for every point pair in the list, α is split
into two parts, α= αm −αs, such that αm and αs depend only on the point pair on the model and
scene, respectively. Rx(α) is equally split into Rx(α) = Rx(−αs)Rx(αm) and R−1

x (−αs) = Rx(αs) is
used to obtain:

t = Rx(αs)Ts→gsi = Rx(αm)Tm→g mi ∈ Rx +R+0 y (3.20)

Equation (3.20) suggests that t lies on the half-plane defined by the x-axis and the positive part
of the y-axis. This guarantees the uniqueness of t (i.e, solving for t will give a unique solution) for
each point pair in the model or scene point cloud. Hence, it is possible to include an additional
parameter in the global description of the model by precomputing αm for every model point pair
in the off-line phase of the algorithm. In this way, αs can be calculated only once for every scene
point pair (sr, si) and the final rotation angle α is a trivial difference in the values of αm and αs.
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Figure 3.6: Steps of the voting scheme. After pairing the reference point sr
with every other point si in the scene, calculating and matching

the feature vector F to the global model description, the
rotation angle α is computed for each scene-model point pair
match. A vote is then cast for the local coordinate (mi,α).

The outline of the voting scheme (Figure 3.6) includes:

1 Pairing of the reference point sr with every other point si in the scene and calculation of the
feature vector F .

2 Matching of feature F to the global model description and the consequent return of a set of
point pairs on the model that have the same feature vector (similar distance and orientation).

3 Calculation of the rotation angle α for each point pair on the model matched to the point
pair in the scene.

4 Voting for the local coordinate (mi,α)

3.4.4 Pose Clustering

Since the voting scheme proposed in section 3.4.3 successfully determines the pose of the object
of interest in the scene only if the reference point sr lies on the surface of the object, multiple
reference points are therefore necessary to ensure that one of them lies on the object whose pose
is to be determined. As described earlier, every single reference point returns a set of possible
object poses that correspond to the maximum vote in its accumulator array. The returned set of
possible object poses only approximates the ground truth pose. This is because the sampling rates
of the scene and model, and even the sampling rate of the rotation in the local coordinates are all
different.
All the retrieved poses are then clustered and filtered. Filtering further improves the final pose
estimate, since it eliminates from each cluster poses that differ in translation and rotation for more
than a predefined threshold. After evaluating the scores of all clusters, the final object pose is
determined by taking the average of all the poses contained in the cluster with the maximum score.
While the score of a pose is simply the number of votes it obtained in the voting scheme, the score
of a cluster is given by the sum of the number of votes of the individual poses contained in the
cluster. Pose averaging further enhances the overall pose of the object. It is important to point
out that several clusters with the same maximum value can be returned by this approach since
multiple instances of the same object can be present in the scene.
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3.4.5 Phases of the PPF Algorithm

After the in-depth overview of the various building blocks that constitute the PPF algorithm, it
can be noticed that it is composed of an offline and an online phase as summarized in Figure 3.7.
The off-line phase of the PPF approach for free form object pose estimation in point clouds is
briefly composed of:

- Creation of a global model description through point pair feature extraction from the model
point cloud to generate feature vectors.

- Grouping of model point pairs with similar feature vectors Fm into sets of point pairs.

- Storage of point pair sets in an Hash table for efficient query during the online phase.

The online phase on the other hand is briefly composed of:

- Set of reference points selection in the scene point cloud.

- Creation of point pair features Fs by pairing all other points in the scene with every single
reference point (Fs(sr , si)).

- Hash table query using Fs as key to perform matching with global model description.

- Calculation of local coordinates (mi,α) for each match between Fs and Fm

- Local pose voting

- Pose clustering and final object pose determination
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Figure 3.7: Flow chart of PPF algorithm. The offline phase consists of loading the
model point cloud and extracting point pair features from it to generate
the global model description. In the online phase, after selecting the

reference points from the loaded scene point cloud and pairing them with
all other points in the scene, feature vectors are computed. Corresponding
model-scene point pair matches are retrieved by accessing the model Hash
table. For each of these model-scene point pair correspondences, the local
pose is computed and voted for. Following is the clustering of local poses,
which leads to the computation of the final pose by averaging the poses of

the cluster with the maximum score.

A summary of how various phases of PPF algorithm are executed is shown in Figure 3.7. In the
offline phase, the model point cloud is loaded and point pairs are extracted from it to compute
feature vectors. The value of α is also partially computed by computing αm. Point pairs with
similar feature vectors are grouped and saved in the same slot together with their values of αm
and the transformations necessary to perform local coordinates transformation (see Figure 3.5). In
the online phase, the selected reference points from the scene point cloud are paired with all the
other points in the scene, and the feature vectors are computed together with the values of αs and
the transformations necessary to perform local coordinates transformation(see Figure 3.5). These
feature vectors are used as keys to retrieve all sets of point pairs that have similar feature vectors
from the hash table. For each of the model-scene point pair match, local poses are computed
and voted for. Once all the points have been retrieved, the local poses are clustered based on
a predefined threshold in rotation and translation between poses of the same cluster. From the
cluster with the maximum score, the final pose is calculated by averaging all the poses in that
cluster.

An eventual improvement to this pose estimation algorithm in addition to speeding up the voting
scheme as mentioned previously, could be the addition of a new parameter in the feature vector in
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equation (3.18) that describes the color. This leads us to the coloured point pair feature algorithm
(C-PPF).
C-PPF shares the same underlying concepts as PPF. The only difference resides in the dimension
of the feature vector F which is 5 (F ∈ R5) in this case. The norm of the RGB color values
constitutes the fifth dimension in the feature vector.

F(m1, m2) = (‖d‖2,∠(n1, d),∠(n2, d),∠(n1, n2),‖u‖2, ) (3.21)

where ∠(a, b) ∈ [0;π] denotes the vector angle between a and b and ‖u‖2 is the norm of the RGB
color values of the reference point (sr /mr).
This will be implemented and evaluated in our specific setup in an attempt to improve registration
performances.
One can conclude after the description of all the aforementioned registration algorithms that they
all have in common the search of correspondences between model and scene point clouds. While
ICP and its variants search for model-scene point correspondences to achieve registration, the PPF
algorithm and its variant rather focus on the search of model-scene oriented point pair feature
correspondences to achieve pose estimation.
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4 Evaluation Data Generation

4.1 Model Objects and Point Cloud

The Mikado sticks used in our setup are modeled using a computer-aided design (CAD) software.
Using this software, a 3D project file is created in a simulation environment where the 3D cylindrical
central parts and the 3D conical extreme with flat ends are separately modeled. These individual
parts are later put together to create complete Mikado sticks. The designed complete Mikado
sticks are saved in a point cloud format and used as our model point cloud.

4.2 Scene Objects and Point Cloud

The real scene objects (Mikado sticks) used in our set up are created by 3D printing the CAD
model sticks projected in Section 4.1.
• Synthetic scene point cloud.
The synthetic scene point cloud is merely a collection of different model Mikado sticks (point
clouds) assembled in space with different positions and orientations as in Figure 5.5 (Section 5.2 of
Chapter 5).
• Real scene point cloud.
Dealing with a model-based registration where the fitting error between the model and the scene
point clouds is heavily influenced by how good the collected real-world data is, accurate collection
of real-world data is, therefore, crucial to obtain good registration performance.
Strategic positioning of the robot end-effector (to which the RGB-D camera is attached) to
guarantee a proper view of the scene is therefore mandatory. To achieve this, a grid of end-effector
poses is hardcoded. The path followed by the end-effector is such that it covers all the cells of
the grid. The end-effector pose, when positioned in each cell, is such that the focal length of the
RGB-D camera attached to it always points toward the center of the scene.
A 3× 3 grid of end-effector poses is used for real-world data collection. As the end-effector follows
its trajectory from one cell to another, a pair of depth and colored images are taken and used to
generate an instance of the scene point cloud. All the 9 instances of the point clouds are then
adequately transformed and merged so that they properly fit together to form a unique and dense
scene point cloud used for registration.
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5 Experiments and Results

5.1 Equipment and Set-up

Robot:

The robot used in our setup is a Kuka LBR iiwas R820 manipulator, a lightweight robotic
arm with 7 degrees of freedom. All motor units and current-carrying cables (except the
cable connecting to the camera in our setup and the connecting cable to the cabinet robot
controller) are protected beneath cover plates. Each axis is protected utilizing axis range
sensors and can be adjusted using internal sensors. Each joint is equipped with a position
sensor on the input side, torque sensors on the output side and temperature sensors. This
allows the robot to be operated with position and impedance control. The temperature
sensors prevent thermal overloading as the robot automatically stops if the threshold motor
temperature is surpassed.

The robotic system (Figure 5.1) is composed of all the components of an industrial robot, in-
cluding the manipulator (mechanical system and electrical installations), controller, connecting
cables and a smart PAD control panel.

Figure 5.1: Robotic system. Composed of all components of an industrial
robot, including the manipulator (mechanical system and
electrical installations), controller, connecting cables and a

smart PAD control panel.

Gripper:

The gripper used hereafter is the EZ robotic gripper due to its capability to be easily bolted
to a wide variety of robotic arms, its gentle force, and firm grip. Its prehensile fingers enable
pick up of objects ranging from small objects like pencils to much larger objects. This gripper
adapts to the objects it has to pick up and works with very gentle force or a very firm
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grip. These grip properties could be useful only in a future grasping task since in the object
registration task the gripper only serves as a support for the camera as depicted below.

Figure 5.2: Gripper supporting camera. Serves mainly as a support for the
camera in the registration task.

Vision sensor (Camera):

We used an Intel RealSense D435 RGB-D camera in our setup (Figure 5.3). This camera
uses stereo vision to calculate depth. The stereo vision consists of a left imager and right
imager, and an optional infrared projector. The infrared projector improves depth accuracy
in scenes with low texture by projecting a non-visible static IR pattern. The left and right
imagers capture the scene and send the captured data to the depth imaging processor, which
calculates depth values for each pixel in the image. The depth pixel values are then processed
to generate a depth image frame. The Depth Module, besides having the left and right
imagers with the IR projector, equally incorporates an RGB color sensor. The RGB color
sensor data are sent to the vision processor via the color Image signal processor generating a
colored image. The pair of colored and depth images can then be used to generate the point
cloud.

Figure 5.3: RGB-D Camera. Equipped with various modules necessary to
collect the depth and colored images used to generate the point

cloud.

Depicted in Figure 5.4 is the overall robotic setup comprising the robot, the camera attached to
the gripper and the scene for the Mikado stick 3D pose estimation.
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Figure 5.4: Robotic setup for object registration. Comprising the robot, the
camera attached to the gripper and the scene for the Mikado

stick 3D pose estimation.

5.2 Evaluation of Adopted Methods and Graphical Results

Using synthetic and real-world data generated as described in Chapter 4 and the aforementioned
robotic setup, we tested our various 3D pose estimation algorithms. Proper down-sampling of the
point clouds and enhancements to the registration process were necessary to ensure reasonable
computation time. Some of these synthetic and real-world data are presented in Figure 5.6 (for
evaluation of variants of the ICP algorithm) and Figure 5.19 (for evaluation of variants of the PPF
algorithm).
The need to come up with a method for accurate evaluation of the registration error was equally
necessary.

5.2.1 Error Evaluation Approach

• Rotation error

The special geometry of the objects to be registered makes it possible that rotation around the
axis of maximum data variation leaves the object invariant. This can lead to a wrong evaluation of
the registration error.
To limit the erroneous increase in the evaluation of the rotation error, it was calculated as the
angle between the axis of maximum data variation of the model object and the corresponding scene
object, see Figure 5.5. This, therefore, suggests that a maximum rotation error of π/2 rads could
be attained. An increase in the rotation error due to unnecessary rotations about this axis could be
observed once the model object had already achieved the right orientation w.r.t the corresponding
scene object.

• Translation error

The translation error, on the other hand, was quantified as the Euclidean distance between the
centroid of the model object whose pose is to be determined and the centroid of the corresponding
scene object, see Figure 5.5.
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Figure 5.5: Schematic representation of the registration error evaluation. On the left is
depicted the rotation error E(R) = θ while on the right is the translation

error E(t) = d

For all experiments in this chapter, the registration error is evaluated as described in section 5.2.1
(See Figure 5.5)

5.2.2 Variants of ICP Evaluation and Graphical Results

Dealing with point clouds having approximately a million points each (Figure 5.6), direct imple-
mentation of a k-d tree to enhance computation time was mandatory. An attempt to run the
algorithms without such enhancement even with a downsampled point cloud took several minutes.
All reported experiments on variants of the ICP algorithm (non-colored and colored ICP) were
performed directly on scenes with multiple sticks (see Figure 5.6 for example scenes), since we are
particularly interested in these scene. Nevertheless, as starting point, these algorithms were tested
on scene with single Mikado sticks

Figure 5.6: Synthetic (left) and real (right) point clouds used for 3D pose
estimation.

Throughout the experiments in this section, both the synthetic and real-world data point clouds
were uniformly downsampled with voxel sizes of 0.02mm and 0.03mm, respectively, such that all
points had the same minimum distance equal to the voxel sizes between them. This further reduced
computation time as the point clouds were less dense.
Two variants of the implemented ICP algorithm (non-colored ICP: ICP and colored ICP: C-ICP)
were evaluated using the synthetic and real data. To evaluate the robustness and convergence of the
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implemented approaches, we ran each algorithm 50 rounds, with each round having a maximum of
20 iterations. For each round, using the same seed for the synthetic and real data, a transformation
matrix was generated with random rotations θx yz ∈ [−2πrads, 2πrads] about the 3 axes (x , y ,
and z-axis) and random translations t x yz ∈ [−500mm, 500mm] along the 3 axes. The resulting
rotation and translation errors were averaged and plotted for the 50 rounds.
Dealing with Mikado sticks of the same geometry, the color information plays a fundamental role,
since without it the model object can easily get registered to the wrong scene object.

Basic ICP Assessment

Using both synthetic and real data, evaluation of the implemented basic ICP (i.e, without exploiting
information on color) gave the results reported in Figure 5.7.

Figure 5.7: Error plots of average rotation and translation vs number of iterations of
the basic ICP assessment. Synthetic scene average rotation error (top left)
and translation error (top right), and real scene average rotation error

(bottom left) and translation error (bottom right) for 20 Iterations per ICP
round for 50 ICP rounds. Their confidence intervals are represented by the

shaded portions in blue.

After downsampling the model, the synthetic and the real-scene point clouds as mentioned earlier,
ICP was run 50 times and the characteristic error plots and their confidence intervals were obtained
(See Figure 5.7). Each ICP round was composed of a maximum of 20 iterations. The rotation and
translation errors were averaged over the 50 ICP rounds for the 20 iterations and plotted for the
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synthetic and real scenes. The confidence intervals were calculated as the standard deviation from
the returned average errors.

E(R) = E(R)±σR (5.1)

E(t) = E(t)±σt (5.2)

where E(R) and E(t) are the mean rotation and translation errors, respectively, with their corre-
sponding standard deviations σR and σt .
It can be observed from Figure 5.7 that the rotation error abruptly decreases during the initial
iterations with a steeper gradient in the synthetic and real data scene scenarios, and rapidly gets
very close to the expected value of 0rads. The translation error slowly converges from the initial
to final iterations and does not reach the expected value of 0mm in both real and synthetic data
cases. The synthetic scene ends up registering a translation error of 186mm, which is better
compared to that of the real scene 263mm. The translation error, therefore, accounts for the
greater overall registration error for both synthetic and real scenarios with a very wide confidence
interval compared to that of the rotation error.

Figure 5.8: Average rotation and translation behaviors of the basic ICP Algorithm.
Synthetic scene average rotation behavior (top left) and translation

behavior (top right), and real scene average rotation behavior (bottom left)
and translation behavior (bottom right) for 20 Iterations per ICP round for
50 ICP rounds.Their corresponding confidence intervals given by the std
from the averaged plotted values are represented by the different colored

regions of the graphs, as described by their respective legends.
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As convergence check of the adopted method, the rotation and translation behaviors relative to
the x , y , and z-axes for both synthetic and real scenarios were averaged over the 50 ICP rounds
with 20 iterations per round and plotted (Figure 5.8). It can be observed that despite the huge
initial variations observed in the confidence intervals of the rotation and translation behaviors for
both scenarios, they readily converge to the expected minimum value along all the 3 axes.

Figure 5.9:
Plots of number of ICP rounds vs rotation and translation errors of the basic ICP algorithm.

Synthetic scene Rotation error (top left) and translation error (top right), and real scene Rotation
error (bottom left) and translation error (bottom right), for 50 ICP rounds. In each case

(synthetic and real scene cases), the rotation and translation errors for all 50 ICP rounds were
binned into 10 equal intervals and represented on the horizontal axis. On the vertical axis is the

number ICP rounds that fell into various bins.

From the Histograms of the rotation and translation errors w.r.t the 50 ICP rounds (see Figure
5.9), we can observe for the synthetic data scenario that, more than 35 ICP rounds register a
rotation error close to 0rads (less than 0.0013rads), while the number of ICP rounds within the
minimum translation error interval ([25mm, 100mm]) is 14. In the real data case, the rotation
behavior is more or less the same as in the synthetic data case, with more than 35 ICP rounds
registering a rotation error less than 0.002rads. However, the number of ICP rounds within the
smallest translation error interval ([25mm, 100mm]) is less than 5 in the real data case. The
misalignment in the registration of most ICP rounds is caused by the translation error in both
synthetic and real data scenarios, with more than 15 ICP rounds in the maximum translation
error interval [250mm, 330mm] for the synthetic data case, and more than 18 ICP rounds in the
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maximum translation error interval [350mm, 410mm] for the real data scenario. Hence, the ICP
rounds converge to different values and some rounds do not converge to the global minimum.
The fact that not all ICP rounds will converge to the global minimum was, however, expected since
the ICP, in general, is subject to the problem of local minima and greatly depends on the goodness
of the initial transformation, which was randomly generated. Also, having scene objects of the
same geometry and length does not ease the registrations task for ICP, since without any other
distinctive features, registration to the wrong scene correspondence or even partial registration to
several scene objects are possible (See Figure 5.10).

Figure 5.10: ICP wrong registration using a good initial pose for the model object.
Heuristic initial poses that position the green stranded object to be

registered closer to the scenes as seen in the top and bottom left side of
this figure register the model object to the wrong scene object.

Heuristic initial poses that place the green stranded object to be registered closer to the scenes as
seen in Figure 5.10 can achieve correct registration with C-ICP (See the registration scenario of
the red stranded object in Figure 5.14). This suggests that information on the color further guides
the registration process to the correct corresponding scene object.

Colored ICP (C-ICP) Assessment

Following the same baselines as in basic ICP, assessment of C-ICP outputted the following results
using the synthetic and real data.
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Figure 5.11: Error plots of average rotation and translation vs number of iterations of
C-ICP assessment. Synthetic scene average rotation error (top left) and
translation error (top right), and real scene average rotation error (bottom
left) and translation error (bottom right) for 20 Iterations per C-ICP

round for 50 C-ICP rounds. Their confidence intervals are represented by
the shaded portions in blue.

After downsampling the model, the synthetic and the real-scene point clouds as mentioned earlier,
C-ICP was run 50 times and the characteristic error plots of Figure 5.11 were obtained. Each
C-ICP round was composed of a maximum of 20 iterations. The rotation and translation errors
were averaged over the 50 C-ICP rounds for the 20 iterations and plotted for the synthetic and
real scenes. The confidence intervals were calculated as the standard deviation of the returned
average errors, as in (5.1)-(5.2).

It can be observed that the rotation error abruptly decreases during the initial iterations with a
steeper gradient in the case of the synthetic scene than in the real scene. However the rotation error
curve of the synthetic case, later on, converges slowly to zero towards the final iterations, while
the real scene rotation error curve quickly reaches the zero value within the 7th iteration. While
the translation error slowly converges from the initial to final iterations and does not reach the
expected value of zero for the synthetic scene, in the real scene it slowly decreases to a minimum
of 105mm around the 4th iteration, later on rises and settles at a constant value of 108mm toward
the final iterations.

The translation error, therefore, accounts for the greater overall registration error for both synthetic
and real scenarios with a wider confidence interval compared to that of the rotation error.
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As convergence proof of the adopted method, the rotation and translation behaviors relative to the
x , y , and z-axes for both synthetic and real scenarios were averaged over the 50 C-ICP rounds
with 20 iterations per round and plotted. See Figure 5.12.

Figure 5.12: Average rotation and translation behaviors of the C-ICP Algorithm.
Synthetic scene average rotation behavior (top left) and translation

behavior (top right), and real scene average rotation behavior (bottom
left) and translation behavior (bottom right) for 20 Iterations per C-ICP
round for 50 C-ICP rounds. Their corresponding confidence intervals

given by the std from the average values are represented by the different
colored regions of the graphs, as described by their respective legends.

It can be observed that despite the huge initial variations observed in the confidence intervals
of the rotation and translation behaviors for both scenarios, they nevertheless converge to the
expected minimum value along all the 3 axes.
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Figure 5.13: Plots of number of C-ICP rounds vs rotation and translation errors of the
C-ICP algorithm. Synthetic scene Rotation error (top left) and

translation error (top right), and real scene Rotation error (bottom left)
and translation error (bottom right), for 50 C-ICP rounds. In each case
(synthetic and real scene cases), the rotation and translation errors for all
50 C-ICP rounds were binned into 10 equal intervals and represented on
the horizontal axis. On the vertical axis is the number C-ICP rounds that

fell into various bins.

From the Histograms of the rotation and translation errors w.r.t the 50 C-ICP rounds (see Figure
5.13), it can be observed that, while the majority of rounds (more than 35 rounds) outputs the
correct object registration as seen by their low rotation and translation errors, in the smallest
rotation and translation error intervals [0rads, 0.0013rads] and [0mm, 25mm], respectively, a
few number of rounds (less than 5 rounds) perform not very good, with rotation and translation
errors in the maximum rotation and translation error intervals [0.015rads, 0.018rads] and
[150mm, 188mm] respectively.
In the real data case, the behavior is more or less the same, but with almost 23 C-ICP rounds falling
withing the maximum rotation and translation error intervals [0.00002rads, 0.00003rads] and
[110mm, 140mm], respectively. Here also, the translation error is the main cause of registration
misalignment for those C-ICP rounds which did not perform very well.
Obviously, the synthetic scenario outperforms the real scenario due to the noise present in the real
world data, such as outliers resulting from the tabletop and variations in the light intensity which
affect the colors. The effect of the noise impacts mainly the translations error. Not all C-ICP
rounds where expected to converge to the global minimum as C-ICP is merely an extension of
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the ICP algorithm. However, some heuristically determined initial transformations proved to give
quite good results for both real and synthetic data scenarios, see Figure 5.14.

Figure 5.14: C-ICP correct registration using some heuristic initial poses for the model
object. Heuristic initial poses that position the red stranded object to be
registered closer to the scenes (top and bottom left side) in this figure

guarantee correct 3D estimation of the final pose for the synthetic scenario.
A slight misalignment in translation error is noticed in the real scenario.

It is important to note here how crucial the color information is, as it directs the object to be
registered towards the correct correspondence in the scenes despite the similarity in the geometric
shape of all objects present in the scenes.

Comparative Analysis of ICP and C-ICP Algorithms Based on Registration Results

From the behavior of the results presented on ICP and C-ICP, it is clear that the C-ICP algorithm
performed better than the ICP algorithm. Nevertheless, a closer view of the gap between the
two registration algorithms is presented below for both synthetic and real data scenarios. The
confidence intervals were evaluated as the std from mean value as mentioned earlier.
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• Synthetic data scenario

Figure 5.15: Comparative bar chart of ICP and C-ICP using synthetic data. The bar
heights represent the average rotation and translation errors, while the

vertical lines passing through the center of the bars represent the
confidence intervals given by the std from the average errors.

Figure 5.15 reveals that C-ICP performs better on synthetic data than ICP, having both rotation
and translation errors less than that obtained in the latter case. In fact, it can be observed that
while the gap in rotation error is not significant, the gap in translation error is huge with E(t) for
ICP being about 4 times E(t) for C-ICP. The confidence intervals are equally wider for rotation
and translation errors for ICP than for C-ICP.
• Real data scenario

Figure 5.16: Comparative bar chart of ICP and C-ICP using real data. The bar heights
represent the average rotation and translation errors, while the vertical
lines passing through the center of the bars represent the confidence

intervals given by the std from the average errors.

The same trend seen in the synthetic data case is observed using real data. C-ICP outperforms
ICP in both rotation and translation errors, registering a rotation error almost equal to 0rads and
a translation error almost 3 times less than that of ICP, as observed in the comparative bar chart,
see Figure 5.16.
Therefore, independent of the data type, C-ICP gives better pose estimation results than ICP for
our specific set-up.
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5.2.3 Variants of PPF Evaluation and Graphical Results

Both variants of the point pair feature algorithm were evaluated against multiple synthetic and
real datasets. These datasets were generated as described in chapter 4. For all experiments in
this section, the model and scene point clouds were uniformly downsampled with voxel sizes of
0.08mm and 0.12mm, respectively, for both synthetic and real-world data datasets. This makes the
points in the model and scene point clouds to have a minimum distance of 0.08mm and 0.12mm,
respectively, between them. The denser downsampled model point cloud is used in the offline phase
to generate the global model description while the dense downsampled scene point cloud is used in
the online phase of the registration process. In this way, the computation time is reduced.
The discrete feature vector space was sampled setting the step distance ddist = 3mm. The anlges
associated to normal orientation were sampled in steps of 12° and the color values for C-PPF were
sampled in steps of ucolor = 0.001. This gives room for a variation of 3mm, 12° and 0.001 w.r.t
the correct value for distance, normal orientation and color value, respectively.
For every single scene used in the experiments, a sampled fraction of points ranging from 1

12 to 1
4 of

the corresponding downsampled scene point cloud was used as reference points. After collecting the
sampled fraction of reference points, we have to ensure that the normals to these points correspond
to the sampling levels. This is achieved by fitting a plane through the four nearest neighbouring
points of each point and computing the normal to that plane. This normal is then assigned to the
point in consideration.
The rotation and translation errors for all experiments were computed as described in Section 5.2.1,
where the rotation error is the angle between the axis of maximum data variation of the model
object and the corresponding scene object while, the translation error is the euclidian distance
between the centroid of the model object whose pose is to be determined and the centroid of the
corresponding scene object. Both error are depicted in Figure 5.5.

5.2.4 PPF and C-PPF Assessment with Single Object Synthetic Scenes

The first set of experiments was carried out using synthetic scenes with a single Mikado stick and
the registration errors were plotted. The Mikado stick was assigned different poses in all the five
scenes used in the experiments. Figure 5.17 shows some of these scenes and registration scenarios.

Figure 5.17: Registration scenarios for scenes with single Mikado stick. On the top of this
figure are three different scenes before registration. On the bottom are the

registration outcomes.
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Plots of the registration error can be seen in Figure 5.18.

Figure 5.18: PPF and C-PPF average registration error plots for synthetic scenes with
only one Mikado stick. Behaviours of the average rotation and translation
errors for both PPF and C-PPF with the confidence intervals represented

by the blue shaded portions of the plots. The reference points were
sampled uniformly from different portions of the synthetic scene object.
The top left and right plots represent the rotation and translation errors
of the PPF algorithm, for which, the fractions reference points used in the
online phase of the registration were sampled uniformly from all portion of

the stick. The middle left and right plots represent the average
registration (translation and rotation) error of the C-PPF algorithm, for

which, the fractions reference points for registration were sampled
uniformly from all portion of the stick. In the bottom left and right are
the average registration error of the C-PPF algorithm, for which, the

fractions of reference points for registration were sampled uniformly only
from the two colored stranded portions of the stick.
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Figure 5.18 shows the plots of the registrations results obtained after performing the first set of
experiments on scenes with single Mikado stick. Three experiments were carried out, and for each
of the three experiments, five different scenes were used. For each of the scenes, the algorithms were
run five times with five different fractions of points from the downsampled scene point clouds used
as reference points. The fraction of scene points varied as r−1 with r ∈ [4,12]. The registration
error for all five scenes where averaged and plotted with their confidence intervals given by the
standard deviation from the mean error as mentioned earlier in Section 5.2.2 ((5.1) – (5.2)).
From Figure 5.18, it can be noticed that, besides having a slight variation in confidence intervals
of the rotation errors of PPF and C-PPF when sampling is done uniformly from all portions of
the stick, the overall average registration error is the same. On the other hand, C-PPF shows
a lower registration error when sampling of points used for registration is done only from the
two red-colored stranded portions of the scene object. Hence in the next set of experiments with
C-PPF, the reference points are sampled only from the colored stranded portions of the Mikado
sticks.
Despite the random initial behavior of the error plots of Figure 5.18, they turn to follow a decreasing
trend towards the end, as the fraction of scene points used as reference points increase. This
suggests that using more reference points leads to better registration results. This is because the
use of more reference points increases the probability of finding several corresponding point pairs
of the scene object that have the same feature vectors as those of the model object.

PPF and C-PPF Assessment with Multiple Objects in the Scenes

The second set of experiments was carried on both synthetic and real scenes with multiple Mikado
sticks and the registration errors were plotted.
In the synthetic data case, PPF and C-PPF were evaluated using five different scenes, in which,
the red stranded Mikado stick to be registered had different poses. Some of these synthetic scenes
and registration outcomes can be seen in Figure 5.19.

Figure 5.19: PPF and C-PPF registration scenarios for synthetic scenes with multiple
Mikado sticks On the top of this figure are two different scenes before

registration for PPF and C-PPF. the registration outcomes for both methods
are shown under.

After experimenting, the registration error plots of Figure 5.20 were obtained.
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Figure 5.20: PPF and C-PPF average registration error plots for synthetic scenes with
multiple Mikado sticks. Behaviors of the average rotation and translation
errors for both PPF and C-PPF with the confidence intervals represented
by the blue shaded portions of the plots. The top left and right plots

represent the average rotation and translation errors of the PPF algorithm,
for which, the fractions of reference points used in the online phase of the
registration were sampled uniformly from the scene point cloud (i.e, from
all the sticks in the scene). In the bottom left and right are the average

registration error of the C-PPF algorithm, for which, the fractions
reference points for registration were sampled uniformly only from the two
red-colored stranded portions of the stick, whose pose is to be determined.

Two Experiments were conducted, and for each of the two experiments, five different scenes were
used. For each of the scenes, the algorithms were run five times with increasing fraction of points
from the downsampled scene point clouds used as reference points. The fraction of reference points
varied exactly like in the fist set of experiments. The registration errors for all five scenes were
then averaged and plotted with their confidence intervals given by the standard deviation from the
mean error (See Figure 5.20)
All the error plots initially rise a bit to later on fall and remain almost steady towards the end as
the fraction of scene points used as reference points increases. Better registration results could be
obtained using more reference points for the same reason discussed in the first set of experiments.
A clear comparison between both methods on synthetic data can be seen in Figure 5.21.
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Figure 5.21: Bar chart comparison of PPF and C-PPF on synthetic data. The average
rotation and translation errors are represented by the bar heights, while
the confidence intervals given by the standard deviation from the average
errors are represented by the vertical lines passing through the center of

the bars.

It is evident from the bar chart comparison of Figure 5.21 that, C-PPF performs better than PPF
in pose estimation of the red Mikado stick in the scene. This could be predicted since PPF samples
reference points from all sticks in the scene. Multiple scene point pairs belonging to the wrong
scene object, but with feature vectors similar to those of the model object can be retrieved. If
the local poses associated with these point pair correspondences obtain a maximum vote in the
voting scheme, they can easily lead to wrong pose estimation after pose clustering. C-PPF on the
other hand samples reference points only from the right scene object as it is guided by the color
information.
The addition of the color values as another parameter in the feature vector therefore plays an
important role in orienting the Mikado stick to be registered toward the correct corresponding
scene object.
It is equally important to point out that the evaluation of C-PPF sampling reference points only
from the 2 stranded portions of the stick gives better results with the single object scenes than
with the multiple object scenes. We noticed from experiments that with multiple objects in the
scene, the re-computation of the normals by fitting a plane in the neighbourhood of points reduces
the accuracy of normal orientation.
In the real data case, PPF and C-PPF were evaluated using only one real scene with two objects.
The real scene and registration outcomes can be seen in Figure 5.22.
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Figure 5.22: PPF and C-PPF registration scenarios for a real scene with two Mikado
sticks. On the top of this figure are two real scenes before registration for
PPF and C-PPF. the registration outcomes for both methods are shown

under.

Registration error plots obtained after evaluating both methods on the real scene are shown in
Figure 5.23.
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Figure 5.23: PPF and C-PPF average registration error plots for a real scene with two
Mikado sticks. The top left and right plots represent the average rotation
and translation errors of the PPF algorithm, for which, the fractions of
reference points used for registration were sampled uniformly from the
scene point cloud (i.e, from both the sticks the black tabletop in the

scene). In the bottom left and right are the average registration error of
the C-PPF algorithm, for which the fractions reference points used for
registration were sampled uniformly only from the two red-coloured

stranded portions of the stick to be registered. While both the translation
and rotation errors rise and fall continuously throughout the five PPF
rounds, C-PPF shows the same trend in both translation and rotation
error behavior; it rises during the initial iterations and falls abruptly to

maintain a constant value from the 3rd round onwards.

For the experiments using the real scene, the algorithms were run five times with an increasing
fraction of points from the downsampled scene point cloud used as reference points. The fraction of
reference points again varied like in the previous experiments ( r−1, r ∈ [4,12]). The registration
errors for all five PPF and C-PPF rounds were averaged and plotted in Figure 5.23.
Figure 5.24 compares both approaches on real data.
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Figure 5.24: Bar chart comparison of PPF and C-PPF on real data. The average
rotation and translation errors are represented by the bar heights while
the confidence intervals given by the standard deviation from the average
errors are represented by the vertical lines passing through the centre of

the bars.

Results from Figure 5.24 confirms that, C-PPF performs more than twice better than PPF in pose
estimation of the red Mikado stick in the scene. This happens for the same reasons discussed in
the synthetic data scenario. Furthermore, the sampling of reference points from the scene without
filtering out the points of the tabletop (outlires) further makes things difficult for PPF.

Comparative Results between Variants of ICP and PPF

While PPF searches for point pairs correspondences between model and scene point cloud, ICP
searches for point-to-point correspondences between model and scene point clouds. This corre-
spondence search, which unites both approaches makes it worth examining ICP on the same sets
of data used for PPF assessment under the same conditions to have an idea of how the former
performs w.r.t the latter.

� ICP and C-ICP Assessment with Multiple Objects in the Scenes.

We carried out the third set of experiments on ICP and C-ICP using both synthetic and real scenes
with multiple Mikado sticks and the registration errors were plotted. Real and synthetic point
clouds were downsampled in the same way as mentioned earlier with the model point cloud being
slightly denser than the scene point cloud.
In the synthetic data case, ICP and C-ICP were evaluated using the five different scenes used in
the PPF and C-PPF cases. The goal was again that of estimating the pose of the red stranded
Mikado stick in the scene. Some of these synthetic scenes and registration outcomes can be seen in
Figure 5.25.
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Figure 5.25: ICP and C-ICP registration scenarios for synthetic scenes with multiple Mikado
sticks. On the top of this figure are two different scenes before registration for
ICP and C-ICP. The registration outcomes for both methods are shown under.

ICP and C-ICP were experimented and for each of the two experiments, five different synthetic
scenes were used. For each of the scenes, the algorithms were run five times with random
initialization of the model object pose. We used the same seed such that both algorithms could
have the same random initialization of the model object in the five scenes. A plot of the overall
average errors of both approaches, which equally shows the performance of one w.r.t the other is
shown in the comparative bar chart of Figure 5.27. This plot confirms that, despite the fact that
both ICP and C-ICP suffer the effects of the random initialization and local minima, C-ICP end
up preforming better than ICP.
In the real data case, ICP and C- ICP were evaluated using only one real scene with two objects.
The real scene and registration outcomes can be seen in Figure 5.26.

Figure 5.26: ICP and C-ICP registration scenarios for a real scene with two Mikado
sticks. On the top of this figure are two real scenes before registration for
ICP and C-ICP. The registration outcomes for both methods are shown

under.
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In these experiments using the real scene, the algorithms were run five times with random
initialization of the model object to be registered. We used the same seed such that both
algorithms could have the same random initialization of the model object. An overall average
registration error plot, which equally shows the comparison between both methods on real data
is depicted in the bar chart comparison of all registration methods used in this thesis work, see
Figure 5.28.

It is however important to point out that, in the real data case, the effect of outliers (points of the
black tabletop) that are not filtered out further affect the registration performace.

� Graphical Comparison of PPF, C-PPF, ICP and C-ICP.

After the detailed in-depth on the individual registration methods, a broad view of the results
obtained from all methods using various data types is necessary to clearly understand what method
performed best using what data type. To this end, all the registration methods used in this thesis
work are hereafter compared plotting their average error on a single charts.

A comparative bar chart of all four methods using synthetic data is depicted in Figure 5.27.

Figure 5.27: Comparative bar chart of PPF, C-PPF, ICP, C-ICP using synthetic data.
This figure compares PPF, C-PPF, ICP, and C-ICP on the same

downsampled sets of synthetic data. The average rotation and translation
errors are represented by the bar heights while the confidence intervals

given by the standard deviation from the average errors are represented by
the vertical lines passing through the centre of the bars.

From Figure 5.27, which show the average registration error (rotation and translation errors), one
can conclude that the overall best approach for determining the pose of Mikado stick of interest in
the scene for our set-up is C-ICP. C-ICP performs twice better than all the other approaches on
the synthetic data sets used for this evaluation. C-PPF turns to perform better than ICP, and
PPF while ICP produces better pose estimation result than PPF.

Figure 5.28 compares all four approaches on a real data pose estimation scenario.
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Figure 5.28: Comparative bar chart of PPF, C-PPF, ICP, C-ICP using real data. This
figure compares PPF, C-PPF, ICP, and C-ICP on the same downsampled
real data-set. The average rotation and translation errors are represented
by the bar heights while the confidence intervals are represented by the

vertical lines passing through the centre of the bars.

From the bar chart comparison of all the four registration approaches on real data shown in Figure
5.28, the overall average pose estimation error (rotation and translation errors) of the scene object
of interest is minimum for C-PPF. C-ICP performs better than PPF and ICP but not as good as
C-PPF. It equally turn out that PPF performs better than ICP on the real data used, since the
average translation error gap between the two methods is quite huge compared to the very small
rotation error gap, See Figure 5.28.
The results obtained after experimentation using real data suggest that in the presence of outliers,
the use of normal orientation of the points can better guide the registration process (PPF). Using
both the normal orientation of the points and color information provide even better guidance to
the correct scene object (C-PPF). C-PPF overcomes the subjective nature of ICP and its variants
to the problems local minima and dependency on good initialization. It can thus produce even
better registration results in the presence of accurate normal computation and color information.
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6 Conclusion
The main objective of this thesis work was to implement and evaluate methods for free-form object
registration from 3D point clouds. This goal has been successfully achieved by implementing,
assessing, and comparing four different registration algorithms (ICP, C-ICP, PPF, C-PPF) that can
compute the pose of the object of interest in the scene. C-ICP and C-PPF were merely upgraded
versions of ICP and PPF respectively. Implementation of the former two methods was done to
improve pose estimation performances.
All four registration approaches were tested on both synthetic and real-world data. Upon evaluation
using both synthetic and real data, C-ICP and C-PPF proved to register the scene object of interest
with better accuracy than their respective basic approaches ICP and PPF. C-ICP produced better
pose estimation results on synthetic data than C-PPF, but did not perform as well as C-PPF on
real data.
Shortcomings encountered by both variants of ICP in certain registration scenarios could be
overcome by C-PPF. Nevertheless, the nature of the color information and the normal orientation
of the points proved to play a vital role in C-PPF registration performances. This fact leads us to
the future work.
As future work, the following improvement could be made to the existing C-PPF registration
approach:

• Finding a better way to encode the color information such that the large distance in color
between the model object and the real scene object caused by variations in light intensity is
minimized.

• Investigating and implementing more accurate methods for computing the normals to the
points in the point clouds. This will give better pose estimation results than those obtained
till now by plane fitting in the neighborhood points.
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