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Abstract

Introduction - Grasping unknown objects is an important ability for robots in logistic environments.
While humans have an excellent understanding of how to grasp objects because of their visual
perception and understanding of the 3D world, robotic grasping is still a challenge. Due to the
fast-growing development of deep learning methods, it is now possible to train deep neural networks
on this grasp task.

Objective - This thesis proposes a bin-picking pipeline that uses deep learning to take care of the
perception and estimation task. The pipeline can predict grasps for known and unknown objects with a
two-fingered pinch-gripper in real-world environments in a single object and multi-object scenes.
Method - A grasp annotation tool has been developed to generate a wide variety of grasps in the
training data that are antipodal and collision-free. Together with annotated objects, the generated
grasps are used to train Grasp-RCNN. The developed Grasp-RCNN combines an object- and a
grasp-detection network to predict objects masks and grasps, and a decision algorithm that picks the
best-estimated grasp based on a grasp score.

Results - Robotic experiments demonstrate that the proposed method allows a robot gripper to grasp
both known and unknown objects in single-object and multi-object scenes with a total success-rate of
89.7% and 81.0% with average process-times of 616 ms and 739 ms per scene respectively. In a
bin-picking scene a success-rate of 87.5% with a process-time of 1235 ms is achieved.

Conclusion - These results indicate that the proposed Grasp-RCNN is able to grasp known and
unknown objects with an accuracy that is comparable to the state-of-the-art. For production purposes,
the speed of the network still can be improved.
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Introduction

In the past few years, e-commerce has grown fast and after the corona lockdown, the e-commerce
became even more significant. Warehouses and logistics with order pickers had to shift towards
automation and robotic solutions to keep up with the growth. The products in e-commerce have a big
diversity in goods, sizes, shapes and materials, and therefore a general approach is needed for
pick-and-place tasks. Humans are good at these tasks, because of their visual perception and
understanding of the 3D world. However, for robots that rely solely on RGB- and depth images,
understanding the environment and the 3D world is complex. For the pick-and-place task, the robot
needs to understand the distinction between objects and their orientation to grasp them. In order to
automate this task, robots need to outperform human order-pickers on performance, speed, and
accuracy.

With the introduction of deep learning in computer vision, robots are getting more acquainted with the
handling and understanding of visual information. It is now possible to train robots on these grasp tasks
with high picking accuracies. A general grasp system consists of a combination of object detection,
grasp estimations, grasp planning and a control system for the robot. While the planning and the control
of an end-effector are as relevant for a correct grasp as grasp detection, this thesis focuses on grasp
detection solely. The planning and control systems used in this thesis are therefore mentioned, but not
discussed.

1.1. Background

To pick up objects, the robot and end-effector are vital components. In industry, a wide variety of
robotic arms are developed with a 5-7 Degrees of Freedom (DoF) movement to ensure a high order of
flexibility in position and orientation of the end-effector. End-effectors with one or multiple suction cups
are used to grasp objects using a pressure difference [19], while two- or three-fingered pinch-grippers
grasp with force- or shape-enclosure [18, 35]. Unlike suction-cups, pinch-grippers are able to grasp
objects that are permeable to air such as stuffed animals, and objects with a rough surface. Research
is also done on dexterous grippers [28, 39] to grasp objects with pneumatic or active changing
surfaces in hand-shaped grippers.

To guide an end-effector to a grasp-position, a 6-DoF gripper pose is essential to grasp a target object.
A 6-DoF grasp pose consists of three position and three orientation variables. The pose is dependent
on the location of the grasped object, but could be limited by the location of other objects. When the
gripper direction is perpendicular to the table, the grasp pose could be simplified to a 4-DoF planar
grasp pose with three positions and one orientation variable. If the height is also fixed or 2D grasps
are predicted, the planar grasp can be described by 3-DoF.

The information that is required to generate grasp predictions is obtained from both RGB images and

pointcloud data. Based on the RGB images a distinction can be made between objects on a pixel
level, while the pointcloud data contains the information of the pixels in Cartesian space. In
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1. Introduction

pick-and-place tasks, depth information is a crucial element to understand the shape, size and
orientation of the object. For 6-DoF grasps this information is used to create valid poses with different
orientations. For planar grasps, only the orientation around the z-axis is predicted. Depth information
is then used to obtain information on the approach height.

For actual grasp predictions, researchers have developed different methods to predict grasp poses.
For known objects, it is possible to grasp objects when they are in a predefined location, or when they
pass a sensor. It is also possible to store 3D information of objects with predefined grasp locations in
a database and match the pointcloud and RGB-image with methods such as shape-completions [17,
30] or 6-DoF object-pose estimation [36]. These methods match templates or pointcloud features to
extract the predefined grasp estimation from existing databases. When the amount of stored objects
increases, this shape matching can be time-consuming, which could make the process slower. Some
research is done on transferring grasps from known objects to unknown objects with similar geometry
[27, 20]. However, when the geometry of the unknown object is not comparable with a known object,
this will not work. With the growing number of goods in warehouses, it is desired that these novel
objects can be grasped without the use of stored grasp information in a database.

To account for unknown objects, grasps could be estimated with an analytical method [31] that
computes grasps with available information of an RGB-image and depth information and achieves
grasp accuracies of 88.2% and 77.0% for single and multi-object environments respectively.
Research is also done on the use of neural networks for grasp predictions. For planar grasps, [13]
was the first to apply deep-learning methods on grasp predictions with a two-step
classifications-based cascade system. Their work was quickly improved by [22] in both accuracy and
precision by using spatial locations instead of a sliding window approach. [11] proposed a single-step
predicting network where they use ResNet [7] instead of AlexNet [10] to decrease the run-time of
grasp prediction. Furthermore, they assume only one object with a single predicted grasp and
improved the accuracy significantly. [6] combined both visual and tactile sensing to their model to
enhance the robot’s perception and grasping skills, achieving 93.2% and 89.1% on single and multi
objects respectively on objects from the Cornell Database.

The above-mentioned methods are achieving up to 93.2% accuracy on grasp predictions on the
Cornell dataset but lack results in real-life experiments which is done by the following methods: [37]
introduced a Rol-GD, a two-step approach, to detect grasps based on Region of Interest (Rol). Within
these Rol’ grasps are predicted. For cluttered scenes, they combine this with the Faster-RCNN
network to classify objects, such they can decide which objects will be grasped and achieve an
accuracy of 92.5 and 83.8 in real-world single and multi objects scenarios. [40] introduced the
orientated anchor boxes, which allow the use of only one anchor box with different orientations. The
orientation, position and size of the anchor box are predicted with respect to their original orientation.
[4] used the work of [40] by extending the multi-grasp predictor with a direct dependency between the
score evaluations and the regressed predictions. With this method, an accuracy of 92.4% is achieved
in single-object environments. In contrast with the previous methods, [15] proposed a grasp detection
based on key-points instead of anchor-based or rectangular-based grasps achieving 94% and 87% in
single and multi-object scenes and is the current state-of-the-art in 2D-planar grasping.

These neural networks needs to be trained on datasets that contain annotated grasps. For 2D planar
grasps, only a few datasets exist. Some of them were created by manual annotations [25], while [14,
21] went a step further and annotated grasps by robotic grasp attempts. [21] created a dataset of 50k
data points with a Baxter robot within 700 hours, while [14] used up to 14 real robot arms to collect
800k data points within two months. In both cases, the authors successfully trained a CNN network
to detect grasp locations from their data. To get rid of the time-consuming robotic experiments, [18]
created a synthetic dataset of over 6.7M images by using annotated data from simulations. However,
for every image in the aforementioned datasets, only one grasp-annotation per image is given, which is
sub-optimal for grasp predictions in cluttered scenes. The Cornell Grasp Dataset [9] and the Jacquard
dataset [5] contain multiple grasps per image. The Cornell Grasping Dataset contains 885 RGB-D
images with 8019 hand-annotated grasp rectangles. To increase the number of images, and thus grasp
data, [5] created the Jacquard dataset with 54k images and 1.1 million grasps based on an automatized
algorithm. Due to the large variety of objects in the Jacquard dataset, this should generalize to a variety
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of objects. However, this dataset is only available for academic purposes and could therefore not be
used in this thesis.

1.2. Research Objective

As discussed, few researchers actually put their network for planar grasps in cluttered scenes into
practice and the grasp databases that are used contain one grasp per object, are small, or are not
publicly available. Therefore the objective of this thesis is a bin-picking pipeline that uses deep
learning to generate a complete solution for bin-picking with a two-fingered pinch-gripper in real-world
environments. The pipeline must be able to grasp known and unknown objects in a single-object and
multi-object environment. The gripper can not collide with the object, surrounding objects or the
environment.

To achieve this goal a grasp generation tool needs to be developed that is able to generate grasps that
are feasible to grasp and collision free. Second a neural network needs to be developed that predicts
feasible grasps. Atlast, from the predicted grasps, a "best-grasp” needs to be selected which is grasped.

1.3. Outline

This report sequentially addresses the above-mentioned objectives. Chapter 2 explains the grasp
annotation tool. A complete overview of the network’s architecture, the training preparation and the
post-processing is given in chapter 3. Chapter 4 explains the experimental setup and the results and
also includes the observations. In chapter 5 the results are discussed and recommendations for future
work are made. This thesis work is concluded in chapter 6 and the extra material is added to the
appendix.
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Data Generation

A neural network is trained to make predictions, based on training data. In this research the
Grasp-RCNN will be making grasp predictions around objects, so the training data needs to contain
locations of grasps and objects. The process of adding information to images is called annotation.
The dataset from Fizyr used in this thesis already contains the object annotation. This chapter focuses
on the generation of the grasp annotations. First, the different data annotation types are discussed,
followed by the requirements and inputs of the grasp annotation tool. At last the working of the
grasp annotation tool is explained.

2.1. Data Annotation Types

The data annotation of grasps can be done in three different ways: physical annotation, computer
simulation and manual annotation. The explanation of these three methods will follow in this section.
Physical annotation is done using a physical robot setup that attempts grasps at random locations in the
scene. The advantage of this method is that the correct obtained grasps annotations are as accurate as
they can be. A disadvantage of this method is that it requires a lot of time and resources. In literature,
[21] created 50k grasp annotations with robotic attempts in 700 hours, while [14] used fourteen robot
arms to collect 800k annotations in two months.

To overcome this time issue, computer simulations can also be used to generate images and their
corresponding annotations. The benefit of this method is that the exact location in the simulated
environment is known and that a lot of different scenarios can be created in a relatively short amount
of time. [18] used this method to create a synthetic dataset of 6.7M images and 6.7M data points,
containing one grasp per image. [5] also used synthetic data to create the Jacquard grasp dataset
with 54k images and 1.1 million grasps based on their automatizing algorithm. However, learning from
synthetic data could lead to undesired performance due to the gap between synthetic and real image
distributions [1].

The last type of annotation is manual annotation. With this method, a human operator annotates the
grasps in the images by hand. This method is faster than generating data using physical annotations
but is slower than computer-simulated annotations. While it is slightly less accurate than a computer
simulation, the annotations are done on real data which should give better results.

In this thesis, manual annotation is combined with computer simulation by automatizing an analytical
algorithm to create grasp annotations. This has as advantage that a lot of grasps can be generated in
a relatively short amount of time on real image data. Also, the synthetic gap is not present, since real
images are used. A disadvantage of this method is that the grasps are dependent on the quality of the
analytical method. The requirements of the analytical model and working of the analytical model are
discussed in the following sections.

2.2. Grasp Requirements

The analytical method needs to generate feasible grasp annotations based on the annotated objects
and the pointcloud. An object annotation consists of a list of pixel coordinates (x, y) that describes the
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2. Data Generation

contour of an object in the image. An image could contain more than one object. From the
object annotation, the grasp annotations are created. To acquire the required data, the following
assumptions/rules should be implemented in the grasp annotation tool:

» Images could contain zero, one, or multiple objects.

» Objects could be partly outside the grasp area; grasp should be generated in the graspable area.
» Objects could be in contact or overlap with other objects.

» The gripper can not collide with the object they grasp, surrounding objects or the environment.

» The grasp must be antipodal around the grasped object.

A grasp annotation tool with the required functionalities is created in Python. Further details about the
implementation of requirements is given in the following section.

2.3. Input Data

The input of the grasp annotation tool is an RGB image and its corresponding pointcloud and
object annotations. An object annotation consists of a list with the x and y coordinates describing the
contour of the object. In the tool, also an object mask is used. An object mask is a binary image with
the same size as the original RGB image with ones at the pixels representing the object, and zeros on
the pixels that are not. An overview of the input of the algorithm can be seen in fig. 2.1. The pointcloud
does not cover the full image, but only the graspable area on the table. Every point of the pointcloud
corresponds to one pixel of the RGB image.

.=

(a) (b) ()

Figure 2.1. The input of the network (from left to right) is (a) an RGB image and its (b) corresponding pointcloud
and (c) the total set of object masks. The pointcloud does not cover the whole RGB image, but only the area on the
wooden table. The colors in the pointcloud indicate how high the object is.

2.4. Grasp Annotations

In this section, the grasp annotation is discussed. First, the grasp rectangle is explained, followed by
the explanation of three different methods that are used to create the 2D grasps based on the input
described in section 2.3. The grasps are generated based on a Principle Component Analysis, the
skeleton method [31], and the Center of Mass (CoM) of the objects. Initially, the grasps have a length
that is equal to the maximum distance between the fingers in pixels. After the grasps are generated,
the distance between the fingers is trimmed and the grasps that collide or are not antipodal (see
section 2.5.3, are removed. These steps are explained in section 2.5.

2.4.1. Grasp Representation

For the grasp annotation, an orientated grasp rectangle first described by [9] is used. This
grasp rectangle takes into account the location, the orientation and the dimensions of the gripper. The
gripper representation is described as:

9= Cx ¢y W, 15, Ograsp (2.1)
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with (cx, c,) as gripper center, w as width of the fingers, [; as length between fingers and 64,45, as
grasp orientation. The gripper rectangle is visualized in fig. 2.2.

Figure 2.2. A grasp is represented by a rectangle with a center (cy, ¢,), dimensions w and I, and orientation 64,4

In the following sections, this grasp rectangle is used to create various grasps around objects.

2.4.2. Principle Component Analysis

The first method to generate grasps is based on a Principle Component Analysis (PCA) of the
object masks.

“The principal components of a collection of points in coordinate space are a sequence of p unit
vectors, where the it" vector is the direction of a line that best fits the data while being orthogonal to
the first i — 1 vectors” - [33].

For a collection of 2D points, e.g. for the binary masks of objects, this represents a set of two
2D-orthogonal vectors called the major and minor axis. The major axis represents the direction of the
mask with the most variance, e.g. for box-shaped objects the major axes should be parallel to the
longest side. The grasps are then generated orthogonal to the major and minor axes with interval
steps of 25 pixels. In fig. 2.4a, grasps based on this method are shown. When shapes become more
complex, it is possible that the principal component analysis is not generating antipodal grasps. For
these kinds of shapes, the skeleton method is used.

2.4.3. Objects Skeleton

To have grasps cover the whole object mask, thus also around protrusions, the object skeleton method
can be used. [38] described a method that creates a skeleton of a mask. By making several passes
around the border of the mask and removing pixels on the border of the mask, one can create a one-pixel
wide, fully connected, representation of the mask. This skeleton has as property that the shortest
distance to the contour of the mask is equal on both sides of the line. A visual representation of a
skeleton is shown in fig. 2.3. The mask of the horse in the image is reduced to a set of lines that
maintain connectivity. Along the skeleton, grasps are created to cover the object.

The grasp rectangles will be generated orthogonal to the orientation of the skeleton. To calculate the
orientation of the skeleton at the center of the grasp rectangle the following calculation is used: let q,,
be the set of pixels that represent the skeleton. Take a circular region with radius r around every nt"
point of q,. Let p,, represent the pixels of the skeleton, inside this circular region. The orientation of
the skeleton at the grasp center q,, is then calculated by:
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original skeleton

Figure 2.3. A visualization of a mask’s skeleton. The algorithm makes successive passes along the border of the
mask, removing pixels with the condition that the connection of the object stays intact. (Image from [26])

ity Py(x) =
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The grasp rectangle has center s M and a slope orthogonal to 6,.;. In fig. 2.4b the grasps based on
this method are shown.

2.4.4. Rotation around CoM

For round objects, the methods described above do not create a good grasp. For a good grasp, the
fingers must be antipodal to the object (see section 2.5.3 for more information). When the PCA method
is used on round objects, it creates only antipodal grasps around the center of the mask. When the
skeleton method is used for a perfectly round object, the skeleton consists of only one point and a short
line for an ellipse.

To create feasible grasps for round objects, grasps are created around the CoM. The CoM of a binary
mask is calculated by taking the average x and y coordinates of all the pixels with value 1. During the
grasp generation, the grasp rectangle is rotated around the CoM of the mask with stepsize 0,.,; step:

Orot = {Brot_stepk | k € [0..180]} (2.9)

This method creates feasible, antipodal grasps for round objects, in fig. 2.4c the grasps based on a
rotation around the CoM are shown.

The grasps generated by the above-mentioned methods are all generated with a maximum distance
between the fingers. Before the next step, the grasps where at least one of the ends of the
grasp rectangle collide with the object, are removed, This step is visualized in fig. 2.4 by the red
rectangles.
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| |

(a2)

Vi

(b2) (b2)

(b) Grasps created using the skeleton-method. The skeleton is indicated by the black lines

. »

(c1) (c2) (c2)
(c) Grasps created around the CoM of objects. The CoM is indicated with a black dot.

Figure 2.4. Grasp rectangles (green) are created around an object (yellow) based on three different methods, from
top to bottom row: (a) the PCA-method, (b) the object skeleton and (c) the CoM. Objects have, from left to right, (1)
a rectangular shape, (2) a round shape and (3) a complex shape. Red rectangles indicate grasps that are colliding
with the object and are therefore removed before the next step.

2.5. Grasp Annotation Optimization

The grasps annotations generated with one of the before-mentioned methods are based on, but not
optimized for the shape of individual masks. The generated grasps are also not 'aware’ of the
surrounding objects. Therefore the generated grasps will go through four steps to filter, remove and
optimize the generated grasps.

2.5.1. Grasp Trimming

The first step is to trim the predicted grasps such that the fingers come closer to the object. This step
is performed to decrease the chance that the fingers are colliding with other objects. The decreasing of
the finger distance is done at both ends individually as shown in fig. 2.5. As result, the finger distance
l; and the gripper center might alter.

= it

Figure 2.5. Each end of the grasp rectangle is trimmed to get a smaller grasp around the mask. For simplicity only
grasps generated with the PCA-method are shown.

2.5.2. Collision Detection

After the grasps are trimmed, the algorithm checks if the grasps rectangles collide with other objects.
A grasp is considered in collision with another object if at least one end of the grasp rectangle, thus
the location of the gripper finger, overlaps the mask of another object. In fig. 2.6 two objects are close
together. The grasp rectangles that overlap the mask of the other object are indicated as red and
removed.



2. Data Generation

Figure 2.6. (I) Two object masks are close together (m) the rectangles of which one of the ends overlaps the other
mask are indicated in red and (r) removed.

2.5.3. Antipodal Grasps

A two-fingered pinch-gripper can grasp an object if the contact points are antipodal. Antipodal points
have surface normal vectors which are co-linear and in opposite directions. If such a pair exist, a
force-closed grasp is guaranteed [3].

To calculate if a grasp meets this antipodal requirement a few calculations are made. The first step is
to calculate the contact points between the gripper and the object. Second, the surface normal vectors
at these locations are calculated. The last step is to compare the orientation of these normal vectors
with the orientation of the grasp. If this difference exceeds a certain limit, the grasps are discarded.
These steps are explained in more detail below.

The first step is to determine the contact points of the grasp on the object. Let each grasp g; be presented
by a grasp-line lg with center (cy, cy), length I and orientation 6,,,,. Each object mask O,, consists
of a set of annotated boundary points B;, which contains the contour coordinates. The intersections
between grasp-line [g and the contour of O are defined as contact-points cp, and cp,. A visualization of
this is shown in fig. 2.7. Note that the number of contact points must be even. An odd number indicates
that one of the fingers is on top of the object mask. These grasps are not used and thus discarded.
With more than four contact points, only the outer cp,’s are used.

Figure 2.7. An object mask O (yellow) with a contour (blue) defined by boundary points B; (red). The grasp rectangle
g (green), is presented by grasp-line lg. lg intersects the contour of O at cp, and cp, .

The second step is to calculate the normal-vectors at contact-points cp, and cp,. This calculation is
given for the normal-vector at cp,, but is similar for cp,. A visualization is given in fig. 2.8. Define BC,,
as a subset of B that lie within a circular region € with radius 7,y,¢ipoaqa @around center cp,. Let B, ; and
B, ;-1 be the boundary points from B that are on each side of cp,. The tangent-vector at the cp, can
be calculated by re-using egs. (2.2) to (2.8). In these equations, p,, represents the pixels of which the
orientation is calculated, and is dependent on the size of subset BCy, see eq. (2.10). If the size of BC,,
is less than two, p,, is defined as set [B;,B;_,], otherwise as BC,,. Orthogonal to the tangent vector
the normal vector is calculated.

BC, if IBC,,| > 2

Pucy) T \B;_,,B; if|BC,| <2

(2.10)
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Figure 2.8. Atcp, and cp, a circular area C with radius 14,tipoaar is defined in red. On each side of cp;, [By j, By j_1]
and [B,,;, B, j_,] are indicated. At cp, multiple boundary points are located inside C indicated with blue dots. For
the calculation of the surface normal at cp,, BC is used. At cp,, there are no boundary points inside the circle,
|IBC| = 0, so the surface normal is calculated using B, j and B, ;_;.

The last step is to compare the orientations of the surface-normal and grasp-line lg. In fig. 2.9, a visual
representation is given. With the assumption that the contact at cp, is a point-contact with friction, force
closure is achieved if and only if Ig lies within a friction cones 6.,,. at both cp, and cp,. The size of
O.0ne is dependent on the friction between the gripper and the object. According to the Robotiq manual
[24], the silicon fingertips have a static friction coefficient on lubricated steel of 0.3. Since the static
friction coefficient of lubricated steel is lower than the friction coefficient between silicon and materials
such as plastic, wood, or cardboard, a friction coefficient of 0.3 is considered safe. Using eq. (2.11), a
O:one Of 15 deg will be used.

arctan(u) (2.11)

HCOHE

True if|6., — 6 | <6

gantipadal - Fal if Hcpl _ Bgrasp Hcone (2-12)
alse I | cp; graspl > Ocone

Only grasps where lg lies within the friction-cone at both cp; are considered antipodal. Looking at

fig. 2.9 at cp,, g lies within the friction cone and is thus antipodal. At cp,, lg lies not inside the friction

cone, so this contact is not antipodal. This grasp is thus removed from the grasp-set.

Figure 2.9. At each contact-point cp;, the surface-normal n; (blue arrow) is calculated. Around each n;, a friction
cone is drawn. A grasp is antipodal if at all cp;, g lies within the friction cone. At cp,, lg lies within the friction cone,
but at cp, itis not. This grasp is thus not antipodal and will be removed from the generated data.

In fig. 2.10 the step for the antipodal check is visualized with the scenario that is used before. The
middle part of mask 1 is inclined, so the normal-vectors are now under an angle. The surface normal
vector and the friction cone are also shown. The grasp-line lg that does not lie within the friction
cones, and are removed.
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g = Hifl_g =N —

Figure 2.10. The grasps and masks from the collision check are passed through to the antipodal check (left). For
each grasp, the surface normal vector and friction cone are calculated (only a few of them are shown), and grasps
that do not lie within the friction cone are indicated in red and removed. (middle). A grasp annotation that is both
collision-free and antipodal is passed through to the network (right).

This chapter gave an overview of the different steps in grasp generation. Figure 2.11 shows the different
steps on areal image. In figs. 2.11ato 2.11c the generated grasps with the methods from section 2.4 are
shown. On these generated grasps a collision and antipodal check is done. Figure 2.11d gives a visual
summary of these steps. Both the white and green lines are according to the algorithm collision-free. It
can be observed that a lot of grasps from figs. 2.11a to 2.11c are removed around the two right objects.
The objects on the right are very close together and the grasp rectangle has overlap and is thus not
considered collision-free. After the collision check, the antipodal check is performed. All the green lines
in fig. 2.11d represent the collision-free and antipodal grasps. Grasps that were generated near the
corners of boxes are removed. Only the green grasps are saved to train the network. The network
architecture and the training will be discussed in chapter 3.

(c) Grasps generated by the rotation method (d) All these grasps are collision-free, the
green lines indicate antipodal grasps

Figure 2.11. The grasps generated by the annotation tool on actual data are based on (a) the PCA method, (b) the
skeleton method, and (c) the rotation method. After the grasp generation, the grasps are checked for collision with
surrounding objects. It is also checked if the grasps are antipodal. Figure 2.11d shows all collision-free grasps in
white and green. Grasps that are antipodal are indicated in green and are saved to train the network.



Grasp-RCNN

In this chapter, the neural network model will be discussed. First, a detailed overview of the architecture
of the network is given, followed by the underlying parameters. At last, the post-process is discussed.

3.1. Architecture

The Grasp-RCNN consists of two multi-stage networks that take a single RGB image as input and
produces grasps and object masks as output. A Mask-RCNN network [8] is used for the prediction of
the masks, and a Faster-RCNN network [23] is used for the predictions of the grasps around objects.
The RGB images are fed through several convolutional layers creating a Convolutional Neural Network
(CNN). The CNN layers are pre-trained on the Microsoft COCO dataset [16] and use ResNet50 [7] as
a backbone. The ResNet50 backbone creates different feature maps that are passed through to the
Region Proposal Network (RPN) which produces a Region of Interest (Rol) with a score. A summary of
the working of a CNN and RPN is given in appendix A. Based on the best scoring Rol, the information
from the feature maps is processed to the further layers of the network. For every Rol, one particular
prediction is made in the image. Since each object can have multiple grasp predictions, the RPN of
the object detection and grasp detection had to be separated. Figure 3.1 shows an overview of the
Grasp-RCNN architecture.

CNN RPN
— =» (7 =» Grasp prediction
—>(——7=> Bounding box —_—
Grasp
RCNN - -
Roi
pooling
— —
l CNN RPN

— ﬁ = (7 =» Bounding box —

ﬁ -
—— .
Roi

gé?\lkN - pooling
e

Segmentation mask

Figure 3.1. The Grasp-RCNN architecture is visualized. The architecture consists of a Faster-RCNN (top) and a
MaskRCNN network (bottom) that consists of a pretrained network. Since multiple grasps are predicted for one
object, the RPN could not be combined. The left side creates the different Rol proposals while the right side gives
the output of a grasp and the segmentation.

13
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3.2. Output Branches

The right side of the Grasp-RCNN consists of several output branches, each with its type of output. For
each Rol the branches produce the following output:

» Faster-RCNN (Grasp detection)

— Bounding box (bbox): A bounding box is a rectangle that enclosed the Rol from the RPN.
The output is a list of n x 4 values with the coordinates and the dimensions of the bounding
box.

— Grasp: For every bounding box, a grasp is predicted by the network. Since we make use of
the Rol, the output of the grasp-prediction head is with respect to its surrounding bounding
box. The output consists of nx 5 values with the gripper representation g = ¢, cy, ¢, 0y, 0,,.
The center coordinates are with respect to the top-right corner of the bounding box, the length
as a percentage of the diagonal length of the bounding box, and 6, and 6, representing an
x and y vector on the unit circle.

» Mask-RCNN (Object detection)

— Bounding box (bbox): A bounding box is a rectangle that enclosed the Rol from the RPN.
The output is a list of n X 4 values with the coordinates and the dimensions of the bounding
box.

— Segmentation mask: For each bounding box a segmentation mask is predicted for the object
that the bounding box is related to. The segmentation consists of ones for pixels that are
predicted to be part of the object in the bounding box and zeros for the pixels that are not.

3.3. Training Preparation

The generated grasps from chapter 2 need to be transformed into data that the network understands.
The Faster-RCNN and Mask-RCNN networks are based upon a Region Proposal Network (RPN) that
looks at small patches of the images. In these patches, based on feature maps, a prediction is made
of possible grasps/objects. During training, the RPN predicts in each patch a grasp representation and
its bounding box. In this model, the bounding box is represented by:

bbox = [x,y,w, h] (3.1)
with x and y as coordinates, and w and h as bounding box dimensions.

The size of the feature map is always the same, regardless of the size of the predicted bounding box.
Therefore, the gripper representation that the network predicts on the feature map needs to be invariant
to the size of the bounding box. The representation is made invariant based on the bounding box
dimensions [bbox,,, bbox,]. The orientation of the grasp is split into an x and y component. tg, 4, iS
introduced as the ground-truth grasp.

bboxgiqg = ’bbox&, + bbox} (3.2)

_ ¢ —bly
tex = bbox, (3.3)
Gy = bl,
tey = bbox, (3.4)
l
t; = m (3.5)
tg, = cOS (ngsp) (3.6)
to, = sin (grasp) (3.7)

tgrasp = teys teys g to, to, (3.8)
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3.4. Training Parameters

The Grasp-RCNN is trained on a single Nvidia Titan X GPU. As a training dataset, 765 images, 3883
objects, and 102275 grasps are used. The network is trained with a batch size of 4 and the learning
rate set to 0.0001. The implementation is done in PyTorch 1.9.0. with TorchVision 0.10.0a0, CUDA
11.4 and cuDNN 8202. Both networks use ResNet50 as a backbone.

For the experiments, both networks are trained separate for 75 epochs with 1000 steps and an Adam
optimizer with B; = 0.9, B, =0.999 and € = 1e — 8.

3.5. Loss Functions

The network learns from its training data by minimizing a loss function. Since a Mask-RCNN network
and Faster-RCNN networks are trained separately, each network will have its own loss function. Since
the networks are trained for multiple tasks the multi-task loss function is calculated by the sum of
losses produces by each branch of the network. A single pass through the network produces multiple
Rol, so the loss for each output branch is the sum of losses within each Rol. The different predicted
Rol’'s are matched and compared against the closest ground-truth bounding box. An Rol is considered
valid if the Intersection of Union (loU) with the ground-truth bounding box is at least 0.5. If multiple Rol
are matched with the same ground truth, only the Rol with the highest loU score is used.

For the classification branch, the classification loss L is defined for two classes (object vs. no object).
In the work of [8, 23], this cross-entropy loss is defined as:

Lats = = ) y710g(p 01) (3.9)
i=1

For the bounding box and grasp predictions, the regression loss function is the same. As input for the
bounding box regression, the following parameterization is used:

thbox = [txs Ly, tw, trl (3.10)
Ubbox = [vx: 'Uy, Vw» vh] (311)
with tp,, @s ground-truth bounding box, v,;,, predicted bounding box and with x and y as the center

coordinates and w, h as the bounding box dimensions. The ground-truth grasp is defined in eq. (3.8)
where the predicted grasp is defined as v, 5,/

Lppoxx = Z L1; smooth (tbbox_i - 17bbox_i) (3.12)
ie{x,y,w,h}

Lgrasp = Ll: smooth (tgraspii - vgraspii) (3.13)
i€{cy,cy.lr,0x,0y}

0.5x?2 if [x] <1

3.14
|x] = 0.5 otherwise ( )

Ly; smooth (%) = {

The mask branch generates a mask of dimensions N x N for each Rol and k class. The mask loss
Lmask is defined as the average binary cross-entropy loss

1 m
Lmask = =— > 3 +10g (0 01)) + (1~ %) - log (1= p (%)) (3.15)
i=1

with m as the number of pixels in the mask, y; the ground-truth for pixel i and p(y;) as the probability of
a pixel to be part of the mask.
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The loss functions for the object detection and grasp detection networks are

Robject
Ltot_object = z icls + Lé)bx + Ll;nask (3.16)
i=1
Rgrasp
LfOt_gTaSP = Z ic‘ls + Lé)bx + L{qrasp (3.17)

i=1

With Rypjects @nd Rgrqsp @s the amount of valid Rol in the different networks.

3.6. Post Processing

To go from the predicted 2D-planer grasp to actual grasping a few post-processing steps are made. In
the following sections, the post-processing of the predicted grasps is explained.

3.6.1. Object - Grasp matching

The output of the network is a list of n object masks and m grasp locations in pixels. Together with
the pointcloud data, these are used to get real grasp locations. The first step is to match the predicted
grasps with the predicted object masks. Every grasp of which a center lies on top of a mask is assigned
to that particular mask. Grasps that do not have a corresponding mask, are removed. The next step is
to calculate the grasp score of each mask, this will be discussed in the next section.

3.6.2. Grasp Score

To determine which grasp is the best, a grasp-score is assigned to each grasp. The grasp-score sg,4sp
is calculated based a distance-score sy;5; and an angle-score s, 4. The distance-score is based on
the distance between the gripper center and the CoM of the object mask. For the distance-score, a
maximum distance d,,,,, between the gripper center and the mask CoM of 300px is chosen since the
biggest objects in the image had a length of around 600px. For the calculation of the angle-score, the
smallest angle between the orientation of the gripper and the orientation of one of the principle axis of
the object is taken. The total grasp-score is the average of the distance- and angle-score. The sg,qsp,
Sqist @nd Sqng1e are calculated with:

deom = \/(grippery — CoM,)? + (gripper, — CoM,)? [px] (3.18)
d —d
Saist = [0..1] (3.19)
max
aqirr = (maskg — graspg) % 180 [degrees] (3.20)
Agap = Aairy % 45 [degrees] (3.21)
45—«
Sangle =~z [0..1] (3.22)
Sq tS
Sgrasp = “Td [0..1] (3.23)
3.6.3. Sorting

With a list of grasps and their grasp score, the best grasp is picked. To reduce the change in a possible
collision the highest objects should be picked first. Therefore the grasps are sorted first on the height of
their corresponding object, and second on the individual grasp score of these grasps. The gripper will
thus grasp the best grasp for the highest object.
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3.6.4. Collision Check

During the creation of the training data, a collision check is performed to create grasps that do not
overlap with other object masks (section 2.5.2). Before the actual grasp, a second collision check is
performed. The method checks the height data at the area covered by the left and right finger
locations and compares it with the height data from the object. When this difference exceeds 0.01 m,
a grasp is performed. Since the network relies on the depth data from the sensor, it is also checked if
there is at least 50% data present in the area covered by the fingers. If this is not the case due to
possible occlusions or bad sensor quality, the predicted grasp is removed.

3.6.5. Pixels to Grasp Coordinates
Until this point, everything is calculated in pixel coordinates. The pointcloud has a data point for every
pixel in the RGB image above the table. The x and y coordinates at both ends of the blue line are
used to calculate the gripper length [r. The coordinates of the center of the blue line are used for the
grasp location. The rotation of the gripper around the z-axis is calculated using real-world coordinates.
Rotations around the x- and y-axes are zero.

3.7. Grasp-RCNN Overview

A global overview of the grasp prediction sequence is visualized in fig. 3.2. On the left, we got an
input RGB image that is fed to the network. The Mask-RCNN gives as output two object masks (in
yellow) and the Faster-RCNN predicts around twenty output grasps (in green). The post-processing
step computes for each grasp the grasp score, sorts the grasps based on the object height and grasp
score, and checks if the grasp is in a collision. In this scenario, the object on the right is the highest,
so the best grasp around this object is selected (in blue). The pixel coordinates are transformed into
real-world coordinates and the object is grasped.

(a) Input RGB data (b) Output from the network (c) Grasp in pointcloud

Figure 3.2. The RGB image (a) is fed into the network, the network predicts (b) masks for the objects in yellow,
grasp rectangles (represented as green lines), and their respective bounding boxes (orange). The post-processing
creates a score for each grasp and prioritizes them on (1) the highest objects and (2) the highest grasp score. (top
1 grasp presented as a blue line). In (c) the grasp is seen in a 3D visualization.

In the next chapter, the experimental results are discussed.
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Experiments and Results

The grasp performance of Grasp-RCNN is evaluated by robot experiments. During the experiment, 35
different objects of various sizes, shapes, materials and colors were picked. A total of around 1900
grasp attempts were made both in the single object and in cluttered scenes. A total of three different
experiments are conducted.

4.1. Setup

The robot platform setup is shown in
fig. 4.1 and consists of a URS robot manipulator. As an end-effector,
a Robotiq parallel plate gripper is used. The vision hardware consists
of an RGB sensor from IDs and a depth camera by Ensenso. For
the experiments, a set of 20 known objects and 15 unknown objects
is used with a variety of shapes, colors, materials, and sizes. Objects
are chosen such that at least one of the dimensions does not exceed
the maximum width of the gripper. Complex shapes such as a
nerf gun or a bath duck were used to test how the network deals with
complex objects. The objects are shown in figs. B.1 and B.2. During
the different experiments, objects are randomly placed in the scene.

Figure 4.1. The URS5 is performing

1 a pick with the Robotiq parallel
4'2' Metrlcs plate gripper. The RGB and depth

To analyze the performance two metrics are used: success-rate cameras are located above the pick
and completion-rate. The success-rate is the number of successful area.

grasps as a percentage of the total amount of attempted grasps. A grasp is considered successful
when the robot lifts the object and moves it away from the gripping area to a predefined location
without collision. An attempt is started at the moment the network takes a new photo of the scene. A
scene where no grasps can be found by the network is seen as a failed attempt. The second metric is
the completion-rate: this is the percentage of scenes in which a table is fully cleared by the robot. In
single-object experiments, the success-rate and completion-rate are the same.

During the experiments, it is observed that in some cases the gripper collides with the object that it is
going to grasp, but still succeeds in doing so. For single object scenes (Experiment 1), these
grasps-with-collision attempts are discarded as a failure. For multiple object scenes (Experiments 2
and 3), these types of grasp-with-collision are discarded, and therefore seen as failures in the
success-rate. However, the gripper is able to grasp and remove the object from the scene. Therefore
a scene where one or multiple grasp-with-collision events occur can still be completed, and thus do
count for the completion-rate.

This same strategy is used for grasps that pick multiple objects. In some cases, the gripper picked up
two objects, instead of one. This could occur in cases where the robot could not make a distinction
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between the objects, or when the robot picked up the lowest of the stacked objects. In these cases, the
grasp is discarded as a failure for the success-rate, but the grasp does count for the completion-rate.

4.3. Experiment Methodology

To test Grasp-RCNN a total of three experiments are conducted. The first experiment is to test the
network on single objects in the scene. Each object is grasped in 20 different scenes. In these
scenes, the objects are manually placed in random locations and with random orientations to ensure
that all the orientations of the object are present.

The second experiment is to test the performance of the method in a cluttered scene. The experiment
procedure is as follows: (1) Choose 8 of the 35 objects at random and put them in the box and turn the
box around on the table to create a random cluttered scene; (2) The robot attempts multiple grasps
until all objects are grasped or three consecutive grasp attempts failed. The objects are chosen at
random but it is checked that all the objects are equally represented in the cluttered scenes.

In the third experiment, a simulation is made of a bin-picking scenario where a bin must be emptied.
We simulate this kind of environment by putting 40 similar boxes on the table. The goal of this
experiment is to pick as many objects as possible. The robot attempts multiple grasps until all objects
are grasped, or three consecutive grasp attempts fail.

4.4. Experiment 1 - Single objects

During the test of the network on single objects, the orientation of the object was varied such that it
was present in different orientations. For objects such as the superglue, attempts are made both in the
standing and lying positions. During the experiment, 35 objects were grasped between 18 and 22
times with a total of 698 grasps attempts. In table 4.1 the number of grasp attempts and the
success-rate of the single object experiments are shown. The algorithm can achieve an overall
success-rate of 89.68% for grasping single objects in a scene, with a total average processing time of
616ms. Split into known and unknown objects a success-rate of 87.73% and 90.94% respectively is
achieved. An overall success-rate of 89.7% is achieved.

The success-rate for unknown objects is higher than that of known objects, while a neural network
normally achieves better on known objects. This can partly be explained by the number of unknown
objects that can be described as box-type objects, which can be grasped more easily. Another
explanation is some bad-performing known objects. In the known objects group there are four bad
performers; the spatula, the white piggy-bank, the nerf-gun and the wooden dear, while in unknown
object group has only one bad performing object, the orange building block. From three of these
objects, it is observed that their bad performance is likely to be dependent on their shape. In
section 4.7, these objects and their typical failures are further discussed.



Table 4.1. Number of attempts and the Success-Rate (S-R) of objects in Experiment 1. The objects are categorised in three categories: box-shaped, round or
cylindrical shaped, and complex shaped. The object known from the training are shown in the top-part of the table, the bottom part contain the unknown objects.
The average success-rate under each column is a weighted average.

Known objects

Box-shaped | Round / Cylindrical shapes | Complex Shapes
Objects Attempts  S-R | Objects Attempts  S-R | Objects Attempts  S-R
Grey box 21 90.5 | Glue Pen 19 94.7 | Wooden Dear 20 75
White medicine box 20 95 Nail polish 20 95 Bath Duck 21 85.7
Container (green) 20 85 Cup 20 95 Piggy bank color 20 95
Stamper 20 100 Spatula 20 60 Piggy bank white 20 65
Perforator (purple) 20 100 Paint Roller 20 90 Styrofoam cat 20 95
Totem Pole 20 85 Wooden tree 19 94.7
Super Glue 20 90 Nerf-gun 20 70
Tennis balls 20 95
Average 941 Average 87.0 | Average 84.4
Average Known 87.73

Unknown objects

Box-shaped | Round / Cylindrical shapes | Complex Shapes
Objects Attempts S-R | Objects Attempts  S-R | Objects Attempts  S-R
Brown Camera Box 20 95 Tomato 20 95 Banana 19 100
Orange Building Block 20 65 Pipe 20 90 X-Box controller 18 94 .4
Red house 20 95 Triangular Box 20 95 Nut cracker 20 85
Glasses Case (wood) 21 90,5 | Stuffed Wood Pecker 20 100 | Peeler 21 81
Stapler (green) 20 100 Headphones 20 95
Measuring Tape 19 84,2
Average 88.63 | Average 95.0 | Average 90.8
Average unknown 90,94
Average Total 89.68 |
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4.5. Experiment 2 - Cluttered Scenes

To test the ability of the algorithm to handle cluttered scenes, a
total of 81 cluttered scenes were created with a total of 694 grasp
attempts. Each start scene consists of eight objects (fig. 4.2)
chosen at random from the objects used in Experiment 1. The
algorithm achieves an 81.0% success-rate in cluttered scenes and
an 84.6% completion rate with an average process time of 739 ms
per scene.

From these results, it can be seen that the success-rate of
Experiment 1 drops from 89.7% to 81.0%. This is caused to the
increase in the number of collisions and rejected grasps. A grasp
is rejected if the algorithm does not find a feasible grasp during Figure 4.2.  For the cluttered scenes
the prediction or post-processing stage. When more objects ﬁége:g‘:x”t;vi ;‘: ;)fft;??hisbg:jiesctzrifd%ur:
are present in the_ scene, the probabilllty that o.bjects are c_Iose o 4 table. ‘Creatmg cluttered scenes.

each other gets higher. A more detailed overview of the different

types of failures is given in section 4.7.

A second observation from the results is that the completion-rate is higher than the success-rate. In
section 4.3 it is explained that grasps-with-collision are not incorporated for the success-rate but are
incorporated for the completion-rate. During eight grasp attempts the gripper picked up multiple objects,
and with 14 attempts a grasp-with-collisions occurred. This is shown in table 4.3.

4.6. Experiment 3 - Bin picking boxes

In the multiple-box experiment, a total of 17 start scenes
are generated with a total of 502 grasps attempts. A total of 439
collision-free grasps were conducted resulting in a success-rate
of 87.5% with an average process time of 1235 ms per scene.
In 8 out of 17 scenes, the gripper was able to empty the table.
In the 9 other cases, the network failed to find feasible grasps
on three consecutive tries. This resulted in a completion-rate
of 47.1%. The big difference between the success-rate
and completion-rate can be explained by the grasp streak during
the experiment. During this experiment, the system could grasp
on average 8.7 boxes before a failure. The longest consecutive
grasp streak without failure was 51 grasps. During the Figure 4.3. A start scene for the bin-picking
experiments, it was observed that the network could predict and &XPeriment with similar boxes. A total of 17
commence grasps not only at the border of the clutter but also similar scenes are created.

when holes were present where the gripper would fit in.

Three of the nine bins, the system was not able to clear, are shown in fig. 4.4. The objects are densely
packed and are stacked in two layers. Looking from a 2D perspective, it is hard to find a collision-free
antipodal grasp location. However, if viewed from a 3D perspective, some objects are possible to grasp.
These possible grasps were not seen by the network due to design choices made in the grasp generation
tool. Stacked objects were only grasped when both ends of the grasp rectangle were above the table,
instead of on top of other objects.

Table 4.2. The success-rate and completion-rate for the different experiments.

Single objects  Multiple objects  bin-picking

Success-rate 89.7 81.0 87.5
Completion-rate - 84.6 471




4.7. Grasp failures 23

Figure 4.4. In experiment 3, the algorithm was not able to generate feasible grasps for the nine scenarios, three of
them are shown.

4.7. Grasp failures

During the three grasp experiments, different kinds of grasp failures were observed. The gripper
grasped at the wrong height, collided with (other) objects, or the network was not able to predict a
grasp at all. This section elaborates on different failure types and the per-object failures.

4.7 1. Failure types

To get an understanding of the strong and weak points of the model, the failed grasp attempts are
summarized and shown in table 4.3. From the failure types in the table it can be concluded that with a
cluttered scene, e.g. more objects in a scene, the amount failures due to collisions and the number of
not-feasible-grasps increased.

No-feasible-grasps occur when Grasp-RCNN is unable to predict a grasp in a scene or when the
post-processing rejects all grasps due to collisions or lack of overlap.

Failures based on wrong finger distance are errors in the predictions made by the Grasp-RCNN itself.
A wrong finger distance could occur in two different ways. The first option is that both the grasp and
the object are predicted smaller than they are. The smaller grasp is sent to the post-processing
algorithm which should find that there is not enough overlap. In case of an error in the height data at
both fingers, the grasp could still be conducted. The second option and more likely explanation is that
a correct grasp is sent to the post-processing, but that due to camera distortion, the coordinates are
made smaller than they should be.

The errors due to NaN values occur when there are not enough pointcloud points at the location of the
fingers or at the gripper center. This is caused by occlusions due to higher objects, which are more
likely to occur in cluttered scenes.

Failures based on heights, hollow objects or slips are discussed in the next section.

Table 4.3. An overview of the different reasons of grasp failure of single object experiments (Exp. 1), multiple
objects experiments (Exp. 2) and bin-picking experiments (Exp.3 ) For some objects, failures are very specific.
These objects are noted with the number of described failures during experiment 1 and 2. For collision a distinguish
is made between collision with and without a grasp.

Reason of failure Exp. 1 Exp.2 Exp.3 Specific objects

Total 72 125 63

Collision (w. / w.o grasp) 10/1 14/9 15/7 -

Wrong height 6 10 0 White Piggy-bank [3/3]
Wrong finger distance 5 9 0 -

Hollow objects 12 10 0 Orange Block [4/1], Peeler [4/9]
Slip of object 10 9 0 Spatula [6/7], Nerfgun [3/1]
No feasible grasp predicted 9 17 29 -

NaN values at grasp 5 12 0 -

Not specified failures 14 26 7 -

Grasp of multiple objects - 8 5 -
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4.7.2. Per-object failures

From table 4.1 it can be observed that the success-rate of some objects is under-performing. For some
of these objects, the failed attempts are very specific and caused by specific reasons. Looking at the
performance on a per-object basis can reveal what types of failures occur in the algorithm. The most
difficult items to pick, are items with the lowest success-rate.

Of the known objects, the spatula, white piggy bank, wooden dear, and nerf-gun are achieving a
success-rate below 75%. For the unknown objects, only the orange building block has a low
success-rate of 65%. In fig. 4.5, objects are shown with a low performance together with indications
that cause their failures.

The spatula’s (fig. 4.5a) CoM is located just on the edge of the haft. A predicted grasp on top of the
CoM, as indicated with the black dot and red gripper representations, is not antipodal. The edges are
inclined and the object will slip through the fingers of the gripper.

For the piggy bank, (fig. 4.5b), failures occur when the center of the gripper is predicted on top of the
coin slot. The height of the object at the gripper’'s center could therefore not be estimated by the
post-processing, causing the gripper to approach the object to high.

The low performance of the orange block is caused by the scenes in which the block is upside down
(fig. 4.5¢). The algorithm detects the object and predicts the grasp, but the difference in the overlap
between the center and the left and right gripper is not sufficient enough to go for a grasp. In the
dataset, two more objects have a hollow structure: the cup and the green container. However, when
the cavity of these objects is facing up, the algorithm finds a feasible grasp at the ear of the cup, or the
sides of the green container, see fig. 4.6

l;== = gc SR

(a) (b) (©

Figure 4.5. These objects have a low success-rate during the single object experiments. Grasp fail due to slipping
on a grasp around the CoM (4.5a), a grasp attempt with wrong height estimation due to the coin-slot (4.5b) and no
feasible grasp due to a lack of overlap when objects are hollow (4.5¢).

Figure 4.6. Grasp-RCNN is able to find grasps for hollow objects. A successful grasp of (a) a container at the side
and (b) a coffee cup at the ear.
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4.8. Prediction and post-processing time

In automation processes, the total prediction time is an important factor. If the prediction time exceeds
the movement time of the robot, the robot has to wait before it can pick a new object. In the
experimental phase, the prediction and movements are in sequence. When the current method will be
used in production, new images are made when the robot is moved outside the grasp area.

In table 4.4, the average prediction time, post-processing time, and total process time are given. It is
seen that the average time for both prediction and post-processing goes up in between experiments.
This suggested that the computation time is dependent on the number of objects, observed by the
network, in the scene.

It is worth mentioning that for the multiple object experiment the average times also include single
object scenarios. If the number of objects would be kept on a higher constant value, the average would
increase.

Table 4.4. The average prediction- and post-processing time of the different methods. The prediction and
post-processing are done in sequence, so the total process time is the total waiting time of the robot.

Single object [ms] Multiple objects [ms] bin-picking [ms]

Average prediction time 278.3 287.9 392.7
Average post-processing time 337.6 450.9 838.9
Total process time 615.9 738.8 1235.2

In fig. 4.7 the post-processing and prediction time are shown for 140 consecutive scenes (scene
number 100 to number 240) in all three experiments. For the single object experiments (fig. 4.7a), a
clear constant prediction- and post-processing time is seen. However, looking at figs. 4.7b and 4.7c, a
tooth profile is visible caused by a changing number of objects in the scene. With more objects in the
scene, more object segmentation and grasps are predicted, which takes time. The tooth profile is
more visible in the post-processing time with a duration between around 250 up to 1000+ ms than with
the prediction-time which lies between 250 and 380 ms.

To understand the dependence of the time on the number of objects, the prediction, post-process, and
total process time are shown against the number of objects in the scene. This is done separately for
experiments 2 and 3. It can be seen that an upward trend for both the prediction and post-processing
time vs. the number of objects exist.
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Figure 4.7. The post-processing and prediction throughout the experiment. For visualization reasons, only scene
100 to 240 are shown. It can be seen clearly that in the single object scenes (fig. 4.7a) the time stays constant. In
the multiple-object (fig. 4.7b) and bin-picking scenarios (fig. 4.7c) decay in the post-process time and prediction time
is seen. This is caused by a decreasing amount of objects, thus fewer calculations.
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Figure 4.8. The average prediction, post-processing and total-process time of Experiments 2 and 3. As the number
of objects in the scene increase, the total-process time also increases.



Discussion

To obtain the results of this research some assumptions and simplifications were made which can affect
the performance of Grasp-RCNN. The assumptions and simplifications made in each part of the pipeline
are discussed in their respective section.

5.1. Data Generation

The grasp generation is the first part of the grasp pipeline. Assumptions, simplifications and design
choices in the grasp generation affect the way the network is trained and what output the network will
give. In this section, the grasp annotation tool is discussed.

5.1.1. Used Dataset

In this thesis, one existing dataset from Fizyr is used for the grasp generation consisting of 765
images with 66 individual objects [32]. A total of 3883 objects were captured and 102275 grasps were
generated. In terms of machine learning networks, this is a quite small dataset and increasing the
dataset size could positively influence the prediction of Grasp-RCNN. As discussed in the introduction,
some grasp databases exist that could extend this dataset, but it is chosen not to use them during this
thesis for several reasons. [14, 18] created both big datasets with 800k and 6.7M grasps images
respectively. However, these datasets only contain one grasp per object and were therefore not used.
This could lead to issues when attempting to grasp objects in cluttered scenes.

Two grasp datasets are present that contain multiple grasps per object: the Cornell Grasp Dataset [9]
and the Jacquard Database [5]. The Cornell Dataset consists of 885 images and pointcloud with a
total of 240 objects and 8019 hand-labeled grasps, which is still a small dataset in terms of machine
learning data. Therefore [5] created the Jacquard Database that consists of 54k images and 1.1M
grasps based on an automatizing algorithm. Due to the large variety of objects in the Jacquard
dataset, this should generalize to a variety of objects. For this thesis, this could have helped to give
the network a "warm-start” for predicting grasps, before training the network on cluttered scenes.
However, this database is only available for academic purposes and due to the collaboration with
Fizyr, could not be used.

5.1.2. Grasp collisions

The generated grasp needs to pick up objects without colliding with objects or the environment. In the
collision detection phase (section 2.5.2) grasps were labeled "in collision” and discarded when one of
the ends of the grasp rectangle had overlap with the grasped object or with other object masks.
Therefore only grasp rectangles where the fingers were above the table were seen as correct. As
consequence, for a high object that is surrounded by lower objects, no grasps are generated. Also
when objects are stacked and the bottom objects are still seen by the network, the annotation tool
does not generate feasible grasps. This caused the network not to learn these kinds of grasps. In
Experiments 2 and 3 this resulted in higher "no feasible grasp” failures, while grasps were feasible,
which let to a lower success- and completion-rate.
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5.2. Grasp-RCNN

Grasp-RCNN consists of two independent networks: one to predict grasps (Faster-RCNN) and one to
predict objects (Mask-RCNN). The networks share the same architecture but predict different types of
data, grasps and objects. Since multiple grasps are predicted per object, the Region Proposal Network
cannot be shared. However, they could have shared the first set of CNN layers. This could decrease
the computation time during both the training and prediction phases. If this measure also increases
the accuracy of the network needs to be investigated. It is possible that the shared features maps
make both parts of the network more aware of good grasps. However, as the features learned for the
object detection task could be fundamentally different than the features learned for the grasp estimations
option, this implementation should be tested first.

5.3. Post-Processing

The grasps that are predicted by the network are passed through to the post-processing part. This
section describes the assumptions made in the post-processing that could impact the performance.

5.3.1. Pixel vs. real-life location

The Grasp-RCNN predicts grasps on a 2D image in pixel coordinates. In the post-process, the grasp
representation is transformed from pixel coordinates to real-world coordinates. In post-processing, the
camera view is assumed to be parallel, instead of having a cone shape. Therefore the distortion of the
camera is not taken into account, which can lead to incorrect real-world finger locations. This effect
occurs mainly at the side of the image. For multiple-object scenes, where objects are close together
and near the border of the image, this could lead to collisions.

5.3.2. Speed

The current network predicts a grasp on average of 616 ms in single object environments and 739 ms in
multi-object environments. Of the total process-time, the post-processing grows fast when the number
of objects increases. When the robot speed goes up, and the prediction and grasping are done in
parallel, with the current process-time it could happen that the robot has to wait for the prediction. This
can be very costly and should be avoided.

5.4. Recommendations and Future Research
This section contains recommendations that should result in an improvement of the network.

5.4.1. Larger Dataset

Improve the current dataset by adding a wide variety of objects in single and multiple object scenarios.
With a bigger dataset, the network can generalize better on new images and objects. The current
pipeline needs (hand) annotated object masks, which can be time-consuming. Another possibility is to
create a synthetic database such as done by [5] with the Jacquard Dataset. This database should be
composed of a simulation environment that automatically generates grasps. With this step, one should
be aware of the simulation/real-life learning gap. In literature solutions to bridge this synthetic to real-life
data gap are proposed [1, 29]. A possible hybrid solution between real-life images and synthetic images
could also work.

5.4.2. Better collision detection

In the current method possible feasible grasps are removed during the collision detection of the grasp
generation. It is advised to change the collision detection in such a way that grasps are not directly
removed when the fingers overlap with other object masks, but use depth information to check if enough
overlap exists to grasp the object without colliding with its surrounding. This should result in better grasp
generations which lead to better grasp predictions in densely cluttered scenes, or with stacked objects.

5.4.3. Add depth information in the network

In line with the previous recommendation, It could be beneficial to add depth information to the neural
network. With the current setup, this could be done by removing the blue channel and replacing it with
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the depth information from the pointcloud data. Together with improved collision detection, this should
result in more feasible grasps because the network is more aware of its environment

5.4.4. Increase speed

If the speed of prediction is to slow for a production pipeline, the following improvements can be made.
First, the CNN of the Mask-RCNN and Faster-RCNN should be combined, such that the object and
grasp network share the same basis. In the current method, the networks predict in series, while they
could predict in parallel. Another option would be to incorporate the grasp-scores already in the
object-annotation and feed this to the Grasp-RCNN network. The network is then trained on preferred
grasps, and the whole object and grasp matching could be removed from the post-processing part.

5.4.5. Shaker Plate

Regardless if changes are made according to the recommendations in the software, it could positively
influence the performance in cluttered scenes if a shaker plate is attached to the table or bin. In this
way, when the network does not find a feasible grasp, the scene could be shaken up, changing the
locations of objects and thus creating a different scene.
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Conclusion

This thesis worked towards the objective to create a bin-picking pipeline that uses deep learning to
generate a complete solution for bin-picking with a two-fingered gripper. The grasp pipeline consists of
a grasp-generation method, a neural-network architecture, Grasp-RCNN, and a decision algorithm. The
grasp-annotation tool generates a wide variety of grasps that are antipodal and collision-free based on
an RGB image and a pointcloud. With these generated grasps Grasp-RCNN is trained. Grasp-RCNN
consists of two independent networks for object and grasp detection followed by a decision algorithm.
The network can predict feasible grasps that are processed by the decision algorithm to select the
best grasp. Physical experiments are performed and show that Grasp-RCNN can pick both known
as unknown objects. The proposed algorithm achieves an 89.68% and 81.0% success-rate with an
average total-process time of 616 ms and 739 ms in single and multiple object scenarios, respectively.
The dataset contains both known and unknown objects. In bin-picking experiments, a success-rate of
87.5% with a total process time of 1235 ms is achieved. These results indicate that the accuracy of the
proposed grasp-network is comparable to the state-of-the-art, but that the speed of the network still can
be improved.
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CNN and RPN

In chapter 3 the Grasp-RCNN architecture is explained. Grasp-RCNN model consists of two separate
networks, one for detecting grasps (Faster-RCNN) and one for detecting objects (Mask-RCNN).
Faster-RCNN and Mask-RCNN networks are in the base the same. Within Mask-RCNN, an extra
branch is added that predicts the object segmentation. For computer vision, the RCNN networks are
widely used for object detection and segmentation. RCNN networks are CNN networks that look at
particular regions, instead of the whole data.

A.1. Convolutional Neural Network - CNN

A Convolutional Neural Network (CNN) is a neural network that takes an image as input and can
differentiate between objects in the image. Therefore they are widely used and very effective for
recognition and classification tasks in images. A CNN consist of two main parts; A feature extraction
part and a classification part. These parts are built up from convolutional layers, pooling layers and
fully connected layers. An overview is shown in fig. A.1
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Feature Extraction Classification

Figure A.1. An overview of CNN Network. A CNN consists of multiple stacked feature extractions followed by one
classification layer. (image from: [2])

A.1.1. Convolutional Layer

A convolutional layer is used to extract the various features from the input images based on a method
called convolution. With a convolution spatial information of the image is extracted by applying kernel
filters to the input image. During the forward pass of the training, the kernel slides across the image
creating a representation of the image. The kernel is a matrix of trained parameters and shares the
local properties spatially.

A.1.2. Pooling layer

The pooling layer is responsible for reducing the spatial size of the feature maps generated by the
convolution layer. This decrease the amount of data, and therefore the computational costs that are
required. However, within the pooling layer, dominant features that are rotation or positional invariant
are still extracted. This makes the network not biased toward small changes within the image.
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Figure A.2. A convolutional of an image with a kernel. The kernel slides across the image creating a new
representation of the image. (image from: [12])

Two types of pooling are commonly used: Averaged pooling and max pooling. Average pooling
returns the average value from the patch covered by the kernel, and max pooling is the maximum
value. According to literature, max pooling performs a lot better than average pooling because it
removes the noise from the convolutional activation functions. Figure A.3 visualizes the pooling
process.

Max Pooling Average Pooling
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0 100 | 70 | 38 0 100 | 70 | 38
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Figure A.3. A max pooling and average pooling operation with a 2x2 pool. At max pooling, the maximum value of
each pool is taken, while with average pooling the average is taken. (image from: [34])

A.1.3. Fully Connected Layer

After several consecutive layers of the convolutional and pooling layers, a classification of the image is
needed. For this process, the output of the last pooling layer is flattened and used as input for the Fully
Connected Layer (FC-layer). In several consecutive FC-layers, all the neurons are connected to the
previous and next layers of the network. The last layer of this FC-layer stack is the output layer, which
gives the result of the classification.

A.2. Region proposal network

The RCNN of Faster-RCNN and Mask-RCNN stands for Region-based Convolution Neural Network
(R-CNN) and is an architecture for object detection. A R-CNN uses the in appendix A.1 described CNN,
without the fully connective layers, and a region proposal algorithm that generate bounding boxes or
location proposals of possible objects in the image. The RPN, consists of a classification layer and an
added regression branch to obtain better values for the bounding boxes and for the anchors.

A RPN takes anchor as input and has as output a set of rectangular region proposals together with an
objectness score. The region proposals are generated by sliding a small network over the feature map
of the last convolutional layers. The input of this network is a n x n spatial window of the convolutional
feature map, and is mapped to a lower dimensional feature map. This lower dimensional feature is fed
into two FC-layers, one for classification and one for regression. Because of the sliding window
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approach, the FC-layers are shared across all the spatial locations. At each location of the sliding
window, multiple region proposals are predicted called anchors. For each anchor, four regressions
outputs are given: the coordinates of the anchor, and classification is given: background or no
background. The anchors are centred at the sliding window and are proposed with multiple scales and
aspect ratios. In this way, objects of different sizes and shapes can be detected. The result of this
approach is that the network is invariant to translation. This means that the same object should be
predicted across the image.

The predicted bounding boxes with a foreground classification are used as input for the Region of
Interest (Rol) pooling layer. This layer takes two inputs: A fixed-size feature map from the CNN with
multiple convolutions and max pooling layers, and a list of 4k with the coordinates of the Rol bounding
boxes with k as the number of Rol’s. [23]

A typical CNN is only able to classify an object and regress its bounding box for one object at a time.
When multiple objects are present, the bounding box regression will not work. Therefore a Region
Proposal Network is used to decide which smaller regions of the image are "worth” looking into, to
reduce the computational requirements of the overall inference process. This way, the RCNN forces
the CNN to focus on only these small regions. The output of a RPN are bounding boxes, that will be
passed to a classifier and regressor to check the occurrence of objects. The RPN predicts thus the
possibility of an anchor being a background or a foreground.
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Grasp objects

Known objects

Figure B.1. Known objects during the experiments.



B. Grasp objects

Unknown Objects

Figure B.2. Unknown objects during the experiments.




Network predictions

This appendix contains a selection of the network predictions of experiment 1, experiment 2 and
experiment 3.

Figure C.1. Grasp predictions for images from experiment 1. The first and second column are the RGB images.
The second and fourth column contain the predictions. The predicted pixels of the objects are covered yellow, the
predicted grasps are given in green and the grasp that is executed is shown in blue.
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C. Network predictions

Figure C.2. A sequence of grasps of experiment 2. The first and third row contain the RGB image at the grasp
area. The second and fourth row gives the predictions by the grasp network. The predicted pixels of the objects are
covered yellow, the predicted grasps are given in green and the grasp that is executed is shown in blue. Sequence:
Rubber duck, Piggy Bank, Wooden Tree, Measuring Tape, Wooden dear and a Triangle box.
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Figure C.3. Network predictions from experiment 3. The first and third row contain the RGB-image at the grasp
area. The second and fourth row gives the predictions by the grasp network. The predicted pixels of the objects are
covered yellow, the predicted grasps are given in green and the grasp that is executed is shown in blue.



	Introduction
	Background
	Research Objective
	Outline

	Data Generation
	Data Annotation Types
	Grasp Requirements
	Input Data
	Grasp Annotations
	Grasp Representation
	Principle Component Analysis
	Objects Skeleton
	Rotation around CoM

	Grasp Annotation Optimization
	Grasp Trimming
	Collision Detection
	Antipodal Grasps


	Grasp-RCNN
	Architecture
	Output Branches
	Training Preparation
	Training Parameters
	Loss Functions
	Post Processing
	Object - Grasp matching
	Grasp Score
	Sorting
	Collision Check
	Pixels to Grasp Coordinates

	Grasp-RCNN Overview

	Experiments and Results
	Setup
	Metrics
	Experiment Methodology
	Experiment 1 - Single objects
	Experiment 2 - Cluttered Scenes
	Experiment 3 - Bin picking boxes
	Grasp failures
	Failure types
	Per-object failures

	Prediction and post-processing time

	Discussion
	Data Generation
	Used Dataset
	Grasp collisions

	Grasp-RCNN
	Post-Processing
	Pixel vs. real-life location
	Speed

	Recommendations and Future Research
	Larger Dataset
	Better collision detection
	Add depth information in the network
	Increase speed
	Shaker Plate


	Conclusion
	CNN and RPN
	Convolutional Neural Network - CNN
	Convolutional Layer
	Pooling layer
	Fully Connected Layer

	Region proposal network

	Grasp objects
	Network predictions

