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ABSTRACT

We introduce an efficient approach for learning dexterous grasping with min-
imal data, advancing robotic manipulation capabilities across different robotic
hands. Unlike traditional methods that require millions of grasp labels for each
robotic hand, our method achieves high performance with human-level learning
efficiency: only hundreds of grasp attempts on 40 training objects. The approach
separates the grasping process into two stages: first, a universal model maps scene
geometry to intermediate contact-centric grasp representations, independent of
specific robotic hands. Next, a unique grasp decision model is trained for each
robotic hand through real-world trial and error, translating these representations
into final grasp poses. Our results show a grasp success rate of 75-95% across
three different robotic hands in real-world cluttered environments with over 150
novel objects, improving to 80-98% with increased training objects. This adapt-
able method demonstrates promising applications for humanoid robots, prosthet-
ics, and other domains requiring robust, versatile robotic manipulation.

1 INTRODUCTION

Grasping, as a fundamental problem of prehensile manipulation, holds significant importance in
robotics. Over the past decades, diverse mechanical structures for robotic hands have been devel-
oped. Visually guided dexterous grasping is in high demand to enable robots to interact effectively
with their environments. This ability also plays a crucial role in the context of intelligence. Through-
out human evolution, early humans developed the capability for precise grip Skinner et al.| (2015)),
which enabled tool use and is believed to have facilitated the evolution of the human species /Alme-
cija et al.| (2010); [Kivell (2015). From the perspectives of both advancing robotics and promoting
embodied intelligence, it is essential to design a learning framework that efficiently equips different
robotic hands with visually guided dexterous grasping capabilities.

To make such a grasping system practically useful, it should use a single commodity camera, observe
environments with cluttered objects, handle perception noise and generate a set of dexterous grasp
poses that can be selected by subsequent tasks. Due to the challenges of the problem, early research
focused on generating dexterous grasp poses given a single, complete object mesh, utilizing either
analytical Miller & Allen| (2004); |Rosales et al.| (2011); [Liu et al.[| (2021} [2020) or learning-based
approaches |Li et al.| (2023)). The idea is to decouple the grasping system into 6D pose estimation
and grasp poses generation based on the object CAD model. However, the requirement for the object
mesh limits its ability to handle new object shapes.

It is challenging to detect grasp poses for unseen objects based on partial-view perception. Some
recent methodologies pursue mesh completion using partial point clouds Lundell et al.| (2021)); [Wei
et al.| (2022; 2024), followed by grasps generation on the complete mesh. However, the error in-
troduced by perception noise and mesh completion often results in inaccurate grasp analysis. An
increasing amount of research has attempted to learn the mapping from raw partial observation to
grasp poses within a single network. Due to the highly nonlinear property of this mapping, exten-
sive training data is required. Two data sources are commonly adopted: human grasping demon-
strations |Gupta et al.|(2016); |Christen et al.|(2019);|Qin et al.|(2022)); Mandikal & Grauman| (2022);
Wei et al.| (2024)); [Shaw et al.| (2024) or data from simulated environments |Brahmbhatt et al.| (2019);
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Corona et al.| (2020); |Grady et al.|(2021); [L1 et al.| (2023); |Wang et al.| (2023)). However, both meth-
ods have their limitations. The former approach struggles to accurately capture hand gestures and is
confined to robotic hands resembling human anatomy. The latter requires substantial effort to build
the simulation environment, annotate grasp poses, and transfer algorithms from simulation to the
real world. These challenges limit current grasping systems to simple scenarios, typically involving
a single object at a time from a limited set. No prior work demonstrates robust grasping in cluttered
environments from partial-view perception in the real world.

Most critically, even if these challenges are overcome, the policy obtained with substantial efforts
is only suitable for a specific robotic hand each time. The end-to-end learning paradigm implic-
itly encodes the information about hand kinematic structure, relevant state information and grasp
quality in the weights, making it difficult for models to share computation between different hands.
Consequently, we need to repeat the tedious data generation and policy training pipeline for each
hand.

We identified two main bottlenecks for efficiently learning visually guided dexterous grasping for
different robotic hands: the requirements for extensive training data for each hand, and the inability
to share computation across different hands. These bottlenecks arise from attempting to learn the
mapping from raw observation to grasp poses with an end-to-end network. In this paper, we revisit
this paradigm. We hypothesize that if there exists a low-dimensional intermediate state space that
encapsulates grasp information, then the mapping from this state space to grasp poses can be learned
more efficiently than the original mapping, requiring less training data. Moreover, if such a state
space is transferable across different robotic hands, it could be shared without the need to retrain a
state estimator each time. Note that such a state space should not require object knowledge during
inference, in order to generalize to unseen objects.

Recognizing this potential, we aimed to identify such a state space. For the grasping problem, the
robot needs to decide its grasp forces on each finger, based on the grasp matrix, surface normals of
contact points and friction coefficient Dai et al.|(2018). From visual perception, the information we
can extract is the positions and normals of potential contact points, where positions are linked to the
grasp matrix and normals determine the orientations of friction cones. Based on this observation, we
introduce a novel intermediate representation for multi-finger grasping, referred to as the Contact-
centric Grasp Representation (CGR), which encapsulates contact information on the object’s surface
and possesses SE(3)-equivalent property.

Based on this representation, we present AnyDexGrasp, a novel methodology that can effectively
learn dexterous grasping for different hands on a modest set of training objects. In this method,
the multi-finger grasp detection problem that maps raw perception to grasp poses is divided into
two steps. In the first step, we train a general representation model that maps single-view partial
observations to contact-centric grasp representations. A large-scale dataset is annotated to train
this model. After training, it can be applied to different hands without fine-tuning. In the second
step, we map the contact-centric grasp representations to a set of grasp proposals through a hand-
specific mapping, and then learn a hand-specific classifier to evaluate each grasp proposal. This
classifier takes a contact-centric grasp representation and a grasp proposal as input and maps them
to the probability of grasp success. The training data is collected by real-world trial and error. We
empirically observed that this mapping is significantly easier to learn, requiring merely hundreds
of trial-and-error attempts. It dramatically reduces the cost of real-world learning and allows our
approach to work for different types of robotic hands efficiently.

We evaluate the effectiveness of our method using three different robotic hands, each featuring
three to five fingers. Our system is first trained on 144 objects, with approximately 2,000 to 8,000
grasp attempts, depending on the robotic hand. On a diverse set of 150 previously unseen objects,
including deformable and adversarial items, our approach achieves an average grasp success rate
ranging from 80% to 98% across different hands. Notably, this performance is achieved in cluttered
scenarios, demonstrating the effectiveness of our approach.

In addition we explore further reductions in training samples required for our grasp learning
paradigm. We limit the training objects to 40 and reduce the grasp attempts to approximately 400
to 1,000 depending on the robotic hand. Even with this limited amount of training data, our system
consistently achieves grasp success rates ranging from 75% to 95% during real-world testing. No-
tably, our experiments also highlight the potential for further reductions of training samples, with the
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ability to decrease the training object number to 30 and the total grasp attempts to 200 for a three-
finger hand, without decreasing the grasp performance by a large margin. Such learning efficiency
allows robots to master visually guided grasping in a matter of hours in the real world, surpassing
the learning efficiency of human infants.

We conduct a series of analyses to clarify why our two step learning method is so efficient. In the first
step, we perform a geometry coverage analysis, showcasing that by scaling up data in the correct
dimension, the local geometries on just 40 objects can effectively cover a wide range of unseen
objects. This explains the generalization capabilities with a small number of training objects. In
the second step, we provide various perspectives illustrating how our proposed contact-centric grasp
representation serves as a robust state space for grasp decision, which allows the model to learn from
just hundreds of real-world trial-and-error attempts.

This paper represents a significant step toward the efficient realization of dexterous robotic grasping,
with the potential to revolutionize various applications, from advanced humanoid robots to prosthetic
hands.

2 RESULTS

We first learn a general hand-agnostic representation model based on an offline annotated, large-
scale dataset. Once the representation model is learned, we use the predicted contact-centric grasp
representation as a new state space for the problem of multi-finger grasping. For three different
robotic hands (DH-3, Allegro and Inspire), we learn grasping in the real world directly through trial
and error. We discretize each robotic hand’s configuration space into several predefined grasp types,
following human grasping taxonomy |Cutkosky et al.| (1989). We start with thousands of trial-and-
error grasp attempts, and gradually reduce the number to hundreds of attempts in later experiments
to demonstrate the efficiency of our learning paradigm. We also vary the number of training objects
from 144 to 40 and even 30, to verify the generalization ability of our grasp system.

2.1 LEARNING DEXTEROUS GRASPING WITH 144 OBJECTS

We first employ a training set of 144 objects to train the grasp decision model. Approximately 1,000
grasp samples are collected for each grasp type of the DH-3 and Inspire Hand, and 200 grasp samples
are collected for each grasp type of the Allegro Hand, forming the basis for our learning process.
The amount of training objects and grasp samples would be gradually reduced in later sections to
verify the effectiveness of our method.

2.1.1 DEXTEROUS GRASPING ON DAILY OBJECTS

We systematically evaluate the success rates of our approach on testing objects from the first five
categories commonly encountered in our daily activities. The average success rates achieved by the
three distinct robotic hands are 97%, 78%, and 83%, respectively. Movies @], @] and @] record
the grasping process. In contrast, the success rates of the baseline method using heuristic sampling
and collision detection reach only 66%, 51%, and 58%. A detailed breakdown of success rates for
each object category is presented in Figure 2JA. Compared to the baseline method, the substantial
improvements across this extensive test set demonstrate the effectiveness of our proposed represen-
tation and approach.

Several noteworthy points are hereby highlighted. Firstly, the 3-finger gripper attains an average
success rate of 97% across over 100 real-world objects, surpassing even the performance of previous
state-of-the-art parallel-gripper algorithm [Fang et al.| (2023b). Secondly, for deformable objects
within the textile and food categories, the grasp success rates across different grippers show no
significant degradation. In some cases, they even slightly outperform the overall success rate, despite
the absence of explicit training on deformable objects. This observation emphasizes the remarkable
generalization capacity of data-driven methods. We observe that deformable objects tend to comply
with the gripper during the grasping process, making them easier to be successfully grasped.

Regarding grasping speed, our system takes an average of 0.5 second to generate 200 grasp poses in
a cluttered scene. Additionally, an extra collision detection step utilizing scene partial point cloud
and hand mesh is performed. It takes 20 seconds on our CPU using Open3D library Zhou et al.
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Figure 1: The overview of our method. (A): Our method consists of two steps. The first step
is to train a representation model on partial-view point cloud. The training set only consists of
40 objects. The second step would fix the representation model, and train a grasp decision model
that takes the grasp-centric contact representation as input and outputs the grasp success score,
based on hundreds of real-world trial-and-error attempts. The grasp algorithm is tested thoroughly
on hundreds of unseen objects. (B): Illustration of contact-centric grasp representation. A local
geometry is discrete into several tangent planes along the approach direction of a robotic hand. Each
tangent surface is transformed into the polarized coordinate frame of the robotic hand. The shape of
the surface is encoded into discretized points and normal representation in the polar coordinate. (C):
Our experiments are also carried out on a three-finger hand and a five-finger hand and demonstrate

excellent performance.
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Figure 2: Success rates on the testing set after training on abundant real-world data. (A): The
averaged and detailed success rates of the DH-3 hand on five object categories commonly encoun-
tered in our daily activities. (B): The averaged and detailed success rates of the Allegro hand. (C):

The averaged and detailed success rates of the Inspire hand. (D): The success rates on the adversarial
objects of three robotic hands.

(2018). Although this step could be accelerated through advanced collision detection technology or
hardware acceleration, this aspect falls outside the scope of this paper.

2.1.2 DEXTEROUS GRASPING ON ADVERSARIAL OBJECTS

In addition to daily objects, we extend our method’s evaluation to more challenging adversarial ob-
jects. These objects encompass 13 human-selected items from DexNet [Mahler et al] (2017) and
49 program-generated objects from EGAD! evaluation set[Morrison et al.| (2020), characterized by
distinct shapes and varying grasp difficulties. Prior literature shows a performance degradation of
parallel grasping on adversarial versus daily objects [Fang et al| (2023b). To the best of our knowl-

edge, this is the first comprehensive evaluation of a multi-finger grasping algorithm on adversarial
objects in real-world scenarios.

Success rates for the three distinct robotic hands are reported in Figure [2B, where our system
achieves 99%, 82%, and 79% success rates, respectively. Movies [S4] @and% record the grasping
process. In contrast, the baseline method achieves success rates of 72%, 54%, and 59%. Remark-
ably, the performance on adversarial objects is on par with daily objects for all the robotic hands,
highlighting the promising generalization ability of our dexterous grasping system. It surprises us
since previous results from parallel grippers show a dramatic performance degradation. We presume
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Figure 3: Success rates on the testing set after training on reduced real-world data. (A): We
reduce the training object number from 144 to 40 and 30 respectively and test the success rates
on different categories of objects. (B): With 40 training objects, we reduce the data from around
1000 trials per grasp type to 100 trials and 50 trials respectively. (C) and (D): When reducing
the training data on fewer training objects and fewer grasp attempts, success rates on both Allegro
hand and Inspire hand only decrease slightly, showing good generalization ability and high learning
efficiency of our method.

that the additional fingers can improve the grasping ability, and the adversarial objects designed for
parallel grippers do not pose significant challenges in multi-finger cases.

In the subsequent sections, unless otherwise stated, we proceed to conduct experiments on all 150
objects including daily ones and adversarial ones.

2.2 REDUCING REAL-WORLD TRAINING BURDEN

In previous experiments, we collected a considerable volume of real-world training data, approxi-
mately 1,000 trials per grasp type, on the full set of 144 training objects. In this section, we aim
to alleviate the demands of real-world training by assessing the model’s performance under reduced
object and trial conditions. For the sake of simplicity, our evaluation concentrates on the 3-finger
hand in this section.

We initiate this exploration by reducing the number of objects utilized in real-world trial-and-error
attempts. Two smaller sets consisting of 40 and 30 objects were adopted for our experiments. The
details of the training object sets are given in Materials and Method. To ensure a fair comparison
with the original object set, we collect an equivalent number of around 1,000 grasp samples for each
grasp type, ensuring the convergence of the grasp decision model.

Figure presents the experimental results. As the training object count reduces from 144 to 40,
the grasp success rate achieves 96.7% on all testing objects, representing only a marginal decrease
of 1.1%. Such subtle performance degradation, given a nearly 3/4 reduction in training objects,
showcases the robustness of our approach. A further reduction to 30 training objects results in an
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overall grasp success of 95.1%. This translates to a further decrease of 1.6%, yet the performance
remains notably promising. Our experiments demonstrate that, with proper learning methods, the
thousands of training objects adopted in previous systemsMabhler et al.| (2019); |Wang et al.|(2023)
are not necessary.

Since the performance degradation when reducing the object set from 144 to 40 and from 40 to 30
is comparable, while reducing the training object set from 40 to 30 does not significantly lower the
training burden, we opt to proceed with the 40-object training set for subsequent experiments.

We then explore the impact of reducing the number of trials and errors for each grasp type. On the
40 training objects, we reduce trials and errors from approximately 1,000 attempts per grasp type to
100 attempts and 50 attempts, respectively. Figure [3B presents the real robot testing results. When
training with 100 trials per grasp type, the success rate reaches 94.5% on average on all objects. We
show the whole grasping process in Movie This success rate is strikingly high given the limited
number of real-world training samples. Previous literature Xu et al.[(2023)); [Liu et al.| (2023) often
required millions of grasp attempts in simulation to achieve grasping proficiency. Further reducing
the trials to 50 attempts per grasp type yields a success rate of 93.1% on all objects. These results
demonstrate the high learning efficiency of our method, which requires only a small number of grasp
attempts for convergence. In our following experiments, given the already high efficiency of 100
trials per grasp type, we adopt this setting for learning.

2.3 DEXTEROUS GRASP LEARNING WITH 40 OBJECTS AND 100 ATTEMPTS

In the previous section, we demonstrated the robust grasping policy acquired by the 3-finger gripper
through a significantly limited amount of training data and real-world attempts. In this section, we
extend the validation of such a learning paradigm to the other two robotic hands utilized in this
study.

We directly assess the performance of training using 40 objects with 100 trials for each grasp type
on the four-finger and five-finger hands. Depending on the number of grasp types, the total real-
world training samples amount to 1,000 and 800 for these two robotic hands, respectively. This
significantly reduced volume of real-world training samples, nearly 1/10 of the original experiments,
presents a territory in grasp learning that is unexplored by previous work.

Figure BIC and Figure [3D display the detailed success rates of real-world experiments. The average
success rates stand at 75%, and 77% for all objects. The grasping process is recorded in Movies
and It’s striking that the success rates show minimal decreases compared to the
original performance. This observation demonstrates the substantial learning efficiency enabled
by our methodology. Such proficiency allows diverse robotic hands to acquire dexterous grasping
ability in real-world settings.

Notably, this efficiency surpasses that observed in human infants, who typically require months of
practice to develop visually guided grasping skills. The grasp success rates for human infants reach
61.9% at 8 months old|Domellof et al.|(2015)), which involves thousands of practice attempts starting
at 4 months old [Newell et al.| (1989). It is noteworthy that our grasping results are achieved based
solely on visual perception, with no tactile feedback.

2.4 INFLUENCE OF GRASP TYPES
2.4.1 ACCURACY OF DIFFERENT GRASP POSES

In the above experiments, we have shown that our method can enable efficient grasp learning with
high success rates. Here we further analyze the success rates of each robotic hand with a detailed
breakdown according to their respective grasp types. For clarity purposes, we number each grasp
type, as illustrated in Figure[8] The results trained on 40 objects and 100 grasp attempts per grasp
type are adopted for analysis, as depicted in Figure[dJA. For each hand, we can see that different grasp
types have different difficulties in dealing with grasping. Usually, the success rates after learning
are dramatically higher than the baseline method. However, there also exist some exceptions. For
example, the grasp type 1 of the five-finger Inspire hand after training yields a close success rate
to the baseline. After inspection, we found that this grasp type was selected fewer times after the
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training. We anticipated that other grasp types might be more confident to grasp if the objects can
be grasped by multiple types, which leaves some hard cases for this grasp type.

2.4.2 DISTRIBUTION OF GRASP TYPES

A natural question that arises is whether the system learned by our method can demonstrate a variety
of grasp types. From the example above, it is possible that the system may achieve high success
rates by favoring one or two grasp types while ignoring diversity. To address this, we analyze how
frequently each grasp type is selected during testing to verify whether our system indeed learns
diverse grasp poses. To quantify the frequency of each grasp type, we normalize by dividing the
number of grasp attempts for each type by the total number of grasp attempts across all types.

To establish a baseline, we examine the frequency of grasp types obtained by the baseline method,
reflecting the inherent frequency determined solely by collision detection. Grasp types prone to
collision with the scene naturally constitute a smaller fraction among all types. This baseline grasp
type frequency serves as a reference for natural distribution. The top row of Figure B illustrates the
grasp type frequency for different robotic hands. Notably, the three-finger hand exhibits a balanced
distribution, whereas the four- and five-finger hands display more unbalanced distributions. This
discrepancy arises from the fact that the fingertips of the three-finger hand consistently point in the
same direction along the approach vector, resulting in similar collision situations across different
types. Conversely, the four- and five-finger hands exhibit types with greater variance, including
some that are prone to collision with the scene.

Then, we present the frequency of grasp pose after employing our learned system. The statistics are
given in the second row of Figure @B. For the three-finger hand, type 3 presents an increasing ratio
among all grasp types. The reason is that this grasp type presents a higher success rate, and usually
has a higher grasp quality score than other grasp types. However, the other three grasp types are also
frequently selected. For the four- and five-finger hand, the grasp frequency is similar to the baseline
method. These results affirm that our learned system adeptly captures diverse grasp poses, achieving
high success rates without compromising grasp diversity.

2.4.3 REDUCING GRASP TYPES

Another question for multi-finger grasping is whether employing multiple grasp types is necessary,
given the argument that a single power grasp might be sufficient for good results. However, we
argue that incorporating multiple types enhances flexibility, particularly when faced with cluttered
scenarios. To prove that, we conducted a targeted experiment to compare grasping outcomes with
varying numbers of grasp types. Specifically, we employed the best grasp model trained with 144
objects for the Allegro hand, initially defined with 10 grasp types. In our experiment, we compared
the original model with two modified versions that use fewer grasp types. The first version was
limited to a single grasp type, specifically the one that achieved the highest overall success rate
across all types. The second version used a subset of the five most effective grasp types, chosen based
on their individual success rates. For simplicity, the evaluation focused exclusively on adversarial
objects due to the performance similarity with that on the entire object set. The resulting success
rates are detailed in Figure [[C.

The original method, employing 10 grasp types, achieved an 80.3% success rate on the test set. In
contrast, utilizing only a single grasp type led to a reduction in the grasp success rate to 67.3%.
Employing five grasp types performed better, resulting in a success rate of 77.6%, but is still inferior
to the original method. Our experimental results show that increasing the number of grasp types
can improve overall grasp success rates. One reason for this improvement is that a greater variety
of grasp types provides more flexibility, enabling the hand to better adapt to different object shapes,
sizes, and orientations. Additionally, using multiple grasp types can increase tolerance for collisions,
allowing the hand to adjust its grasping strategy based on spatial constraints, particularly in cluttered
environments. It is noteworthy that, on the other hand, our results also reveal that the benefits derived
from further adding grasp types would eventually saturate. Thus, it is reasonable to adopt diverse
yet limited grasp types, which optimizes both grasp success rates and learning efficiency.
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Figure 4: Analysis of the influence by grasp type. (A) A breakdown analysis of grasp success
rates on different grasp types for each robotic hand. (B) The selected frequency of different grasp
types for each robotic hand during testing. (C) Grasping success rates when using different portions
of grasp types for the allegro hand.

3 DISCUSSION

The evolution of visually guided dexterous grasping methodologies within robotics has developed
two prominent paradigms: the 6D pose estimation paradigm and the end-to-end grasp learning
paradigm. The former relies on the precise estimation of an object’s 6D pose and then calculates
the hand pose accordingly. It can transfer across different robotic hands easily, but requires prior
knowledge of the object’s model. On the other hand, the end-to-end grasp learning models do not
require explicit object knowledge, yet the trained models lack transferability across different robotic
hands.
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Our proposed approach explores a middle ground between these two paradigms, which ombining
the advantages of both. By developing a contact-centric grasp representation that encapsulates the
scene’s contact information, we eliminate the need for an object’s model beforehand. The CGR
preserves critical information pertinent to grasp quality, endowing our system with adaptability and
applicability across different morphologies of robotic hands. Moreover, by eliminating the need for
an accurate kinematic model, which was frequently used in previous work learned in simulation |Xu
et al.|(2023);|Wan et al.| (2023)), our method is suitable for soft hand grasp learning.

It is surprising to see that our grasp system can be learned for different hands so efficiently. Pre-
vious work for multi-finger grasping usually require thousands of objects and millions of grasp
samples Mahler et al.| (2019); [Eppner et al.|(2021)). And in the deep learning era, it seems to be an
underlying rule that we need to train a robot system on as many objects as possible to have good
generalization ability. However, the satisfactory performance of our system breaks this intuition.
What are the key factors for our method to learn such efficiently and generalize so well? There are
two aspects of learning efficiency in our system, the first is that we only need 40 objects and the
second is that we only need hundreds of trials for each hand. Here we discuss how our method
achieves efficiency in these two aspects.

Representation plays a crucial role in our system for real-world learning, as it must map different
geometries into a contact-centric grasp representation. How can the system, trained on only 40 ob-
jects, generalize to hundreds of unseen objects? We address this by conducting a geometry coverage
analysis, revealing that scaling up data along the right dimension is key to improving the model’s
generalization ability.

Our representation model takes a scene point cloud as input and outputs contact-centric grasp rep-
resentations (CGRs). To train this model, we need a dataset containing scene point clouds with
annotated CGRs across various geometries. Since CGRs depend on local geometry, a representative
dataset must include diverse local geometries to effectively train deep networks. While many re-
searchers intuitively attempt to collect more training objects to achieve this, our geometry coverage
analysis demonstrates that more objects do not necessarily lead to richer local geometries.

We begin by defining the local geometry used in our analysis. Specifically, the representation net-
work operates in a partial observation scenario, where it infers contact positions and normals on
unobserved surfaces based on the observed geometry. Although each normal and contact point is
predicted independently, we consider the minimal continuous components of local patches, enclosed
by the simplest form of grasping—an antipodal grasp—as a foundational element in our analysis for
consistency.

Next, we define geometry coverage in the analysis. Given a training and testing object set, a local
geometry on a test object is considered “covered” if it closely resembles a local geometry from the
training object set. We define similarity by a chamfer distance smaller than Imm, with examples
illustrated in Figure [5A. For a training dataset, we can assess the diversity of local geometries by
counting the number of covered geometries on test objects.

In practice, when constructing a training dataset, we need to generate labels for a fixed number of
local geometries selected from the training objects, constrained by computational resources. There
are two possible dimensions along which to collect more local geometries: increase the number of
training objects or increase the sample density on each training object. To assess which dimension
is more effective for increasing local geometry diversity, our analysis is conducted as follows. We
collect two training object sets: S, with 40 objects, and L, with 144 objects. For each object set, we
sample 1 million and 4 million local geometries from each object on average, respectively (sampling
details given in supplementary material). This combination results in four different training datasets.
The testing object set for the coverage analysis is the EGAD! test set, which contains over 2000
complex, program-generated objects. We sample around 400 local geometries on each test object
and evaluate if they are covered. Figure 5B shows the number of covered geometries on each test
object, considering different training sets and sampling densities.

Surprisingly, we found that increasing the number of training objects does not significantly increase
the coverage rate on the test set. However, increasing the sampling density of local geometries per
object leads to a dramatic increase in coverage—even when the total number of sampled geometries
is similar to increasing the object count. This result demonstrates that increasing sample density for
each training object is far more impactful than increasing the number of objects.
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Figure 5: Geometry coverage analysis. (A): The colored objects are our training objects and the
gray objects are in the EGAD! object set. The surfaces highlighted in green and connected by a
dotted line have similar local geometries. We see that although the training object and testing object
have very different overall shape, we can find local geometries on them that are pretty similar. (B):
The local geometry coverage curves on the testing set given different choices of scaling up the
training set. The z-axis denotes the ID of each testing object, and the y-axis denotes the number
of covered local geometries on each testing object. An example is given where the 1000-th testing
object has around 250 covered local geometries. We only draw 3 of them for illustration.

Based on this analysis, we prioritize scaling up the label density of CGRs on each training object,
rather than increasing the number of training objects, when constructing our dataset. By training
on over a billion CGRs, our model has learned to map local geometries to grasp representations
effectively, thereby enhancing its ability to generalize to novel objects.

Now, we turn to the grasp decision model and discuss why it can learn grasp success from just
hundreds of trial-and-error attempts. Here, we highlight a few possible reasons.

First, the representation captures all the relevant information about force closure that can be extracted
from vision. For a point-to-plane contact problem, the force-closure condition must satisfy the
following criteria Dai et al.| (2018)):

Gf=0,
GGT > 616><6a

Vi +1

where f is the vector of contact forces acting at each contact point, G is the grasp matrix determined
by the positions of the contact points, and n; represents the surface normal at the ¢-th contact point.
The latter two parameters are the only aspects that a vision model can estimate, and are generated by
our representation model. The grasp decision model needs only to learn whether the forces f exerted
by the gripper for different grasp types can satisfy Equation equation [I] given a friction coefficient
w. Although the friction coefficient is unknown, the model tends to learn an average behavior from
the training set.

(D

Second, the representation is compact. Instead of dealing with high-dimensional data like images
or point clouds, we reduce the input to a 1D vector that represents the shape. This compactness
simplifies the mapping from input to grasp quality, making it easier for the grasp decision model to
learn.
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4 MATERIALS AND METHOD

4.1 FORMULATION

A multi-finger grasp pose g is formally defined as:
g=[Rtdq], 2)

where R € R3*3 represents the robotic hand’s rotation, t € R3*! denotes the hand’s translation,
and q € R™*! characterizes the joint configuration of a n-DoF multi-finger hand. The goal of the
grasp pose detection problem is to predict a set of grasp poses from a scene perception. Convention-
ally, data-driven methods have employed a single network f(-) to map the partial point cloud of the

scene P € R¥*3 to a set of candidate poses, G = {gz}llcj1 In contrast, our approach decouples the
mapping into two distinct steps: a state embedding step and a grasp decision step.

In the state embedding step, we extract a collection of contact-centric grasp representations from the
partial point cloud P. This is achieved by using a hand-agnostic representation model ®(-), which
generates the scene representation R

R = ®(P), 3)
where R = {r; }lji‘l is a set of contact-centric grasp representations.

The grasp decision step consists of two distinct procedures: a mapping process that converts contact-
centric grasp representations into a set of candidate grasp poses (referred to as grasp candidates) and
a quality estimation process for each candidate. For each grasp representation r;, we generate a set
of grasp candidates based on the specific robotic hand. A hand-dependent mapping function X(-)
takes a grasp representation r; and a hand specification h as input, and output G:

Gj = ]C(ij h)a “4)

1G] .
denotes the set of grasp candidates for each r;.

i=1

where G; = {g?}
To estimate the quality of a grasp, we use a hand-dependent grasp decision model ¥(-), which
predicts the probability of success 3 given a grasp representation r;, a grasp pose gj(z), and a hand
specification h:

B=W(r;,g\" h). 5)

Objective: Our goal is to find a set of grasp poses G* that maximizes the grasp success rate given
a desired number of grasp poses K:

* _ (%)
G* = GcSr%m?é\—KErjeR’ g;i)ElC(Tj,h)ﬁG[\Ij(rj’gj Jh)]. (6)
5 G 1GI=

4.2 CONTACT-CENTRIC GRASP REPRESENTATION

We initiate our approach with the development of a contact-centric grasp representation. Initially,
consider a 2D object, we can represent it as a set comprising surface points and their corresponding
normals:

r2d:{(pi7ni)|i:1,2,"',N}. (7)

In this representation, p; denotes the position of a surface point, and n; represents the normal vector
associated with that surface point. For clarity, the object’s surface is discretized into N bins.

For the task of grasp pose detection, it is common to represent the object shape in a local coordinate
frame ften Pas et al.| (2017); Mousavian et al.| (2019), as the classification of grasp quality depends
primarily on the geometry within a localized area. This step, referred to as canonicalization, equips
the representation with SE(3)-equivalent property and makes subsequent learning easier. For the 2D
example, when we employ a polar coordinate system and sample the pole coordinate to4 and the
polar axis R4, the discrete object shape representation is refactored accordingly. In this system, a
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surface point p; is represented by an angle «; from the polar axis and a distance d; from the pole.
Additionally, the surface normal is encoded as the angle between the normal n; and «;:

T2d = {(azvdlvel) ‘Z = 1727 c '7N7 p;, = R2d(pi - t2d)7 ’I’L; = R2dni7

/

b /
Q; = 77d1 = Hp||7
ol '
ol
0; = arccos Lnl, i Rog, tog ¢- ()
[l [l

A benefit of adopting a polar coordinate system is that the in-plane rotation angles {«; } can be uni-
formly sampled across the polar angle range, resulting in constant values for {c;} across different
representations. Therefore, we move {«;} to the right side of the set notation to make the repre-
sentation more compact. Since the values of d; and 6; depend on c;, we rewrite them as d,,, and
Ou,;:

2m 2r(N -1
T2d = {(daiﬁai) | a; =0, ( )§R2d,t2d}- ©)

F,...,T

Extending this representation to a real-world 3D object and a 3D coordinate system with rotation
R34 and translation ts4 involves decoupling the object’s geometry along a chosen axis and com-
posing multiple 2D representations. By selecting a specific axis in the 3D coordinate system (e.g.,
the z-axis), we discretize the object along this axis into M sections. Each section corresponds to a
cross-sectional slice of the object at a particular coordinate along the axis.

Within each cross-sectional slice, the same polar coordinate system is employed as in the 2D case.
We apply the same angular sampling and the local geometry is represented in terms of distance and
normal angle at each sampled angle a;. The 3D representation is then formulated as:

2 2n(N -1
o =020 V-1

r3d = {(daiy eal )j N N

7j:1,2,...,]\/.I';]?i;gd,tgd} (10)

In the following sections, we use r as a shorthand for r34. In Figure , we illustrate the process
of representing a 3D geometry in the contact-centric representation format within a robotic hand’s
local coordinate frame.

4.3 RoBOTIC HANDS AND GRASP TYPES
In our experiments, we utilize three distinct robotic hands:
e DH-3: A three-finger robotic hand comprises 4 degrees of freedom and 2 motors, operating

in an underactuated manner.

* Allegro: A four-finger robotic hand comprises 16 degrees of freedom and 16 motors, de-
signed for full actuation.

* Inspire: A five-finger robotic hand equipped with 12 degrees of freedom and 6 motors,
operating in an underactuated manner.

These robotic hands represent a variety of applications, including industrial tasks, dexterous manip-
ulation, and underactuated prosthetic hand functionalities.
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Figure 6: Experimental setup. (A): Illustration of the predefined grasp types for three robotic
hands. The types are categorized by the number of fingers involved in the grasping procedure.
Some types can be categorized into multiple taxonomies defined in previous literature
when the grasping depths differ.(B): Platform setting of our dexterous grasping experiments.
(C): INlustration of our 40 training objects and 150 testing objects. The testing objects are much
more diverse than the training objects, including deformable and adversarial objects not presented
in the training set.
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One challenge with dexterous grasping is the complexity introduced by the high degrees of freedom
in these robotic hands, which creates a vast joint configuration space. However, when humans grasp
objects, we typically rely on only a small subset of these configurations, which can be categorized
into specific taxonomies |Cutkosky et al.| (1989); [Feix et al.|(2015)). To address this complexity and
make grasp pose detection more manageable, we discretize the continuous joint configurations of
the multi-fingered hands into a finite set of predefined grasp types. This is represented as q €
{qi, ..., q.}, where ¢ denotes the total number of grasp types specific to each hand.

For the three-finger hand, we discretize the entire joint space into several bins, while for the four-
and five-finger hands, we select grasp types from the human grasp taxonomy that can be executed
by these dexterous robotic hands. The predefined grasp types are illustrated in Figure [A. While
this approach simplifies the grasp pose detection process, it still provides sufficient flexibility for
subsequent manipulation tasks.

It is important to note that these grasp types serve as anchor poses prior to contact. Once the hand
reaches its target position, it undergoes a closure process, where the fingers progressively move
toward each other until the forces exerted on the finger joints reach predefined limits.

4.4 OVERVIEW OF EXPERIMENTS

To assess the performance of our multi-finger grasping model, we established a real-world exper-
imental platform. Our hardware setup includes a URS robotic arm and an Intel RealSense D415
camera, positioned at the robot’s end-effector. The initial camera pose is vertical to the table and is
approximately 60 cm above it. Figure[6B illustrates the setup of our robotic platform.

To assess the multi-finger grasp performance thoroughly, we construct a comprehensive real-world
test set, featuring objects commonly encountered in everyday life. These objects encompass diverse
shapes, materials, and textures and are categorized into hardware, food, textile, household, toy, and
adversarial items. The test set comprises nearly 150 objects ranging in size from 2.5 x 2.5 x 2.5
cm? to 8 x 8 x 5 cm3.

During real-world testing, objects from each category are randomly placed on a table in a cluttered
way, and the robots attempt to grasp all the objects and clear the table. This process is repeated
twice for accuracy. We also establish a baseline that aligns the principal closing axis of the grasp
types with antipodal grasp poses, followed by collision detection, to compare with our proposed
method. The success rate is determined by dividing the number of successful grasp attempts by the
total number of grasp attempts.

Ultimately, our grasp system is successfully evaluated on three different robotic hands, where the
whole system is trained on a limited dataset comprising merely 40 objects and hundreds of grasp
attempts, and tested on a broader spectrum of 150 previously unseen objects. Notably, it represents
a pioneering achievement in the literature where a grasping algorithm is evaluated on a significantly
larger set of objects than those included in its training dataset. The final training and testing objects
are illustrated in Figure [6[C for reference.

4.5 BASELINE METHOD

Here we introduce our baseline method of multi-finger grasping. Currently, our community can
achieve human-level robotic grasping with a parallel-jaw gripper Fang et al.| (2023b). An intuitive
approach for multi-finger grasping is to mimic the behavior of parallel grasping. Thus, we propose
a baseline method that discovers the principal closing axis of a robotic hand and aligns it with a
parallel grasp pose. First, for each grasp type of a robotic hand, we manually designate its principal
closing axis, which is the primary direction along which the fingers converge when the hand closes
to grasp an object. Then, given a parallel grasp pose and a grasp type of a hand, we can align the
multi-finger hand’s principal closing axis to the parallel grasp pose. Previous literature [Fan et al.
(2019; 2018) also explored similar ways to initialize a multi-finger grasp. In Figure 0] we illustrate
the alignment example.

When grasping with a selected robotic hand, we first generate multiple high-score antipodal grasp
poses for a single-view point cloud using the AnyGrasp library [Fang et al.| (2023b). Then, for each
antipodal grasp pose, we align the robotic hand configured in all grasp types with the antipodal pose.
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It means that for each antipodal grasp pose, we would have multiple multi-finger grasp candidates
with different types. For all of the multi-finger grasp candidates across the scene, we run a collision
detection based on the partial-view point cloud and robotic hand model. We select the grasp type
assigned with the highest antipodal grasp score for the remaining grasp candidates without collision.
If multiple grasp candidates have the same grasp score, we randomly select one as the final grasp
pose.

4.6 ALGORITHM DETAILS

Next, we introduce the details of our algorithm, which consists of three steps: learning the represen-
tation model, mapping from representation to grasp pose, and learning the grasp decision model.

4.6.1 REPRESENTATION MODEL

Our representation model takes a partial-view point cloud as input and generates the contact-centric
grasp representation r for different rotation R34 and translation t34 across the scene. It may seem
initially challenging to establish the representation model, given that this representation demands
full surface information, and the r needs to be predicted for SE(3) space across the scene. How-
ever, recent advancements in grasp pose detection algorithms have successfully learned the mapping
from partial-view point clouds to antipodal grasp poses across the scene, unveiling the feasibility
of learning the mapping from partial-view point clouds to the proposed intermediate representa-
tion. Specifically, prior works, such as graspnet-baseline |[Fang et al.|(2020b) and GSNet|Wang et al.
(2021)), have predicted the gripper opening widths and antipodal scores for discretized rotation R34
and translation ts, across the scene:

§= {(wam ,uozl)j

2w 2r
a’iO;Na~"77rNaj1a27"',M;R3d7t3d}7 (11)

where W, = 2 X max(dy,, do,+r) and fiq, = max(tan(f,, ), tan(f,,+~)) are the gripper opening
width and antipodal grasp quality metric defined in|Fang et al.|(2020b). This representation shares a
structural resemblance with our contact-centric grasp representation in Equation equation[I0} Thus,

we opt to build our representation model upon the GSNet Wang et al.| (2021)) architecture.

When predicting the representation, it is intractable to account for every possible R4 and ts4 in
continuous space. Previous work [Fang et al.| (2020b); Wang et al.| (2021) addressed this by selecting
orientation R34 from 300 discretized directions, voxelizing the scene, and selecting only t3,4 that lies
on object surfaces. However, the total number of resulting combinations still remains quite large.
In/Wang et al.| (2021)), a metric called “graspness” is proposed as a heuristic to bias sampling towards
t3q and R, values that have a higher probability of generating successful grasp poses. This metric
includes two components: “point-wise graspness” and “view-wise graspness.” Point-wise graspness
is calculated by counting the ratio of high-score antipodal grasp poses among all poses at a given ts,
while view-wise graspness counts this ratio among all grasp poses at a given Rgq4 for a sampled ts.
These two scores are learned jointly within the grasp pose detection network and guide sampling
during inference.

In this work, since we aim to train a hand-agnostic representation model, we define a new “grasp-
ness” score for each r to indicate its suitability for subsequent grasping across different robotic
hands. Intuitively, for a point («;, d;, 6;), a robotic hand achieves better contact when 6; is small,
meaning the surface normal n; is opposite to the contact direction (assuming the robotic finger ap-
proaches towards the polar pole of the local coordinate frame). Additionally, geometries with many
high-score antipodal grasp poses tend to be easier for dexterous hands to grasp. Thus, we define
“graspness” in this paper as the sum of 6; values below a threshold and the number of antipodal
grasp poses in r. This definition helps the model reduce candidates for representation prediction
within a scene without significantly affecting accuracy.

Similar to GSNet, our representation model consists of three cascaded modules. Firstly, a
Minkowski Engine (Choy et al.| (2019) backbone takes the single-view point cloud as input, en-
codes their geometric features, and outputs a computed feature vector for each input point. Then a
multi-layer-perception (MLP) takes the features of each point and generates a point-wise graspness
heatmap. We sample 1024 seed points with high graspness, and forward these points to another
MLP block. It outputs the view-wise graspness scores for 300 approach directions towards each
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seed point respectively. We then select the direction with the highest graspness score for each point,
group the features with cylinder grouping |[Fang et al.| (2020a)) along that direction and forward the
grouped features for each point through a final MLP block. This final layer outputs r for N = 48
in-plane rotations and M = 5 grasp depths, which are 0.005m, 0.01m, 0.02m, 0.03m and 0.04m
respectively.

4.6.2 MAPPING FROM REPRESENTATION TO MULTI-FINGER GRASP CANDIDATES

After we obtain the representation r at different positions across the scene, we link them with differ-
ent grasp types of a robotic hand to generate multi-finger grasp candidates. In theory, since we have
predicted the contact information, we can already generate suitable multi-finger grasp candidates
through optimization Miller & Allen| (2004); Liu et al|(2021). However, for simplicity, we follow
the same technique adopted in the baseline method to generate multi-finger grasp candidates. Such
a design also facilitates fair comparison with the baseline method and shows how our grasp decision
network improves the grasping ability.

For each predicted CGR with the form of Equation equation we calculate the corresponding
antipodal grasp representation defined in Equation equation [T1} Then the CGRs with top-500 an-
tipodal grasp scores are selected. These representations are associated with different multi-finger
grasp candidates following the same procedure of the baseline method. After this process, we query
the orientation R, and translation t, of the multi-finger grasp candidates associated with the CGRs
(more details in supplementary material). Together with the associated grasp types, we map the
CGRs to multi-finger grasp candidates.

4.6.3 LEARNING MULTI-FINGER GRASPING

For each sampled grasp candidate g;, we learn a mapping from its corresponding CGR r; to grasp
success probability. This mapping is approximated through the grasp decision model, using training
data collected via trial and error:

a=Y(r;,gi,h).

In practice, we train different decision models for different robotic hands, denoted as Wy, (14, g;).
Since the grasp types of each hand are discretized, we further decompose the classification of differ-
ent grasp types into different sub-models:

Un(ri,gi) = Z I(gi, a) Wn,q(ri, Ry, ty),
qa

where I(g;,q) is an indicator function that is 1 when g; matches the grasp type q and 0 otherwise.
Since R4 and t, are functions of r;, we can simplify the input to the sub-models by removing R,
and t,. Thus, Uy, (75, Ry, tg) can be reformulated as ¥, o(r;), where the computation of R, and
t, is implicit in the model. We empirically found that using different sub-models for different grasp
types gives better performance. The input to the model consists of the CGR of a selected grasp
candidate. The model’s output is a score of whether the selected grasp would be successful. Details
of the model is given in supplementary material. For simplicity, we regard the combination of all
sub-models for each robotic hand as a single model and still refers to it as the grasp decision model.

4.6.4 DETECTION POST-PROCESSING

Following the grasp decision model’s output, we select grasp poses with high-quality scores, typi-
cally exceeding 0.9. Collision detection is then performed by voxelizing the pre-shaped multi-finger
hand and examining intersections between the hand voxels and the scene point cloud using the
Open3D library. The final grasp pose is chosen from those grasp poses without collision with the
scene, with the highest grasp quality score.

4.7 TRAINING ENVIRONMENT
4.7.1 TRAINING OBJECT SET

Our experiments involve three different training object sets, the larger dataset I contains 144 objects,
the smaller one S contains 40 objects, and the tiniest one T contains 30 objects. L is the training

17



Under review as a conference paper at ICLR 2025

Algorithm 1 Multi-finger Grasping Data Collection for Robotic Hand h

Input: the expected size K of the grasp dataset.
Output: the collected grasp dataset G.

I: G+ 0

2: while |G| < K do

3: The robot moves to the ready pose

4 P < camera.perception >

5: R+ O(P) >

6: Sample a CGR r € R in the scene

7 Sample a grasp type q € {qi,...,q.}

8: Ry t4] < compute_grasp_pose(r) >
9: if collision_detection([R, t4 q], P; i) then
10: >
11: continue
12: end if
13: The robotic hand executes the multi-finger grasp pose [R t q]
14: Record the grasp result S >

15: G+ GU{(r, Ry, t,,q,5)}
16: end while
17: return the collected grasp dataset G

set collected in AnyGrasp [Fang et al.|(2023b). S encompasses the 40 training objects featured in the
original GraspNet-1Billion dataset, and T includes 30 randomly selected objects from LL. In Figure[7]
we detail the three training object sets.

4.7.2 DATA ANNOTATION AND COLLECTION

To facilitate the training of our representation model, we re-annotate the GraspNet-1Billion dataset.
The training set consists of 100 scenes made up of 40 objects. Each scene includes 256 RGBD
images, each of which can be transformed into a single-view point cloud. Instead of the original
antipodal grasp representation (illustrated in Equation equation[TT), we annotate the contact-centric
grasp representation as per Equation equation [I0]for the 100 training scenes.

Our process begins by voxelizing the 3D mesh of each training object with a resolution of 0.005
m. We collect all points on the voxelized object surface, denoted as {t:(;d) , where 7 indexes each

individual surface point. For each surface point téid), we sample 300 approach directions {Rgi) 1

where j indexes the sampled directions. We then compute the CGR r for each combination of tgg

and Rg}. This computation relies on the complete mesh of the object. The computed CGRs are then
projected from each training object to the training scenes based on the object’s 6D pose provided in
the original dataset.

After generating the CGRs for each scene, we apply a simple post-processing step to verify grasp
feasibility. For each CGR, we check whether a cylindrical region extending backward along the
approach direction collides with the tabletop or other objects in the scene. If a collision is detected,
we set the CGR to a zero vector, indicating it is not a viable grasp candidate. This post-processing
step helps reduce the likelihood of robotic hand collisions within the scene.

To train the grasp decision model, we collect grasping data by trial and error. Previously, most of
the grasp attempts related to multi-finger grasping were collected within a simulation environment.
Nevertheless, significant gaps may arise due to the inherent differences between the simulation and
real environments. Thus, in this paper, we directly collect grasping data in a real-world environment.

We provide an overview of the complete data collection pipeline, summarized in Algorithm [I] Ini-
tially, we randomly place objects on the table. We then run the representation model to generate
dense contact-centric grasp representations for the scene. We sample a CGR and a grasp type of the
robotic hand, and map the CGR to a multi-finger grasp pose. Collision detection is performed to
ensure that the grasp pose does not collide with the scene. If no collision happens, we execute the
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grasp process. During this process, we record whether the grasp is successful and store the necessary
information in the dataset.

4.7.3 TRAINING DETAILS

For the representation model, the input point clouds are down-sampled with a voxel size of 0.005m.
In practice, we set the parameters of the 3D representation N and M in Equation equation [T0]to 48
and 5 respectively. The model is trained on the re-annotated GraspNet-1Billion dataset using one
Nvidia A100 GPU with Adam optimizer Kingma & Bal(2014)) and an initial learning rate of 0.001.
The learning rate follows a descent strategy and we adopt “poly” policy with power = 0.9 for learn-
ing rate decay. The model is trained from scratch with a batch size of 4. For data augmentation,
we randomly flip the scene horizontally and randomly rotate the points by Uniform[—30°,30°)
around the z-axis (in the camera coordinate frame). We also randomly translate the points by
Uniform|[—0.2m, 0.2m] in the z- or y-axis and Uniform[—0.1m, 0.2m] in the z-axis.

For the grasp decision model, since we have a relatively limited amount of collected data, our model
is trained for only 20 epochs to avoid overfitting. We leverage the Adam optimizer Kingma & Ba
(2014). The learning rate follows a segmented descent strategy starting from 0.0001, and the batch
size Z is set to 128 to optimize training efficiency. Since the network is quite small, we train the
model on a laptop with NVIDIA 1650 GPU.

4.8 EXPERIMENTAL PROCEDURE

In each experiment, we randomly distribute objects from different categories in the robot workspace.
During the grasping process, the partial-view point cloud captured by the camera is fed into our rep-
resentation model. When collecting training data, we follow the procedure in Algorithm 1. During
testing, we first choose 100 CGRs from the outcome of the representation model, which has the
top-100 antipodal grasp scores. These CGRs are mapped to multi-finger grasp candidates, and given
the number of predefined types for each robotic hand, the total number of multi-finger grasp candi-
dates varies (e.g., we define 4 grasp types for the three-finger hand, thus it has 400 grasp candidates).
These grasp candidates are fed into our grasp decision model. The grasp candidates with the top-200
grasp quality scores then undergo collision detection post-processing. The grasp pose that passes
collision detection and has the highest grasp score is selected as the final multi-finger grasp pose
in the camera’s coordinate system. It is subsequently converted into the world coordinate system
and sent to the URS robot through socket communication. The URS’s embedded motion planner
navigates it to the grasp pose, where we set a waypoint 10 cm backward from the final grasp along
the approach direction to avoid collision during movement. Simultaneously, the robotic hand is
configured to the selected grasp type. After the robot arm reaches the target pose, the robotic hand
closes the fingers until the grasping force reaches a predefined limit. The robot then lifts the object
and moves it to the top of the bin and drops the object. The experiment concludes with manually
recording whether the robotic hand successfully move the object to target position.

5 CONCLUSION

This paper proposed a novel methodology to address the challenges of dexterous grasping in clut-
tered environments with minimal data requirements, demonstrating significant advancements in
learning visually guided grasping across diverse robotic hands. By decoupling the grasping process
into contact-centric representation learning and hand-specific grasp decision-making, the approach
achieves robust real-world performance with minimal training—achieving a 75% to 95% success
rate with just 40 training objects and hundreds of grasp attempts, and further improving with addi-
tional training. The system’s adaptability to various robotic hands and its robustness with challeng-
ing objects, including deformable and adversarial items, underscore its potential for broad applica-
bility. This work establishes a foundation for efficient and scalable dexterous manipulation, paving
the way for impactful use in domains such as humanoid robotics and prosthetics. Future directions
for research entail expanding the scope of the contact-centric grasp representation model to include
a wider array of tactile and sensory information, enabling a more comprehensive understanding of
object manipulation. Tactile sensors encapsulate rich information concerning contact positions and
contact point normals, mirroring the fundamental attributes of our representation model.
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A SUPPLEMENTARY METHODS

QUERY 6D GRASP POSE FOR CGR

When we map a CGR to grasp pose, we first calculate the antipodal grasp representation of the CGR.

Given a CGR
2T
r= {(daiaeai)j Q= Oaﬁa-”a?ﬂ-* W? J = 132a"'aM;R3d»t3d}, (12)

the antipodal grasp representation is calculated by
s§= {(wan :U'ai)j

where w,, = 2 X max(da,, do,+x) and pto, = max(tan(fy,), tan(fy,+)). After we obtained s,

i

we choose the «; and j that has the maximum antipodal grasp score:

2T

2m 2m
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We add the rotation o] and translation corresponds to the j*-th section along approach direction to
R34 and t3q:

R, = Rsa - R.(a),
tg =tza +d(j") - Rsa - R.(a]) - z,

where:
cos(af) —sin(al) 0
R,(a}) = |sin(ef)  cos(e) O] ,
0 0 1

d(-) is a function that maps the index j of the section to its actual depth along the approach direction
(maps {1,2,3,4,5} to {0.005m, 0.01m, 0.02m, 0.03m, 0.04m}), and:

0
z:[O
1

The updated rotation Rg and translation tg are the 6D grasp pose that corresponds to this CGR.

DETAILS OF GRASP DECISION MODEL

Each grasp decision sub-model is learned by a neural network. It takes a contact-centric grasp
representation as input and outputs a score ranging from 0 to 1 to indicate whether the corresponding
grasp candidate would be successful. The input size is 2 X 5 x 48 = 480, which is composed of
distances and normal angles on 5 sections along 48 in-plane rotations.

The network comprises seven fully connected layers with a skip connection for improving robust-
ness. Each intermediate layer consists of a fully connected layer with 1024 neurons, a batch normal-
ization layer, and a ReL.U activation function. The output of the second intermediate layer is also
forwarded to the fifth intermediate layer with a skip connection. Networks for different grasp types
are trained separately. We employ a loss function defined as:

Z
1
L=-o ;y log(p.). (13)

In this equation, L is the loss, y denotes the binary label of whether the real robot trial and error
succeeded or not, and p represents the predicted grasp success probability by the network. Z denotes
the batch size.

LoCAL GEOMETRY SAMPLING FOR GRASP COVERAGE ANALYSIS

The local geometries are cropped using 3D boxes defined by valid antipodal grasp poses. To obtain
the grasp candidates, each object is voxel-downsampled to get grasp points in uniform distributions.
V' approach directions are sampled on the grasp point. A inplane rotation angles are sampled uni-
formly for each direction. On the training objects, we set V=100 and A=12 for the dense set, and
V=50 and A=6 for the sparse set, respectively. In these two cases, the average numbers of local
geometries for each training object are around 1M and 4M. For testing objects in the EGAD dataset,
we set V=100 and A=12.

B SUPPLEMENTARY TEXT

TRAINING OBJECT COLLECTION

The 144 training objects are collected from supermarkets and grocery stores, which is extended from
the 40 training objects collected in GraspNet-1Billion|Fang et al.|(2023a)). The principle of choosing
objects is that they have a roughly different shape or some local geometries from other objects, and
they are chosen by authors heuristically. We provide the 3D scanned models of the objects to support
reproducible research. Figure[/|shows an overview of the training object.
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Figure 7: Training object set. The set . with 144 training objects are enclosed by the orange
rectangle, the set S with 40 training objects are enclosed by the blue rectangle, and the set T with 30
training objects are enclosed by the green rectangle. Their CAD models are available upon request.

GRASP TYPES FOR DIFFERENT HANDS

The index number for each grasp type of different robotic hands is given in Figure|[§]

PRINCIPAL CLOSING AXIS FOR DIFFERENT GRASP TYPES

We illustrate the principal closing axis for different grasp types in Figure|[9] The z-axis (in red) in
the local coordinate frame is the approach direction and the y-axis (in green) is the principal closing
axis of the hand. The two-finger gripper (in blue) is the corresponding antipodal grasp pose for each

grasp type.
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Discretized joint configurations

99

1. Larae 2. Small 3.Ring / Tip 4. Sphe}e 3 5. Distal Type

Diameter Diameter / Pinch Finger
Quadpod

6. Adduction 7. Writing 8. Tripod 9. Lateral 10. Prismatlic 2
Grip Tripod Finger

< —
1.TipPinch/  2.Prismatic2 3. Prismatic 3 4. Prismatic 3 Finger
Ring Finger Finger / Quadpod / Large Diameter

v |
V-

-

- &
5. Medium 6. Tripod 7. Sphere 3 8. Distal
Wrap Finger Type

Figure 8: Grasp type numbering. (A), (B) and (C) give the index numbers of different grasp types
for the three-finger, four-finger, and five-finger hands, respectively.
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6. Adduction 7. Writing 8. Tripod 9. Lateral 10. Prismatic 2
Grip Tripod Finger

1. Tip Pinch /2. Prismatic2 3. Prismatic 3 4. Prismatic 3 Finger
Ring Finger Finger / Quadpod / Large Diameter

)

5. Medium 6. Tripod 7. Sphere 3 8. Distal
Wrap Finger Type

Figure 9: Identifying principal closing axis. We show the designated principal closing axis and
corresponding antipodal grasp pose for each predefined grasp type. (A), (B) and (C) shows the
results for the three hands we used.
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C SUPPLEMENTARY MOVIES

We believe that presenting the complete process of our robotic grasping experiments can provide
valuable insights into potential improvements for the grasping system. Additionally, it is essential to
demonstrate the system’s robustness, which requires running it for an extended period. Therefore,
we recorded the entire grasping process, retaining all original content without cuts, but with speed
adjustments to keep the video at a reasonable length. The grasping process for each robotic hand
lasts over 3 hours, with the total time across all three hands exceeding 15 hours. We applied a 20x
speed-up for the collision detection phase and a 2x speed-up for the grasp execution phase. Even
after these adjustments, the resulting videos still exceed 6 hours in length. Consequently, we have
hosted the videos on YouTube, with the links provided below:

Movie S1 - Grasping with 3-finger DH-3 hand on daily objects, after training on 144 ob-
jects:

https://youtu.be/GGBesshyfxk

Movie S2 - Grasping with 4-finger Allegro hand on daily objects, after training on 144
objects:

https://youtu.be/HkrviWm_TTGo

Movie S3 - Grasping with 5-finger Inspire hand on daily objects, after training on 144
objects:
https://youtu.be/30m7G8nMJIPg

Movie S4 - Grasping with 3-finger DH-3 hand on adversarial objects, after training on 144
objects:
https://youtu.be/GGBesshyfxk?t=1837

Movie S5 - Grasping with 4-finger Allegro hand on adversarial objects, after training on
144 objects:
https://youtu.be/E71i3pgxA4RM

Movie S6 - Grasping with 5-finger Inspire hand on adversarial objects, after training on
144 objects:
https://youtu.be/06LOwRgu82s

Movie S7 - Grasping with 3-finger DH-3 hand on daily and adversarial objects, after train-
ing on 40 objects: https://youtu.be/-—5wIHfPoZs

Movie S8 - Grasping with 4-finger Allegro hand on daily objects, after training on 40
objects:
https://youtu.be/uhaC8NORgm4

Movie S9 - Grasping with 4-finger Allegro hand on adversarial objects, after training on 40
objects:
https://youtu.be/5pN6BYOH4 xwW

Movie S10 - Grasping with 5-finger Inspire hand on daily objects, after training on 40
objects:
https://youtu.be/GODLTV jXPQk

Movie S11 - Grasping with 5-finger Inspire hand on adversarial objects, after training on
40 objects:
https://youtu.be/B7gc7gRwidss
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