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Abstract

This work evaluates Tac2Pose, an object-specific approach to tactile pose estimation for
known objects. Given the object geometry, we learn a perception model in simulation that
estimates a probability distribution over possible object poses given a tactile observation.
To do so, we simulate the contact shapes that a dense set of object poses would produce on
the sensor. Then, given a new contact shape obtained from the sensor, we match it against
the pre-computed set using an object-specific embedding learned using contrastive learn-
ing. We obtain contact shapes from the sensor with an object-agnostic calibration step that
maps RGB tactile images to binary contact shapes. This mapping, which can be reused
across object and sensor instances, is the only step trained with real sensor data. Tac2Pose
produces pose distributions and can incorporate additional pose constraints coming from
other perception systems, multiple contacts, or priors.

We provide quantitative results for 20 objects. Tac2Pose provides high accuracy pose
estimations from distinctive tactile observations while regressing meaningful pose distribu-
tions to account for those contact shapes that could result from different object poses. We
test Tac2Pose in multi-contact scenarios where two tactile sensors are simultaneously in
contact with the object, as during a grasp with a parallel jaw gripper. We further show that
when the output pose distribution is filtered with a prior on the object pose, Tac2Pose is
often able to improve significantly on the prior. This suggests synergistic use of Tac2Pose
with additional sensing modalities (e.g. vision) even in cases where the tactile observation
from a grasp is not sufficiently discriminative. Given a coarse estimate, even ambiguous
contacts can be used to determine an object’s pose precisely.

We also test Tac2Pose on object models reconstructed from a 3D scanner, to evaluate
the robustness to uncertainty in the object model. We show that even in the presence of
model uncertainty, Tac2Pose is able to achieve fine accuracy comparable to when the ob-
ject model is the manufacturer’s CAD model. Finally, we demonstrate the advantages of
Tac2Pose compared with three baseline methods for tactile pose estimation: directly re-
gressing the object pose with a neural network, matching an observed contact to a set of
possible contacts using a standard classification neural network, and direct pixel compari-
son of an observed contact with a set of possible contacts.
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Chapter 1

Introduction

Robotics history sends a clear lesson: accurate and reliable perception is an enabler
of progress in robotics. From depth cameras to convolutional neural networks, we have
seen how advances in perception foster the development of new techniques and applica-
tions. For instance, the invention of high-resolution LIDAR fueled self-driving cars, and
the generalization capacity of deep neural networks has dominated progress in perception
and grasp planning in warehouse automation [45, 29, 36]. A primary goal of this research
is to demonstrate the role that image-based tactile sensing has to play in that history. In
robotic manipulation applications, occlusions challenge accurate pose estimation and ob-
ject dynamics are dominated by contact interactions. Image-based tactile sensing provides
a local view of the object geometry at contact; therefore, these challenges both fall in the
set of problems that image-based tactile sensing is well-poised to address.

In this thesis, we evaluate Tac2Pose, a method for estimating the pose of a touched
object from a single tactile image. Given a 3D model of the object, Tac2Pose learns and
object-specific perception model in simulation, tailored at estimating the pose of the object
from a tactile image without requiring any previous interaction. The proposed approach is
motivated by scenarios where the main requirement is estimation accuracy and where ob-
ject models will be available beforehand. Many industrial scenarios fit this category. Many
previous solutions to tactile pose estimation require prior exploration of the object [26, 2].
Acquiring this tactile experience can be expensive, and in many cases, unrealistic. In this

work, instead, we learn the perception model directly from the object mesh model, and
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demonstrate that the model learned in simulation directly transfers to the real world. We
attribute this to the object-specific nature of the learned model, the high resolution nature
of the tactile sensors, and the contrastive-based perception framework. Tac2Pose uses an
intermediate representation of the tactile image, a binary contact mask, which we are able
to generate with high fidelity both in simulation and using the real sensor. Furthermore,
because Tac2Pose matches observed contact shapes to a discrete set of simulated contacts,
the match doesn’t need to be perfect - just better than the other possible options - for the

localization to be accurate.

Also key to the approach is that, by simulating a dense set of tactile imprints, the algo-
rithm can reason over pose distributions, not only the best estimate. The learned embedding
allows us to efficiently compute the likelihood of each contact shape in the simulated dense
set to match with the predicted contact shape from the tactile sensor. Predicting distri-
butions is key given that tactile sensing provides local observations, which often do not

discriminate pose globally.

We evaluate Tac2Pose’s accuracy with respect to object geometry, uncertainty (from
reconstructed object geometry and tactile sensor noise), and other methods for tactile lo-

calization. In particular, we show:

1. Quantitative results for 20 objects on three ablations of Tac2Pose using real data:
single contact, parallel jaw grasping, and parallel jaw grasping with a pose prior. We
achieve high localization accuracy when making contact with distinct object features.

Complete results for each object can be seen in Table 2.1.

2. Comparisons for results on 5 objects using reconstructed object shapes instead of
manufacturer’s CAD mode. The localization error on reconstructed models increases
between 0.2 to 1.0mm compared to manufacturer’s CAD models. Complete results

can be seen in Table 2.2.

3. Better performance of Tac2Pose when compared with three baseline methods. Re-

sults on real contact shapes for 5 objects can be seen in Table 2.4.
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1.1 Related Work

1.1.1 Tactile Pose Estimation

Low-resolution tactile sensors. Most initial works in tactile localization were focused
on low-resolution tactile sensors [35, 9, 30, 6, 4, 34, 19, 7]. Some works explore how to
combine multiple tactile readings and reason in the space of contact manifolds [21, 22].
However, these are based on binary contact/no-contact signals, and require many tactile

readings to narrow pose estimates.

Given the challenges from the locality of tactile sensing, recent works have gravitated
towards two different approaches. Combining tactile and vision to obtain better global es-
timates of the object pose or using higher-resolution tactile sensors that can better discrim-
inate different contacts. Among the solutions that combine vision and tactile, most rely on
tactile sensors as binary contact detectors whose main purpose is to refine the predictions

from vision [5, 1, 16, 12, 44].

High-resolution tactile sensors. Other works, more in line with Tac2Pose, have focused
on using high-resolution tactile sensors as the main sensing source for object localization.
Initial works in this direction used image-based tactile sensors to recover the contact shape
of an object and then use it to filter the object pose [32, 28]. However, these approaches only
provide results on planar objects and require previous tactile exploration. There has also
been some recent work on highly deformable tactile sensors for object localization [23].

These sensors are large enough to fully cover the touched objects, which eases localization.

In this work, we use the image-based tactile sensor GelSlim 3.0 [40]. The sensing
capabilities of high-resolution sensors of this kind have already proven useful in multiple
robotic applications, including assessing grasp quality [15], improving 3D shape percep-
tion [42] or directly learning from tactile images how to do contour following [25] or tactile
servoing [41]. For the task of tactile object localization, Li et al. [26] proposed to extract
local contact shapes from objects to build a map of the object and then use it to localize
new contacts. The approach is meant to deal with small parts with discriminative features.

Later Izatt et al. [18] proposed to compute pointclouds from the sensor and use them to
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complement a vision-based tracker. Their tracker is fused with vision to deal with the un-
certainty that arises from the locality of tactile sensing. Bauza et al. [2] proposed to extract
local contact shapes from the sensors and match them to the tactile map of the objects to
do object pose estimation. This approach requires the estimation of a tactile map for each

object by extensively exploring them with the sensor.

1.1.2 Visual Pose Estimation

Tac2Pose ’s approach to tactile pose estimation is related to methods recently explored
in the computer vision community where they render realistic images of objects and learn
how to estimate the orientation of an object given a new image of it [39, 20]. [27] designs
a network to predict a relative pose between an observed image, and a rendered image of
the object in a known pose. The method is used to iteratively improve on a coarse initial
estimate of object pose. [24] leverages a modified version of [27] to estimate the pose of
multiple known objects from a sequence of images from multiple, unknown, viewpoints.
The approach consists of predicting object poses relative to the camera within single views,
then robustly matching objects and poses between views, before performing a scene-level
refinement of both object and camera pose. Although this method does not reason explic-
itly over pose distributions for a single-view estimate of pose, it is able to handle occlusions

and inaccurate single estimates by combining information from multiple viewpoints.

Other methods address occlusion and inaccurate estimates by reasoning over pose dis-
tributions directly. [11] estimates the 6D pose (3D translation, and a distribution over a
discretization of 3D rotations) of an object in a Rao-Blackwellized particle filtering frame-
work. The distributions generated using this method function as scores on a codebook of
possible poses, rather than as well-defined probability distributions. Tac2Pose, in contrast,
regresses probability distributions which can be combined with distributions coming from

additional contacts, sensing modalities, or priors.
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1.1.3 Tactile Tracking

The tracking problem can be defined as solving for the sequence of states that is most
likely given a sequence of measurements. Tracking approaches can be coarsely broken
down into filtering and smoothing approaches. Filtering approaches make estimates only
of the current state, while smoothing approaches make estimates of the full history of states
up to the current state. In the most general problem formulation, filtering approaches are
more computationally efficient, while smoothing approaches are more robust to noisy or

uninformative observations.

For a subset of problems in which the measurement distribution can be represented by
a Gaussian noise model, it is paradoxically more efficient to solve for the full history of
states, rather than just the most current state. This class of problems can be solved incre-
mentally and efficiently using sparse linear algebra techniques [10], and benefit from the
robustness of a smoothing solution without compromising the tractability of the problem.
Because tactile sensors provide local, and often ambiguous, measurements of the object
state, the measurement distribution cannot be well represented by a Gaussian noise model.
Tactile sensor measurement distributions are often represented non-parametrically, and thus

smoothing approaches become computationally infeasible.

Filtering approaches. Pezzementi et al. [31] estimates a planar object state from a series
of binary contact measurements using two types of non-parametric filters - the histogram
and the particle filter. They find that the histogram filter outperformed the particle filter,
which suffered from premature convergence as a result of capturing only an approximation
of the state distribution. Chhatpar and Branicky [8] use a particle filter to resolve the
uncertainty of the lock position in a lock and key problem. They consider scenarios where
the lock position uncertainty far exceeds the lock clearance, and focus on resolving the
uncertainty using probe readings only (no visual input). The particle filtering strategy was
effective at reducing the lock position uncertainty, such that a complaint strategy alone was
capable of achieving lock and key assembly. Saund et al. [34] also uses a particle filter to
update a non-Gaussian belief of the object pose. They leverage the particle filter structure

to anticipate the expected information gain of each probing action, and develop an active
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localization framework based on taking the best information gathering action to reduce

pose uncertainty.

Smoothing approaches. Smoothing approaches to the tactile tracking problem often re-
quire a prior on the object pose, such that the measurement distribution from the tactile
sensor can be represented accurately by a Gaussian noise model. Sodhi et al. [37] esti-
mated object pose during planar pushing from a stream of tactile imprints through a factor
graph-based estimation framework. Their tactile observation model is trained to predict the
relative pose of the object between a pair of non-sequential tactile images. This approach
is designed to track the drift of an object from an initial well-known pose. Similarly, Sodhi
et al. [38] estimated 3D object pose over a contact sequence through a factor graph-based
estimation framework. The tactile observation model maps from tactile images to sur-
face normals using an image-to-image translation network, and uses ICP to determine the
relative pose between 3D contact geometry in a contact sequence. This approach is also
designed to track the drift of object from an initial well-known pose, where the object itself
is arbitrary and unknown. In contrast, our approach assumes that the object geometry is

known, but has no prior information about the object pose.
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Chapter 2

Single-Shot Pose Estimation from Tactile

Images

2.1 Methods

Our approach to object pose estimation (Tac2Pose) is based on tactile sensing and
known object models, as illustrated in Fig. 2-1. In an object-specific embedding, we match
a dense set of simulated contact shapes against the estimated contact shape from a real tac-
tile observation. A contact shape is a binary mask over contact regions on the tactile sensor.
This results in a probability distribution over contact poses that can be later refined using
other pose constraints. For example, we can combine information from the two contact
shapes and the gripper opening obtained by grasping an object with a parallel jaw gripper.

We predict real contact shapes directly from the raw RGB tactile images that the tactile
sensor outputs (Section 2.1.1). As seen in the top left quadrant of Figure 2-1, we predict
a binary mask over the region of contact (a.k.a. the contact shape) from an RBG tactile
image with high fidelity. The next steps of Tac2Pose exploit the object model to estimate
the contact pose, and are learned in simulation without using any real tactile observations.
First, we render the contact shape for a given object pose, using the object model. Examples
of the correspondence between object pose and contact shape obtained through geometric
contact rendering [3] can be seen in the bottom half of Figure 2-1. Next, we use geometric

contact rendering to generate a dense set of object poses and their respective contact shapes,
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Figure 2-1: Tactile pose estimation with Tac2Pose. (Bottom row) In simulation, we
render geometric contact shapes of the object from a dense set of possible contacts between
object and tactile sensor. (Top row) The real sensor generates a tactile image from which we
estimate its geometric contact shape. We then match it against the simulated set of contact
shapes to find the distribution of contact poses that are more likely to have generated it. For
efficiency and robustness, we do the contact shape matching in an embedding learned for
that particular object.

and use contrastive learning to learn an embedding to match contact shapes depending on
the closeness of their object poses (Section 2.1.2). As a result, given the estimated contact
shape from a real tactile observation, we can match it against this pre-computed dense set

to obtain a probability distribution over contact poses.

2.1.1 Contact Shape Prediction

Given a tactile observation, our goal is to extract the contact shape that produces it.
To that aim, we train an image translation network (pix2pix) based on Isola et al. [17]
to map RGB tactile observations to contact shapes. We train pix2pix using pairs of real
RGB tactile images and their corresponding contact shapes. The training data is collected
autonomously in a controlled 4-axis stage that generates planned touches on known 3D-
printed shapes, following the approach proposed in Bauza et al. [2]. The dataset we use
to train pix2pix contains 10,000 RGB tactile image/contact shape pairs from 32 distinct
contact geometries. The dataset does not contain examples of contact geometries from

any of the objects we use to evaluate tactile localization. Note that the map between RGB
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tactile images and contact shapes is independent of the object, and therefore we only need
to gather labelled data once. Empirically, we find that a model trained on images from a

single GelSlim sensor generalizes well across multiple instances of GelSlim sensors.

2.1.2 Global Tactile Pose Estimation

Once we know how to compute contact shapes both in simulation and from real tactile
imprints, we reduce the problem of object pose estimation to finding what contact poses are
more likely to produce a given contact shape. We solve this problem by first discretizing
the space of possible contact poses as a parametrized grid, and then learning a similarity

function that compares contact shapes.

Object-dependent grids. Using the 3D model of an object, we discretize the space of
object poses in a multidimensional grid. Building a grid in the space of poses is a well-
studied problem [43, 33] that makes finding nearest neighbors trivial. It also allows each
point on the grid to be seen as the representative of a volumetric part of the space which
helps to reason over distributions. We prune the grid by only keeping object poses that
result in contact, and then pair each of them with their respective contact shape. Since
we only consider poses that result in contact, this reduces the space of 6D poses to a 5D
manifold. Using a grid, a discrete structured set of poses, allows us to easily account for
object symmetries which can significantly reduce the grid size.

Our grids cover regions of the object which correspond to feasible grasp locations from
the set of stable resting poses of the object on a surface. In particular, we include faces
that correspond to feasible grasp approach directions, where the grasp approach direction
specifies the axis of the grasp relative to the object. For some objects, we also include
additional grasp approach directions that have interesting tactile features. For each grasp
approach direction, We compute a dense set of contacts with 2.5mm translational resolu-
tion, and 6 degrees of rotational resolution around the axis of the grasp. As a result, the
grid spans four coordinates (grasp approach direction, X, y, §) and a contact pose will be
no more than 1.25mm from an element of the grid, and often closer. A visualization of the

grid dimensions can be seen in Figure 2-2. For the twenty objects we evaluate, the number
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Figure 2-2: Object grids. The four dimensions of the grid with respect to the object are
visualized (left): grasp approach direction, which is defined as the direction of the
axis of the grasp (blue arrow), x translation (red arrow), y translation (green error), and
angle in the plane of the grasp (yellow arrow). Samples of grid elements on the object
long grease are shown as black dots, where each black dot represents the center location
of the gripper during a grasp. Tac2Pose assigns likelihoods to each gripper location (right),
given an observed contact (top). The most likely gripper locations for an observed contact
are colored green, while the least likely are colored blue. The ground truth gripper location
is shown as a black dot (right, center).

0.0

of elements in each grid varies between 3.8K and 181.3K, depending on the object size,

shape, and number of grasp approach directions.

Similarity metric for contact shapes. Given a new contact shape, we compare it to all
pre-computed contact shapes in the grid to find what poses are more likely to produce it.
To that aim, we modify Momentum Contrast (MoCo) [14], a widely-used algorithm in
contrastive learning, to encode contact shapes into a low dimensional embedding based on
the distance between contact poses.

MoCo is able to learn unsupervised embeddings by building "a dynamic dictionary
with a queue and a moving-averaged encoder". Instead, Tac2Pose is supervised and the
elements in the queue are fixed and assigned to each of the poses in the object’s grid. Given
a new contact shape, our model learns to predict the likelihood that each pose in the grid
has produced the given shape. This likelihood is computed by taking the softmax over the
distances between the embedding of the new contact shape and the embeddings saved in the

queue, which correspond to the embeddings of each contact shape in the grid. Compared
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Figure 2-3: Similarity function. The similarity function learns to encode contact shapes
into a low dimensional space and predicts, given a new contact shape, the likelihood of
being the closest match of each contact shape in the pre-computed set.

to the original MoCo, Tac2Pose is supervised because during training, given a new contact
shape, we can compute which element in the queue is closest to it.

To implement the encoder in our model, we use a ResNet-50 [13] cropped before the
average-pooling layer to preserve spatial information, making it a fully-convolutional ar-
chitecture. The loss function is the categorical cross-entropy loss which allows us to ensure
that the output of the softmax is a well-defined probability distribution. The training data
comes from selecting a random contact pose and finding its closest element in the dense
grid. Then, we use as desired probabilities a vector of all zeros except for the closest el-
ement which gets assigned to probability one (see Figure 2-3). Once we have created a
dense grid and trained a similarity encoder for an object, given a new contact shape at
test time, we can estimate which poses from the grid are more likely to generate it. To
run Tac2Pose in real-time, we first encode the given contact shape and then compare it to
all pre-computed encodings from the grid, which requires a single matrix-vector multipli-
cation. Finally, we perform a softmax over the resulting vector of distances to obtain a
probability distribution over the contact poses in the grid. We take the best match to be the
contact pose with the highest probability, after (if applicable) incorporating additional pose

constraints.

2.1.3 Real Data Collection

While Tac2Pose is trained purely with simulated data, it can provide accurate pose
estimation when evaluated on real tactile data. To that aim, we design a system that collects
tactile observations on accurately-controlled poses. Below we describe the tactile sensor,

the robot platform, and the objects used to perform the experiments.
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Figure 2-4: Normalized pose errors, i.e., pose errors with respect to the average random
error, for the object grease. The closest distance in the grid for this object is 0.03, similar
to the first case. The median pose error when using parallel jaw contact information (0.10)
corresponds to an error like the second case , and the average random error (1) would match
with the last case. Finally, the example with 0.84 normalized error depicts a non-unique
contact shape, i.e., the two object poses result in very similar contact shapes at the center
that are not possible to distinguish without additional information.

Tactile sensor. We consider the tactile sensor GelSlim 3.0 [40] which provides high-
resolution tactile readings in the form of RGB images. The sensor consists of a membrane
that deforms when contacted and a camera that records the deformation. The sensor pub-
lishes tactile observations through ROS as 470x470 compressed images at a frequency of

90Hz (see top left portion of Figure 2-1).

Robot platform. We collect labelled datasets of tactile observations of grasps on 20 objects
mounted in known positions and orientations in the world. Each dataset contains pairs of
RGB tactile images, and the corresponding ground-truth object pose relative to the gripper.
The robotic system we use to collect the labelled datasets consists of a dual arm ABB Yumi
with two WSG-32 grippers and GelSlim 3.0 tactile sensing fingers.

We collect labelled observations of feasible grasps on each each object. We compute
the contacts in each dataset by considering the stable poses of each object. Stable poses
are the poses that an object is most likely to fall in when dropped onto a table. We then
determine a set of feasible grasp approach directions for each stable pose. We define the
grasp approach direction as the axis of the grasp during a parallel jaw grasp (Figure 2-2).
For some objects, we also include additional grasp approach directions that have interesting
tactile features. For each grasp approach direction, we collect a set of equispaced real
observations, that correspond to a given grasp approach direction at various x,y locations
relative to the object. In total, these observations correspond to the set of contacts that we

are likely to encounter when picking up each object from a table.
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Objects. We test Tac2Pose on 20 objects, derived from CAD models of objects available
on McMaster. During the selection of objects, we aimed at covering object features that
differently impact tactile localization. The features we considered include:

1. Contact non-uniqueness: Contact non-uniqueness is the degree to which a contact
is ambiguous, i.e., the contact in one pose resembles the contacts from other object
poses (that are not equivalent under any symmetry). Non-unique contacts are more
difficult to localize. An example of a non-unique contact on the object grease is
shown in Figure 2-4 (second from right).

2. Symmetry: Object symmetries are sets of transformations under which the object
pose is indistinguishable. Symmetry is a desirable property because it reduces the
size of the grid.

3. Object size: Larger objects are generally more challenging to localize with tactile
sensing alone, since a single touch corresponds to a more local view of the object.

4. Contact size: Large regions of contact with the sensor are generally more difficult
to localize than smaller ones, because most tactile sensors are less likely to produce

crisp imprints for large contacts.

2.2 Results

We evaluate the accuracy of Tac2Pose at estimating object poses from real tactile im-
ages. We note that Tac2Pose , even for large grids (100K elements), can easily run at
S0Hz allowing real-time estimation of pose distributions. For each object, we evaluate
Tac2Pose on 90 to 400 (varies depending on object size and number of grasp approach
directions) pairs of real tactile images and object poses per object using the approach de-
scribed in 2.1.3. Given the ground truth object pose and our best estimate (the object pose
with highest likelihood), we measure the resulting pose error (or distance between the two
poses) by sampling a pointcloud of 10K points from the object 3D model and averaging
the distance between these points when the object is at either of the two poses. This dis-
tance is sometimes called ADD (average 3D distance) but, for simplicity, we just refer to

it as the pose error. To compare errors across shapes and object sizes, we also compute the
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normalized pose error which divides the original pose error by the average error obtained
from predicting a random contact pose. Figure 2-4 shows examples of different normalized
pose errors. For each object, we evaluate the pose error for three ablations of Tac2Pose :

1. Single Contact: Estimate object pose from a single tactile image.

2. Parallel Jaw: Estimate object pose from a pair of tactile images, collected during
a parallel jaw grasp on the object. The estimate also factors in the opening of the
gripper during the grasp.

3. Parallel Jaw + Prior: Filter the distribution from the parallel jaw estimate to re-
move any poses that are more than a given pose distance from ground truth. This
approximates cases in which an object pose is known within a margin of error, and
is relevant when tactile localization is used to refine a coarse estimate of object pose
from another sensing modality, like vision. We evaluate prior distances of 10mm and

Smm.

The median error for each ablation for each object is shown in Table 2.1. We also aggregate
the pose errors corresponding to the best estimate for each grasp, then visualize the distri-
bution of errors as a violin plot in Figure 2-5, for selected objects. The medians reported in

Table 2.1 correspond to the medians of the distributions visualized in the violin plots.

For each of the selected objects, we show three different error distributions, corre-
sponding to the best estimates when using: a single contact (green distribution), parallel
jaw contacts (blue distribution), and parallel jaw contacts plus a 10mm pose prior (purple
distribution). To facilitate comparison between the objects, we plot normalized pose errors.
Note that a normalized pose error of 1 corresponds to the expected error from selecting a
pose at random from the grid. The red line measures the median pose error between the
ground truth pose and its closest pose in the object’s grid of simulated contacts (a.k.a. the

closest error). This sets a lower bound on the median performance for any given method.

2.2.1 Single Contact

We first analyze the performance of Tac2Pose with a single contact. Of the 20 objects

we evaluate, 9 have median localization error with a single contact that is at least twice
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Table 2.1: Median error of the most likely pose. The median error of the most likely pose

is reported in mm, and as a normalized error (in parenthesis).

Snap Ring
Grease
Slotted Shim
Round Clip
Hanger
Pin
Big Head
Holder
Round Couple
Hydraulic
Long Grease
Stud
Cotter
Cable Clip
Hook
Couple
Hose
Pencil
Round Hose

Long Pencil

Tactile Only Pose Prior
Single Contact Parallel Jaw 10mm Prior Smm Prior
mm (norm) mm (norm) mm (norm) mm (norm)
1.5 (0.10) 1.4 (0.10) 1.4 (0.17) 1.4 (0.38)
1.3 (0.12) 1.2 (0.10) 1.2 (0.15) 0.9 (0.26)
4.0 (0.15) 3.0(0.12) 2.4 (0.30) 2.3(0.57)
3.4 (0.17) 11.5 (0.58) 2.0 (0.24) 1.9 (0.50)
6.6 (0.19) 2.6 (0.07) 2.4 (0.30) 2.4 (0.57)
6.5 (0.20) 5.6 (0.17) 4.7 (0.66) 3.6 (1.02)
7.8 (0.20) 6.1 (0.16) 4.9 (0.72) 3.9(1.19)
5.8 (0.26) 2.2(0.10) 1.8 (0.23) 1.8 (0.45)
13.6 (0.53) 10.9 (0.43) 6.0 (0.75) 3.5(0.91)
14.0 (0.67) 4.9 (0.23) 2.5(0.31) 2.0 (0.49)
26.6 (0.76) 3.3 (0.09) 2.3(0.33) 2.3(0.61)
33.7 (0.85) 13.4 (0.34) 4.8 (0.57) 3.4 (0.82)
19.0 (0.49) 19.6 (0.51) 2.9 (0.38) 2.7(0.70)
10.2 (0.59) 11.7 (0.67) 2.5(0.30) 1.9 (0.45)
24.5 (0.77) 27.2 (0.85) 3.0 (0.38) 2.4 (0.63)
20.7 (0.79) 19.9 (0.76) 3.5(0.42) 2.6 (0.66)
39.0 (0.62) 41.6 (0.66) 7.8 (1.00) 4.2 (1.03)
38.1(0.69) 41.6 (0.76) 5.0(0.62) 3.9 (1.05)
37.6 (0.70) 37.3(0.69) 5.5(0.71) 4.2 (1.05)
77.5 (0.96) 78.5 (0.97) 6.9 (0.85) 4.3 (1.01)
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Figure 2-5: Error distributions and sample contacts. Error distributions for snap ring
(top row), long grease (second row), hydraulic (third row), and cotter (bottom row).
Each violin plot contains three distributions: single contact, parallel jaw contact, and paral-
lel jaw distribution filtered with a 10mm prior. The median closest grid error is visualized
as a red line. To the left and right of each violin plot, we show the localization errors for a
sample grasp on each object (true object pose shown as grey mesh). The best match when
using a single contact is shown in green, parallel jaw contacts in blue, and prior in purple.
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as good as random. These 9 objects have single contact normalized errors less than 0.5 in

Table 2.1.

The objects that tend to perform best with a single contact are small objects with unique
tactile features. For these objects, a single tactile imprint is often discriminative enough to
fully determine the object pose. Consider the error distribution for snap ring, visualized
in top row of Figure 2-5 as an example. Even with a single contact (green distribution), the
error distribution has a clear primary mode which is centered near the closest error from
the grid (red line). When incorporating additional constraints from a parallel jaw grasp, the
distribution (blue) tightens around the closest error from the grid (red line), and secondary,
higher error modes disappear. The median normalized error is approximately 0.10 for both
the single contact and parallel jaw contact cases (Table 2.1). In other words, choosing the
most likely pose using Tac2Pose results in, on average, approximately ten times less error

than selecting a pose at random from the grid.

A sample contact that is localized within 1.3mm (0.09 normalized error) of the true pose
using a single contact is visualized at left of the violin plot in Figure 2-5. This provides a

sense of the scale of the errors.

2.2.2 Parallel Jaw Contacts

We next consider objects that perform significantly better with parallel jaw contacts. Of
the 20 objects we evaluate, 11 have a median localization error with parallel jaw contacts
that is more than twice as good as random. Of these 11 objects, 5 perform much better
with parallel jaw contacts than with a single contact. The 5 objects satisfying both criteria
are those in Table 2.1 where the parallel jaw normalized error is less than 0.5 and the sin-
gle contact normalized error is more than double the parallel jaw contact normalized error.
Two such objects are long grease and hydraulic.

The objects that perform significantly better with parallel jaw contacts compared with
a single contact tend to be larger. Contacts with the object may appear as large, featureless
patches from the local perspective of the tactile sensor. In general, large, flat contacts are

more challenging to reconstruct from tactile images because they do not deform the gel
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membrane of the tactile sensor as much. Including the constraints of a second contact and
the gripper opening provides higher robustness to noisy contact reconstructions. Further-
more, objects that vary significantly in width depending on where they are grasped benefit
from parallel jaw contacts. In these cases, the additional constraint of the gripper opening
during grasp can disambiguate between otherwise non-unique contacts. Recall that a con-
tact is non-unique if its look similar to contacts where the object is in a different pose. In

these cases, the contact is not a unique indicator of the object pose.

As an example, the error distribution for long grease is visualized as a violin plot
in the second row of Figure 2-5. Considering parallel jaw information shifts the mode of
the distribution much closer to the closest grid match (red line), and significantly reduces
the prevalence of higher error modes. The medians of the error distributions for the sin-
gle contact and parallel cases are significantly different; with a single contact, the median
pose error is 26.6mm (0.76 normalized error) while with parallel jaw contacts, the median
pose error is 3.3mm (0.10 normalized error). The random error, in comparison, is 35.2mm.
With a single contact, Tac2Pose only performs about 1.3 times better than random. When
including parallel jaw contacts, however, Tac2Pose is more 10 times better than random.
The second row of Figure 2-5 (left of the violin plot) shows a sample contact on long
grease, and the corresponding best match when using only a single contact (green point-
cloud). The best match using a single contact is 39.3mm (1.19 normalized error) away from
the true pose. The same contact, and the corresponding best match when using parallel jaw
contacts (blue pointcloud) is visualized to the right of the violin plot. The best match using
parallel jaw contacts is only 1.2mm (0.04 normalized error) away from the true pose. In
this case, the additional information from the second contact and gripper opening is enough

to resolve the ambiguity and substantially improve the localization.

Parallel jaw contacts can also be an important tool for disambiguating ambiguity in-
herent to the object geometry. As an example, consider a grasp on the object hydraulic,
visualized at left of the violin plot in the third row of Figure 2-5. The true object pose is
visualized as a grey mesh, whereas the best match using a single contact is visualized as
a green pointcloud. The localization error with a single contact, in this case, is 16.6mm

(0.84 normalized error). When considering only contacts from one of the fingers, the con-
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tact shapes corresponding to the true object pose and the best match are indistinguishable.

Considering parallel jaw contacts, on the other hand, resolves the ambiguity.

The same contact, and the corresponding best match using parallel jaw contacts, is vi-
sualized at the right of the violin plot in the third row of the same figure. The localization
(blue pointcloud) using parallel jaw contacts is much better because the contact on the sec-
ond finger provides critical information about the object’s pose. The localization improves
from 16.6mm (0.84 normalized) error with a single contact, to 1.1mm (0.06 normalized)

error with parallel jaw contacts.

All grasps on hydraulic in contact with this non-unique feature are subject to the
same problem when considering information from only a single contact, and therefore the
non-uniqueness impacts the overall localization quality; the median localization error for
hydraulic with a single contact is 14mm (0.67 normalized error), while with parallel jaw
contact is 4.9mm (0.23 normalized error). The violin plot in the third row of Figure 2-5
shows that the distribution of errors when using a single contact (green) is bimodal, with
a portion of the second, high error, mode corresponding to flipped localizations, like the
one shown at left of the violin plot. When considering the distribution of best match errors
using parallel jaw contacts (blue distribution), we see that the density of the high error
mode corresponding to the flipped localization decreases, and more probability mass shifts

into the low error mode centered around the closest error.

In the case of hydraulic, it is informative to break out the results by grasp approach
direction. The primary reason that the localization error with parallel jaw contacts is, on
average, nearly 3 times better than with a single contact is that including parallel jaw con-
tacts resolves the aforementioned non-uniqueness, which only impacts one of the two grasp
approach directions. For the grasp approach direction that contains the non-unique feature,
including parallel jaw contacts reduces the localization error by nearly 8 times. For the
other grasp approach direction, including parallel jaw contacts reduces the localization er-

ror by 1.6 times.
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2.2.3 Parallel Jaw Contacts with a Pose Prior

Finally, we consider the performance of Tac2Pose with parallel jaw contacts plus a
prior on the object pose. Pose priors, in practice, can be obtained using additional sensing
modalities (e.g. vision), kinematics, or previous estimates of the object’s pose. Because
tactile sensing is inherently local, an object can have non-unique contacts which won’t be
possible to fully disambiguate even with parallel jaw contacts. In such cases, a prior on the
object’s pose can help resolve these ambiguities. To test the effect of a prior on Tac2Pose
, we take the prediction distribution over possible object poses, and filter any pose that is
more than a given distance from ground truth. Note that this implementation of a pose
prior requires knowledge of the ground truth object pose, but it is a useful proxy for cases
in which the object pose is known roughly, but not accurately. We evaluate localization
accuracy for prior distances of 10mm and Smm. Results for both prior distances for each

of the 20 objects are listed in Table 2.1.

The objects that benefit most from incorporating a prior on the object pose are those
with discrete non-uniqueness. An object with discrete non-uniqueness has features that are
unique (i.e. create discriminate tactile imprints) relative to most other possible contacts on
the object, with a discrete number of exceptions. This type of discrete non-uniqueness can
be an inherent feature of the object, or an artifact of noisy and incomplete contact shapes.
Because there is a discrete number of possible object poses that are likely to produce such
a contact shape, we expect the distribution over object poses to have a discrete number of
modes where the majority of probability mass is concentrated. In these cases, incorporating
a pose prior can truncate the distribution in such a way that only one of the modes is left. In
other words, because there is a discrete number of possible poses that are likely to produce
a given contact, if we eliminate the higher error options using a pose prior, we are likely
to get a near perfect match. Therefore, for some objects, even a coarse prior on the object

pose results in precise localization when combined with tactile information.

We evaluate which objects benefit most from incorporating a pose prior by comparing
the pose error of the best match after filtering the pose distribution, with the expected error

from selecting a pose at random from the filtered distribution. The normalized error we
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report in Table 2.1 for the 10mm and Smm prior ablations uses the expected random error
from the filtered distribution. For the remainder of this section, we consider just the case
of a 10mm pose prior. For 12 of the 20 objects we evaluate, using Tac2Pose on top of a
10mm pose prior results in performance more than twice as good as selecting a pose at
random from the filtered distribution. For 5 of the 12 objects, incorporating a pose prior
plays an important role in driving down the localization error. With just parallel jaw contact
information, the median localization error for these 5 objects is not significantly better than
selecting a pose at random from the grid (where here we take significantly better to be more
than twice as good as random). However, after filtering the distribution with a 10mm prior
on the object pose, Tac2Pose selects the best pose with more than twice as much accuracy
as selecting a pose at random from the filtered distribution. The objects that benefit most
from incorporation of a pose prior are those in Table 2.1 with parallel jaw normalized error
greater than 0.5, but 10mm prior normalized errors less than 0.5. An example of an object
for which the incorporation of a 10mm prior leads to significantly better localization is

cotter.

By examining the multi-modal error distributions with a single contact, or parallel jaw
contact (violin plot in the bottom section of Figure 2-5), we can notice that the object
cotter is likely to benefit from using pose prior. Its error distributions have a discrete
number of modes (three) where the majority of probability mass is concentrated. Note
that the symmetry of cotter is such that parallel jaw contacts do not provide much new
information relative to a single contact, so the distributions of error for a single contact and
parallel jaw contacts are very similar. The median error is 19.0mm (0.49 normalized error)
when using a single contact, and 19.6mm (0.51 normalized error) when using parallel jaw
contacts. Incorporation of a 10mm prior on the object pose eliminates the two higher error
modes, and shifts the median of the distribution toward the closest error. The median error
becomes 2.9mm (0.38 normalized error), which is nearly seven times lower than using
parallel jaw contact information alone. Recall that after incorporating a pose prior, the
median error is normalized by the expected error from selecting a pose at random from the

filtered distribution rather than from all contact poses.

We show an example of a grasp that benefits from a pose prior at left of the violin plots
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in the bottom row of Figure 2-5. With single or parallel jaw contacts, the localization error
is 16.5mm (0.43 normalized). The contacts when cotter is in the given pose (grey mesh)
are informative, but not completely unique relative to other possible contacts on the object.
Incorporation of a coarse 10mm prior on the object pose, though, resolves the ambiguity,
and the localization improves from 16.5mm (0.43 normalized) to 1.8mm (0.23 normalized)
error for this grasp. The best match after filtering the parallel jaw distribution is visualized

as a purple pointcloud on the right side of the violin plot in the bottom row of Figure 2-5.

2.2.4 Comparing Grasp Approach Directions

We evaluate multiple grasp approach directions for 13 of the 20 objects. For these ob-
jects, we compare the median localization error using parallel jaw contacts of each grasp
approach directions. In practice, knowing which sets of grasps lead to lower localization
errors could be leveraged in a grasp planning framework to select more informative grasps.
There are 6 objects for which one direction has half as much error or less as the other(s):
long grease, grease, hanger, hydraulic, round clip and round couple. As exam-
ple, we compare the two grasp approach directions for round clip in Figure 2-6. The first
grasp approach direction, visualized in the left half of the figure, has non-unique contacts.
As aresult, the median normalized error is 15.2mm (0.85 normalized) when using parallel
jaw contacts. The second grasp approach direction, visualized in the right half of the figure,
has much more unique contacts; the median normalized error is 2.2mm (0.11 normalized),
and the primary mode of the error distribution is concentrated near the closest grid error.
The second grasp approach direction consists of grasps that, on average, lead to about eight

times lower localization errors.

2.2.5 Comparing Individual Grasps

Some objects are difficult to localize even in the presence of a pose prior. For these
objects, Tac2Pose does not reduce the median error much beyond the prior on the object
pose. These objects are characterized by large, continuous, regions of non-unique contacts,

and their error distributions tend to be broader, rather than having a discrete number of
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Figure 2-6: Comparing grasp approach directions. Error distributions for the first (left)
and second (right) grasp approach directions on round clip using parallel jaw contacts.
The red line represents the median closest grid error. The first grasp approach direction has
more non-unique contacts (sample contacts visualized at left of the plot), and therefore has
higher median error. Contacts in the second grasp approach direction, on the other hand,
are much more unique (sample contacts visualized at right of the plot).
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modes.

Long pencil (Figure 2-7a), for example, suffers from having large regions of non-
unique contacts. Many of the contact poses along the length of the object result in the same
information, and thus on average the match is chosen essentially at random from a large set
of possible contacts. Note that this is not a limitation of Tac2Pose for tactile localization,
but rather results from the object geometry and the local nature of tactile feedback; most

contacts on long pencil are not sufficient to uniquely determine the object pose.

Even for objects with a large amount of non-uniqueness on average, there can be re-
gions of the object which create distinctive and unique tactile imprints. Contacts near either
end of long pencil, for example, are easier to localize accurately. Grasping on these re-
gions leads to better localization. Depending on the downstream application, it might be
beneficial to plan for grasps on an object that are expected to produce more unique tactile
imprints, and thus lower localization errors. The existence of good grasps is something
we can detect and exploit to avoid large regions of non-uniqueness, and achieve low lo-

calization errors. The distribution over contact poses for selected contacts on unique and
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0.0 0.0

(a) Real RGB tactile images for three grasps on (b) Simulated contact shapes for three grasps on
long pencil (top). Distributions over possible long pencil (top). Distributions over possible
contacts using real grasp (bottom). contacts using simulated grasp (bottom).

Figure 2-7: Uniqueness of individual grasps on long pencil. Output pose distributions for
three grasps on long pencil, using real (2-7a) and simulated (2-7b) parallel jaw contacts.
Each dot represents a possible grasp center location, and its color the likelihood that a given
grasp generated the tactile observation. The true grasp location is shown as a black dot.

non-unique regions of long pencil is shown in Figure 2-7a. The top row of the figure
shows three possible grasps on the object. The bottom row shows the output of Tac2Pose -
a distribution over possible contact poses. Each dot overlaid on long pencil represents a
possible grasp location, and the color represents the likelihood that a given grasp generated
the input tactile observation. The green dots are grasps with highest likelihood, while the
blue dots are grasps with lowest likelihood. The black dot represents the true grasp loca-
tion. Note that for ease of visualization, we show only points that represent center locations
of the grasp when long pencil is oriented horizontally. This is a small subset (935) of the
total number of contacts (>65k) Tac2Pose reasons over. For contacts near the middle of the
object (left of Figure 2-7a, for example), many grasps along the length of the object have
high probability (green dots). For instance, the left contact in Figure 2-7a on its own is not
enough to uniquely determine the object pose. In fact, the pose with the highest likelihood
results in 77.9mm (0.99 normalized) error for this case. This aligns with our intuitive un-
derstanding that the best match is chosen essentially at random from a large set of likely

contacts (green dots) along the middle of the object. Cases like this highlight the impor-
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tance of outputting meaningful distributions over possible contact poses; the true contact
pose has high likelihood, so Tac2Pose could be used in combination with information from
other sensing modalities, kinematics, or previous tactile estimates to converge on a unique
estimate of the true pose.

For contacts near the tips of the pencil (center and right of Figure 2-7a, for example),
only grasps immediately surrounding the correct tip have high probability. The cases illus-
trated result in 6mm (0.09 normalized) for the center contact, and 7mm (0.09 normalized)
for the right.

In Figure 2-7b, we show distributions over contact poses for simulated versions of
the same three contacts on long pencil. The output distributions when using simulated
contacts are qualitatively similar as when using real contacts. Simulated contact shapes can
therefore be used to detect regions of non-uniqueness before ever encountering the object.
This feature could be used in a grasp planning framework to avoid regions of non-unique

contacts and promote accurate, unique pose estimation from a single grasp.

2.2.6 Comparison with Reconstructed Object Geometry

Tac2Pose relies on apriori knowledge of the object geometry, in the form of a 3D CAD
model. Previously, we evaluate Tac2Pose on manufacturer’s CAD models. Here, we con-
sider the case where the object model is reconstructed using a 3D scanner. In particular, we
use a SOL 3D Scanner by Scan Dimension, to generate the scanned object models.

We simulate a grid of possible object contacts and contact poses using the scanned
object model. At test time, we compare contacts observed on the real object (same real
datasets used previously) against this imperfect set of simulated contacts.

We evaluate the accuracy of Tac2Pose when using scanned object models for 5 of the
20 objects, long grease, snap ring, big head, cotter, and hanger. We qualitatively
compare the scanned and manufacturer’s CAD models for each of the 5 objects in Table 2.2.
The left column shows the result of the 3D scan, and the right column shows the true object

model.

When evaluating on the scanned object models, we relax the parameter that controls
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Table 2.2: Reconstructed geometry versus manufacturer’s CAD. Pose error and nor-
malized pose error (in parenthesis) for Tac2Pose on manufacturer’s CAD models versus
scanned object models. We compare results with parallel jaw contacts + 10mm pose prior.

Scanned Model Manufacturer’s Model
mm (norm) mm (norm)

Snap Ring @ 16019 Y 14017
Hanger ‘o 3.0(0.39) (e 2.4(0.30)

Long Grease C:jD 2.5 (0.33) ”'_:)3 2.3(0.33)

Cotter | @7~ 4.0(051) =~ 29(0.38)

BigHead | &= 64(0.88) eI 4.9(0.72)

our confidence in the measurement of the gripper opening to reflect the fact that we expect
the scanned object models to provide noisy information about the object geometry. The
intuition for this decision is the following: when the object model is known, the gripper
opening is a reliable signal of object pose. Therefore, we only want to assign high like-
lihood to those contact poses that match the observed gripper opening closely. When the
object model is reconstructed with a scanner, we cannot be as confident that the gripper
opening we measure corresponds closely to the opening of the true nearest contact pose
in the grid. This is because the gripper opening computed using the scanned model will
be noisy. Therefore, we may want to assign high likelihood to a contact pose, even if the

observed gripper opening does not match the opening of the contact pose as closely.

Table 2.2 compares the localization accuracy on scanned models versus manufacturer’s
CAD models for the 5 objects, when using parallel jaw contact information with a 10mm
pose prior. Although globally the geometry of the object looks similar between the scanned
and manufacturer’s CAD models, there are clear differences at the local level. This ablation

of Tac2Pose allows us to evaluate whether we are still able to achieve significant pose
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refinement, even when the local geometries are noisy.

We find that the error is comparable to that when using a manufacturer’s CAD model for
all 5 objects. The normalized error is between 1.01 times (long grease) and 1.33 times
(cotter) higher when using a scanned model compared with the manufacturer’s CAD
model. Cotter is most impacted by using a scanned object model because the contact
non-uniqueness becomes less discrete. When the object model is known exactly, many of
the contacts look unique with a discrete number of exceptions. Therefore, even a coarse
prior on the object pose leads to precise localization. When the object model is noisy, the
discrete nature of the non-uniqueness is impacted for a fraction of the contacts, and the
median localization error increases.

For snap ring, hanger, long grease, and cotter Tac2Pose is able to improve on
the 10mm prior by a significant amount. For the first three objects, including parallel jaw
information on top of the 10mm prior results in localization errors twice as low as selecting
a pose at random from the filtered distribution (in Table 2.2, the normalized pose errors
for the scanned objects are less than 0.5). For cotter, the localization error is nearly
twice as low as selecting a pose at random from the filtered distirbution (in Table 2.2, the
normalized pose error is 0.51). For these four objects, Tac2Pose is able to refine the object
pose within a small amount of error, even when local geometry is noisy. For big head,
the amount of error is comparable (1.22 times higher) to that when using a manufacturer’s
CAD model. Because big head has a symmetry-breaking feature around its principle axis,
many contacts are continuously non-unique, and therefore the localization error does not

improve much when incorporating a coarse prior, even when the object model is known.

2.3 Baselines

Next, we compare Tac2Pose with three baseline methods for tactile pose estimation:
1. Pixel: We perform direct pixel comparison between the observed contact mask, and
each of the contact shapes in the grid.
(a) Single Contact: We select the grid shape that has the most pixels in common

with the observed contact mask as the best match. We take the object pose to
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be that corresponding to the best match in the grid.

(b) Parallel Jaw: We take into account both tactile images and the gripper opening
during a parallel jaw grasp. To do so, we compare the pair of observed con-
tact masks, and the observed gripper opening, with triplets of contact masks
and gripper openings from the grid. We sum the pixel error from each of the
contacts, and the normalized error between the observed opening and the grid
opening, to score each of the parallel jaw triplets in the grid. We take the object
pose to be the contact pose corresponding to the triplet with the lowest score.

2. Classification: We formulate the task of pose prediction as a standard classification
problem between the elements of the grid. We train a convolutional neural network
(CNN) based on ResNet-50 to predict a distribution over the grid elements from a
given contact mask. Recall that in Tac2Pose, the neural network is an encoder that
maps contact shapes to vectors and we obtain a distribution over object poses by
comparing the encoding from an observed contact shape to all the encodings from
the contact shapes in the grid. In contrast, the neural network in the classification
baseline learns to predict the distributions over object poses directly. We train this
baseline by using the same data generation as in Tac2Pose. The inputs are simulated
contacts that we obtained from slightly perturbing a pose from the grid and rendering
its corresponding contact. For each of these new contacts, we compute its closest grid
element and use as training label a vector with length equal to the number of elements
as the grid, where all its values are zero except the entry corresponding to the index
of the closest element, which has value one. This vector represents a probability
distribution that measures the likelihood of each element of the grid to be the closest
to the new contact. The loss function is the cross-entropy loss between the predicted
likelihood and the classification label. At test time, from an observed tactile image
in the form of a contact mask we obtain a distribution over grid elements.

3. Pose: We train a CNN based on ResNet-50 to regress a nine-element representation
of the object pose based on an observed tactile image. The training data consists of
contact shapes as inputs, and the contact poses that generated such contacts as labels.

Each label is a pose represented by three translational elements, and six rotational
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elements that can be mapped into a rotation matrix. In comparison with quaternions,
our 6D representation of rotations is continuous (meaning that similar orientations
are close together in 6D representation), and therefore better suited to regression.
We construct the last column of the rotation matrix from the 6D representation by
applying Gram-Schmidt as a post-process on the first two columns, and taking the
third column as the cross product of the first two [46]. The loss function is the mean
squared error between the output and true nine-element pose. This method for pose
prediction does not rely on matching to elements on the grid, but rather predicts the
pose of the object directly using supervised regression.
Both Tac2Pose and pixel are compatible with using parallel jaw information, while classification
and pose only work with single contacts.
We evaluate the performance of Tac2Pose compared to baselines for 5 of the 20 ob-
jects: long grease, snap ring, big head, cotter, and hanger. We select these 5
objects to cover a range of difficulty in terms of grid size and degrees of symmetry and

non-uniqueness.

2.3.1 Baseline Comparison with Simulated Data

We first evaluate each method on sets of 100 simulated contacts per object. We sample
100 contact poses from the object’s grid, add noise to each pose, and render the contacts
corresponding to the new poses. For each of the 5 baseline objects, we create three smaller,
simpler, grids in addition to the original. The reduced grids serve to test each method’s abil-
ity to scale to different problem sizes and types of complexity. Recall that the original grids
are determined by 4 spatial coordinates (grasp approach direction, x, y, ¢) as illustrated in
Figure 2-2. They have angular resolution of 6 degrees, and X, y translational resolution of
2.5mm. The size of the original grids for the baseline objects ranges from 8.1k to 91.5k

poses. The reduced grids are modified as follows:

1. Mini One Face: We include one grasp approach direction, and one angle. We con-
sider translations in X, y with Smm resolution. This grid is much smaller than the

original (29 to 124 poses, depending on the object), and is effectively 2D (X, y).
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Table 2.3: Baseline performance on simulated data. Pose error and normalized pose
error (in parenthesis) for Tac2Pose versus baseline methods for a range of grid sizes, using
100 randomly simulated contacts per grid. Single Contact and Parallel Jaw are abbreviated
as SC and PJ respectively. Mini One Face and Bigger Mini One Face grids are abbreviated
as MOF and BMOF, respectively.

Tac2Pose Pixel Classification Pose
SC PJ SC PJ SC SC
mm mm mm mm mm mm
(norm) (norm) (norm) (norm) (norm) (norm)
Long Grease
MOF 2.3(0.09) 23(0.09) 270.11) 2.4(0.09) 2.1 (0.08) 16.1 (0.57)
BMOF 18.1(0.51) 11.5(0.31) 27.1(0.76) 16.6(0.45) 34.8(0.99) 25.2(0.71)
One Face 1.5(0.04) 1.3(0.04) 12.0(0.35) 4.8(0.14) 32.7 (0.96) 7.5 (0.22)
Full 1.3(0.04) 1.3(0.04) 5.0(0.14) 2.2(0.06) 33.8(0.92) 21.6(0.59)
Snap Ring
MOF 20(0.16) 2.0(0.16) 2.1(0.14) 2.1(0.15) 1.2 (0.11) 8.5(0.76)
BMOF 3.1(0.20) 3.1(0.22) 69(0.44) 6.9(0.45) 2.6 (0.16) 10.1 (0.63)
Full 1.0 (0.06) 1.0(0.07) 1.2(0.08) 1.2(0.08) 7.2 (0.49) 4.9 (0.33)
Big Head
MOF 25(0.09) 23(0.09) 35(0.13) 3.2(0.12) 13.4(0.50)  21.5(0.81)
BMOF 37.5(0.83) 14.6(0.34) 37.9(0.89) 31.1(0.77) 43.4(1.04) 30.5(0.73)
One Face 1.7(0.05) 1.6(0.05) 4.8(0.15) 4.7(0.14) 31.4(0.97) 15.6(0.48)
Full 1.6 (0.04) 1.6(0.04) 99(0.23) 9.9 (0.23) 39.6 (0.97)  13.8(0.34)
Cotter
MOF 2.5(0.08) 25(0.10) 15.5(0.52) 17.7(0.60) 2.1(0.07) 19.6 (0.71)
BMOF 8.3(0.21) 8.8(0.21) 34.0(0.87) 34.0(0.87) 15.2(0.39) 22.2(0.56)
One Face 1.3(0.03) 1.4(0.03) 5.8(0.15) 6.2(0.16) 35.2(0.90) 8.5(0.22)
Full 13.8(0.34) 89(0.22) 17.1(0.44) 18.2(0.42) 349(0.88) 18.2(0.46)
Hanger
MOF 23(0.08) 2.2(0.09) 25(0.09) 2.6(0.10) 2.8 (0.12) 9.8 (0.42)
BMOF 9.1(0.24) 5.1(0.14) 25.2(0.71) 25.1(0.71)  21.1(0.60)  19.6 (0.56)
One Face 1.5(0.04) 1.4(0.04) 4.0(0.11) 3.3(0.09) 30.9 (0.88) 9.0 (0.26)
Full 2.6 (0.08) 19(0.06) 6.6(0.19) 4.2(0.12) 34.2 (0.95) 6.4 (0.18)
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(a) Results for 100 randomly sampled simulated (b) Results on the hanger dataset with over 100
contacts across four hanger grid sizes. Mini One  contacts, using the full-sized grid for all methods.
Face (MOF) is the smallest and simplest grid, We evaluate all methods on the same real (left)
while Full is the largest and most complex. and simulated (right) contact shapes.

Figure 2-8: Baseline results on the object hanger. Normalized pose error for the object
hanger using tactile matching (Tac2Pose) and three baseline methods. We compare the
performance of each method on simulated contacts from different grid sizes in (2-8a), and
on real vs. simulated versions of the contacts in the hanger dataset in (2-8b).

2. Bigger Mini One Face: We include only one grasp approach direction, and 10 angles
(angular resolution of 36 degrees). We consider translations in x, y with Smm res-
olution. This grid is smaller than the original, and ranges from 331 to 1137 poses,
depending on the object. It is effectively 3D (X, y, 6).

3. One Face: We include only one grasp approach direction, with full angular (6 de-
grees) and translational (2.5mm) resolution. This grid ranges in size from 4.8k to
26.8k poses, depending on the object. It is effectively 3D (X, y, #). For snap ring,
which only has one grasp approach direction even in the full sized grid, this grid is
equivalent to the original and is therefore omitted.

Comparing results between the reduced grids can provide insight into each method’s
sensitivity to problem size, resolution, and complexity. For example, comparing mini one
face and one face can indicate the sensitivity of each method to grid size and resolution.
Comparing one face and the original grid (called full from here on out), which have the
same resolution but cover different faces, provides insight into how each method handles
complexity in the form of 3D rotations. Mini one face and bigger mini one face

have the same translational resolution, but bigger mini one face varies the angle in
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the plane of the grasp. Comparing results on these two grids provides insight into how
incorporating rotations in the plane of the grasp impacts the accuracy of each method.

We first conduct experiments using only simulated data. The full set of results on the 5
baseline objects are listed in Table 2.3. We consider the results for hanger, visualized in
Figure 2-8a, for simulated contacts from mini one face, bigger mini one face, one
face, and full. The trends we note for this object are representative of the trends for the

remaining objects.

The performance of classification (green bar) is inversely correlated with grid size;
its performance is comparable to Tac2Pose only for mini one face (MOF in Figure 2-
8a), which has 124 contacts. The normalized error is 0.12, compared with 0.08 for the
single contact case of Tac2Pose. This indicates that although classification could be
effective for very small grid sizes, the grids quickly become too large. Even with bigger
mini one face, which contains 794 transformations, classification has a normalized
error of 0.6, making it more than six times worse than Tac2Pose (single contact), which has

0.09 normalized error.

The classification baseline struggles with larger grid sizes because it needs to pro-
vide a classification over all elements in the grid, which often contains thousands of el-
ements (the full grid for hanger, for example, has more than 90k contact poses). In
comparison with the classification baseline, Tac2Pose scales better to large grid sizes
because it learns to generate an embedding space based on the distance between contact
poses. The encoder in Tac2Pose learns to push distant contacts away in embedding space,
and therefore when comparing a new encoding to all the encodings in the grid, this direct
comparison scales better than classification when the set of contacts in the grid is large.
Instead, in classification the learned NN needs to encapsulate all the information rel-
evant about all poses solely in the NN weights. Another way to think about the difference
is to consider Tac2Pose as describing each contact in the grid with 1000 parameters (the
encoder), whereas with classification, each contact in the grid is described by a single

parameter (O or 1).

The pose baseline (purple bar), on the other hand, is most comparable to Tac2Pose for

the larger grids with high resolution. For one face (OF in Figure 2-8a), which covers one
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object face with the same translational and rotational resolution as the full grid, the nor-
malized pose error using pose is 0.26, compared with 0.04 for the single contact version of
Tac2Pose. For the full grid, the normalized error for pose and the single contact version
of Tac2Pose 1s 0.18 and 0.08, respectively. In the absence of contact shape noise (simulated
contacts), Tac2Pose is about 2.3 times better on the full grid. Recall that the pose base-
line does not match observed contacts to contact poses on the grid, but instead regresses
the corresponding contact pose directly. In pose, the learned NN needs to encapsulate all
information relevant about all poses solely in the NN weights, as it doesn’t have access to

embeddings it can compare against.

The pixel baseline, for both single contact and parallel jaw contact cases, performs
most comparably to Tac2Pose for the mini one face grid. The mini one face grid is
small and simple enough (one angle, one face) that all methods (excluding pose) perform
comparably. For one face and full, Tac2Pose outperforms pixel by about 2-3 times for
both single contact and parallel jaw cases, which is still relatively comparable. This implies
that for pixel is most successful for high resolution grids. The performance of the pixel
baseline method degrades most when the grid is low resolution, particularly when the grid
contains object rotations. Bigger mini one face (shown as BMOF in the figure) has
0.71 median normalized error, compared with 0.24 for Tac2Pose (single contact). With
parallel jaw contacts, the pixel baseline has 0.71 median normalized error, compared with
0.14 forTac2Pose. Tac2Pose outperforms pixel by nearly 3 times in the single contact
case, and more than 5 times in the parallel jaw case. Furthermore, pixel (both single
contact and parallel jaw contact cases) is the least effective method when the grid is low

resolution but complex.

When the grid resolution is low, the nearest grid match will be farther (in pixel distance)
from an observed contact than when the grid resolution is high. This is particularly harmful
for pixel when rotations are introduced, because a rotated version of a remote contact
may, by chance, have more pixel overlap with the observed contact than the true closest
match. This is much less likely to occur for high resolution grids, in which there exists a
very close match on the grid to any observed contact. When the grid is simple (does not

contain planar or 3D rotations) pixel can be successful even when the grid resolution is
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low (as is the case for mini one face) because the best match on the grid is still likely
to have the smallest pixel distance. If the grid is sufficiently complex, it must also be high
resolution for pixel to be relatively successful (as is the case for one face and full).
It is worth noting that a drawback of pixel, particularly with high resolution grids, is the
execution time. In order to choose the best match, an observed contact is compared with
contact shapes corresponding to every contact pose in the grid. Execution time is doubled
when considering parallel jaw information, because two contacts are compared for each
contact pose. Pixel is therefore the slowest method we evaluated by a significant margin.
In practice, matching a contact to a high resolution grid in real-time using pixel is likely
infeasible. Instead, Tac2Pose only compares low-dimensional embeddings resulting in at
least an order of magnitude speed-up.

Finally, Tac2Pose performs consistently for both single and parallel jaw simulated con-
tacts for all grid sizes for hanger. Tac2Pose also outperforms all baselines for all grid
sizes. The parallel jaw case of Tac2Pose slightly outperforms the single contact case for
all hanger grid sizes, except mini one face, in which the single contact case outper-
forms parallel jaw by 0.08 versus 0.09 normalized error. Tac2Pose (both single contact and

parallel jaw) also performs slightly better for high resolution grids (one face and full).

2.3.2 Baseline Comparison with Real Data

We next compare Tac2Pose against the three baselines, using the real datasets evaluated
previously and full sized grids. The full set of results are listed in Table 2.4. We also evalu-
ate simulated versions of the contacts in the real datasets, to assess each method’s sensitivity
to noise in the contact shapes. The results on simulated versions of the contacts in the real
datasets are listed in Table 2.5. We discuss in detail the results for hanger, visualized in
Figure 2-8b. The trends for this object are representative of the trends we see overall.

For real data, and full-sized grids, the performance classification (green bar), and
pixel with a single contact ( bar) are similar to selecting a contact pose ran-
domly from the grid. The median normalized error is 0.98 for classification, and 0.90

for pixel with a single contact. Pixel with parallel jaw contacts and pose perform better,
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Table 2.4: Baseline results on real data. Pose error and normalized pose error (in paren-
thesis) for Tac2Pose versus baseline methods, on real datasets. Columns labelled SC are
evaluated with a single contact, while columns labelled PJ use parallel jaw information.

Tac2Pose Pixel Classification Pose

SC PJ SC PJ SC SC

mm mm mm mm mm mm

(norm) (norm) (norm) (norm) (norm) (norm)

Long Grease | 26.6 (0.76) 3.3(0.09) 32.8(0.93) 6.0(0.17) 33.3(0.95) 25.3(0.72)
Snap Ring 1.5(0.10)0 1.4(0.10) 5.6(0.39) 2.2(0.15) 6.0 (0.42) 5.9(0.41)
Big Head 7.8 (0.20) 6.1 (0.16) 27.6(0.70) 11.7(0.30) 35.0(0.89) 33.8(0.86)
Cotter 19.0 (0.49) 19.6 (0.51) 31.5(0.81) 36.7(0.95) 35.8(0.93) 38.1(0.99)
Hanger 6.6 (0.19) 2.6(0.07) 31.3(0.90) 20.5(0.59) 34.2(0.98) 18.3 (0.53)

and have errors almost two times lower than selecting a pose at random from the grid; the
median normalized error is 0.59 for pixel with parallel jaw contacts, and 0.53 for pose.
Tac2Pose (dark blue bar for single contact, light blue bar for parallel jaw contacts) signifi-
cantly outperforms all baselines. The median normalized error for the single contact case
is 0.19, and for the parallel jaw contact case is 0.07. Tac2Pose outperforms the next best
baseline (pose) by nearly three times for the single contact case, and nearly eight times for

the parallel jaw contact case.

On simulated versions of the same contacts, pose and pixel (single contact and par-
allel jaw contact cases) both perform better than they do with real contacts. The median
normalized error for pose shrinks by over three times, dropping to 0.17 with simulated
data. Similarly, for pixel, the normalized error in simulation shrinks six times for single
contact, and over eight times for parallel jaw contacts, dropping to 0.15 and 0.07, respec-
tively. This indicates the sensitivity of both pose and pixel to noise in the contact shapes.
Tac2Pose, in comparison, is more robust to contact shape noise, particularly in the parallel
jaw contact case. With simulated contacts, the median normalized error for the parallel
jaw case of Tac2Pose shrinks about two times, dropping to 0.03. Furthermore, despite the
better performance of pose and pixel on simulated contacts compared with real contacts,

Tac2Pose yields the best performance on simulated contacts as well. With simulated con-
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Table 2.5: Baseline results on simulated versions of real datasets. Pose error and nor-
malized pose error (in parenthesis) for Tac2Pose versus baseline methods, on simulated
versions of the real contacts used in Table 2.4. Single Contact and Parallel Jaw are abbre-
viated as SC and PJ, respectively.

Tac2Pose Pixel Classification Pose

SC PJ SC PJ SC SC

mm mm mm mm mm mm

(norm) (norm) (norm) (norm) (norm) (norm)

Long Grease | 1.1 (0.03) 1.1(0.03) 1.8(0.05) 1.7(0.05) 33.0(0.94) 17.0 (0.48)
Snap Ring | 1.0 (0.07) 1.0(0.07) 1.2(0.08) 1.2 (0.08) 6.0 (0.41) 4.5 (0.31)
Big Head 3.9(0.10) 3.3(0.08) 8.7(0.22) 9.6(0.24) 34.0 (0.87) 13.8 (0.35)
Cotter 1.3(0.03) 1.3(0.03) 179 (0.46) 17.7(0.46) 35.0 (0.91) 13.2 (0.34)
Hanger 1.2(0.03) 1.2(0.03) 5.1(0.15) 2.4(0.07) 33.6 (0.96) 6.0 (0.17)

tacts, Tac2Pose is more than twice as good as the next best baseline (pixel with parallel

jaw contacts).

The primary reason for pixel’s sensitivity to noise in the contact shapes is that it only
evaluates the exact 2D location of the contact on the sensor. Tac2Pose, in comparison,
is trained to match contact shapes resulting from slight perturbations of grid poses to the
closest match on the grid. This makesTac2Pose more robust to slight discrepancies between

observed and grid contact shapes.

The sensitivity of pose to contact shape noise has to do, instead, with the method’s abil-
ity to generalize to out of distribution data in the form of real contact shapes. Both pose and
Tac2Pose are trained on simulated versions of contact shapes, but Tac2Pose generalizes to
real contact shapes much better. Tac2Pose computes the likelihood of an observed contact
matching to a discrete set of simulated shapes. Therefore, the match does not need to be
exact, just better than other possible options, for the localization to be accurate. The struc-
ture imposed by the grid therefore improves the ability of Tac2Pose to generalize to real,
noisy contact shapes. Because pose regresses object poses directly, without the structure

of the grid, its performance is more brittle and degrades when using real contacts.

The normalized error of classification, even with simulated contacts, is 0.96, re-
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maining similar to selecting a pose randomly from the grid. The size of the grid is too large
to be handled with classification (as addressed in Section 2.3.1), so it is not possible

to comment on the impact of noisy contacts.

For the 5 objects we evaluate (long grease, snap ring, big head, hanger, and
cotter), Tac2Pose performs significantly better than random (here, we define significantly
better as more than twice as good, which can be identified as a median normalized error
less than 0.5 in Table 2.4) for 4/5 objects in both the single contact and parallel jaw con-
tact cases. In the parallel jaw contact case, the fifth object, cotter, has median normal-
ized error of 0.51, which is just below twice as a good as random. In comparison, pose,
classification, and pixel with a single contact are only significantly better than ran-
dom for 1/5 objects. Pixel with parallel jaw contacts is significantly better than random
for 3/5 objects. Furthermore, with a single contact, Tac2Pose outperforms all baselines for
4/5 objects. Tac2Pose is between 1.5 and 4 times better than the next best baseline for all
objects except for long grease, which performs marginally worse than pose in the single
contact case (0.72 median normalized error for pose, compared with 0.76 for Tac2Pose).
With parallel jaw contacts, Tac2Pose outperforms pixel, which is the only other method
compatible with parallel jaw contacts, with by between 1.5 and 9 times, depending on the

object.

A final observation is that for some objects, parallel jaw contact versions of pixel and
Tac2Pose are more robust to contact shape noise than single contact versions. We con-
sider long grease (results listed in Table 2.4) as an example. Tac2Pose with a single
real contact has 0.76 median normalized error, compared with 0.09 for the parallel jaw
contact case. This means that the localization performance improves around eight times
when using parallel jaw contacts. Similarly, pixel with a single contact has 0.93 median
normalized error, compared with 0.17 median normalized error with parallel jaw contacts;
the localization performance is about 5.5 times better in the parallel jaw contact case. We
also consider the performance of Tac2Pose, and pixel, on simulated contacts to evaluate
the impact of contact shape noise on the discrepancy between single and parallel jaw con-
tact cases. With simulated contacts, the localization performance is the same for Tac2Pose

for both a single contact and parallel jaw contacts; the median normalized error is 0.03 in
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both cases. The outcome is similar for pixel; the median normalized error is 0.05 in both
the single contact and parallel jaw contact cases. The consistent localization performance
between methods and contact configurations when using simulated contacts indicates that
contact shape noise is the differentiating factor between single contact and parallel jaw con-
tact cases when using real contacts. This means that robustness to noise is a key advantage
of using parallel jaw contacts over a single contact, for both methods. Both Tac2Pose and
pixel have similar performance in the parallel jaw case with real contacts as they do with
idealized (simulated) contacts; it is 3 (Tac2Pose ) to 3.5 (pixel) times easier to localize
simulated contacts than real contacts. The discrepancy between simulated and real results
is much more pronounced in the single contact case of both methods. This implies that the
sim-to-real gap can be bridged, in part, by the inclusion of parallel jaw information.

We conclude this section with some remarks about the challenge of estimating an ob-
ject’s pose from a single noisy contact. Tac2Pose outperforms all baselines on 4/5 objects
with a single contact, and all objects with parallel jaw contacts. Ultimately, though, even
Tac2Pose struggles to perform significantly better than selecting a pose at random from
the grid with a single contact for 1/5 objects (where significantly better than random is de-
fined as more than twice as good). Estimating the pose of an object from a single, noisy,
often non-unique contact is challenging. Therefore, perhaps the most important feature of
Tac2Pose is that it outputs meaningful pose distributions over possible object poses (Fig-
ure 2-7a). This creates a natural framework for incorporating constraints from additional
contacts, measurements of the robot state (such as the gripper opening), information from

additional sensing modalities, or even previous tactile estimates of the object pose.

52



Chapter 3

Conclusions

We conclude this thesis with some remarks on Tac2Pose , and directions for future
work to improve the single shot estimation step in Section 3.1. We also explore in more
detail a direction of ongoing work, that leverages Tac2Pose in a tracking framework to
estimate a sequence of poses through a stream of tactile images in Section 3.2. Estimating
poses through a trajectory has the benefit of overcoming the non-uniqueness inherent in
an individual image. Furthermore, such a perception framework is necessary to supervise
in-hand manipulation sequences in which the object moves relative to the manipulator.

Supervising this type of in-hand manipulation sequence is a key direction of future work.

3.1 Discussion

This thesis evaluates an approach to tactile pose estimation for objects with known ge-
ometry. Tac2Pose relies on learning an embedding completely in simulation that facilitates
comparing real and simulated contact shapes. We can reconstruct contact shapes with high
fidelity, using images from the real sensor and in simulation. We compare the embeddings
of an observed contact shape with those of a precomputed dense set of simulated contact
shapes to obtain the distribution over a dense set of possible object poses. The approach
therefore allows to reason over pose distributions and to handle additional pose constraints.

We evaluate Tac2Pose on real grasp datasets for 20 objects, and report the accuracy for

three ablations of Tac2Pose, corresponding to increasing amounts of information from a
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given grasp. First, we evaluate the accuracy using a single tactile image which corresponds
to the case where only one contact is available to the algorithm. Second, we consider
the case where two tactile images (corresponding to a parallel jaw grasp on the object)
and the gripper opening are available. Third, we evaluate the accuracy after filtering the
distribution obtained using parallel jaw information with a coarse prior on the object pose,
approximating the case where information from an additional sensing modality (e.g. vision)

1s available.

We find that the amount of information needed to localize an arbitrary grasp on an ob-
ject accurately is highly dependent on the object geometry. Of the 20 objects we evaluate,
9 can be localized accurately with a single contact. For these objects, more than half of
arbitrary grasps on the object can be localized accurately. The objects that can be localized
accurately with a single contact tend to be smaller, and have significant regions of unique
contacts. When including parallel jaw information, the number of objects that can be local-
ized accurately using the best match from Tac2Pose increases to 12. The objects that can
be localized accurately after including parallel jaw information tend to have pseudosym-
metrical features which can be disambiguated with a second contact, or vary significantly
in width across the length of the object, which makes the gripper opening a discriminative
source of information. After filtering the parallel jaw pose distribution with a coarse 10mm
prior on the object pose, the number of objects that can be localized accurately increases to
16. The objects that can be localized accurately after including a coarse prior on the object
pose tend to be larger, and have discrete nonuninquess (features that are unique, with a

discrete number of exceptions on remote regions of the object).

There are, however, four objects which cannot be localized accurately on average even
after filtering the parallel jaw distribution with a 10mm prior and selecting the resulting
most likely object pose. These objects are large, and have significant, continuous regions
of non-unique contacts. The majority of contacts on such objects do not provide enough

information to uniquely determine their pose.

Even objects which can be, on average, localized accurately from an arbitrary grasp
have regions of non-unique contacts that do not provide enough information to uniquely

determine the object pose. It is therefore important to evaluate the localization accuracy of
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specific grasps on objects, as well as arbitrary grasps. To this end, we compare the local-
ization accuracy separated out by grasp approach direction, and the localization accuracy
of individual grasps on selected objects. We find that many objects have one direction
which is significantly easier to localize (half as much error or less) than others. By exam-
ining individual grasps on the object long pencil, we find that even objects with large,
continuous regions of non-unique contacts have regions that are more unique and easier to

localize.

Both of these breakdowns (sets broken out by grasp approach direction, or individual
grasps) could ultimately be leveraged in a grasp planning framework, in which grasps that
are easier to localize are specifically targeted. In practice, grasps within a given grasp
approach direction could be targeted with a very coarse prior on the object pose, while
a specific individual grasp could be targeted with somewhat finer information about the
object pose. Because Tac2Pose is trained entirely in simulation, it is possible to evaluate
which grasps lead to lower localization error in advance of encountering the object. For
instance, the output pose distributions we obtain using simulated and real contact shapes
on long pencil are qualitatively similar (Figure 2-7a and 2-7b). Simulated contacts can
therefore be used to identify unique and non-unique candidate grasps. This feature, too,

could be important to leverage in a manipulation planning framework.

Our approach also assumes we have access to accurate geometric models of objects. We
demonstrate that Tac2Pose can be effectively combined with object models reconstructed
from a 3D scanner. A key feature of Tac2Pose is the ability to refine coarse estimates of
object pose with high resolution tactile information. We find that moderate shape noise

does not significantly compromise that ability for any of the 5 objects we evaluate.

Future work could learn embeddings that are even more robust to shape uncertainty by
corrupting the contact shapes with noise during training. This would not inherently im-
prove the localization accuracy when considering only information from a single grasp, but
could yield distributions that are more representative of our true confidence in the estimate.
These distributions could be combined effectively with other information (e.g. pose pri-
ors, additional tactile measurements, or dynamics) to converge on a unique estimate of the

object pose.
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We demonstrate the advantages of Tac2Pose compared with baseline methods for esti-
mating object pose from tactile images. Compared with a standard classification approach,
direct pose regression, and direct pixel comparison, Tac2Pose scales better to larger, and
more complex problems (e.g. regressing 6D object pose rather than simply translation or
rotation in plane) and is more robust to contact shape noise.

In summary, we demonstrate the effectiveness of Tac2Pose at pose estimation for 20
objects with information gathered from a single, real grasp on the object. We consider
known and reconstructed object shapes, and show that in both cases Tac2Pose outputs
meaningful distributions over object pose that can be maximized directly, or combined with
additional information to converge on a unique estimate of object pose. While Tac2Pose is
trained entirely in simulation, it is robust to real and noisy contact shapes arising from both
sensor noise and object shape noise. This robustness stands in contrast baseline methods,
which are more sensitive to contact shape noise. This suggests that matching estimated
contact shapes to a dense precomputed set opens the door to moving many computations
into simulation, without loss of robustness, and improving how robots learn to perceive and

manipulate their environment.

3.2 Ongoing Work

Ongoing work tackles the problem of tracking global object pose through trajectories of
tactile images, to overcome the non-uniqueness inherent in most individual tactile images.
This thesis explores techniques for injecting additional information to recover from non-
unique contacts, such as parallel jaw contact information (two contacts on opposite sides
of a parallel jaw gripper, and the gripper opening) and a coarse prior on the object pose
(in practice, such a prior could come from other sensing modalities, like vision). Ongoing
work, described here, takes the opposite approach. Rather than assuming we have more
information about a given instance of contact, it takes a stream of single tactile images over
time.

We propose a hybrid smoother with three primary goals: first, it should accurately

estimate the global object pose through a unique tactile trajectory. Second, it should be fast
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enough to ultimately inform real-time control of an in-hand manipulation sequence, which
is the intended use-case for such a tracking algorithm. Finally, it should be able to quantify
the uniqueness of a tactile trajectory, in order to determine when a tactile trajectory becomes
unique. The limit of a trajectory is a single image, so it is crucial to be able to specify when
a trajectory contains enough information that the estimate becomes unambiguous. This
information can, at a minimum, be used to inform at what point the estimate from the
hybrid smoother can be trusted. In the future, such information could also be used in a
decision-making policy that determines in which direction to move the sensor to reduce
estimate uncertainty most quickly. The hybrid smoothing solution consists of two levels of
inference that operate simultaneously: a discrete smoother, and a continuous smoother. At
a high-level, the discrete portion guides the continuous portion with coarse, but globally
correct estimates of the object pose. The continuous portion then refines those estimates to

arbitrary accuracy.

3.2.1 Discrete Smoother

The discrete smoother is able to solve for coarse (both spatially and temporally), but
globally correct, estimates of the object pose by reasoning over full measurement distribu-
tions in a discretization of pose space. The pose discretization is defined by the object grid.
The object grid is the set of possible contacts on the object. It contains pairs of object poses

relative to the sensor, and contact images that would result if the object were in that pose.

We estimate the history of object states over a window of time (called a smoothing win-
dow), given two types of constraints. First, Tac2Pose assigns likelihood each of the poses
in the grid given an observed tactile image. Second, we constrains the type of transitions
that can occur. Because we know that the object is sliding continuously, only transitions to
near neighbors in the grid are feasible, and equally likely. If we had infinite time and com-
putational resources, the problem would be more or less solved by the discrete smoother.
However, a key challenge of the discrete approach is managing complexity. Restricting
the spatial and temporal resolution of the discrete smoother allows us to get globally cor-

rect, but low resolution in both space and time, updates of the object pose. Combining the
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discrete smoother with a continuous smoother allows us to refine the spatial and temporal
resolution of our estimates, such that they can be used to supervise an in-hand manipulation

sequence.

3.2.2 Continuous Smoother

A continuous smoother is introduced to track the object pose more closely. We guide
the continuous smoother with the discrete estimates, and get a combined framework where
each piece is strong where the other is weak.

The continuous portion looks very much like a standard smoothing problem, with uni-
modal gaussian factors. In contrast to the discrete framework, this formulation allows for
fast, arbitrarily accurate updates to the object pose, meaning that it can regress any pose in
SO3, and is not restricted to lie within the grid. Without guidance from the discrete portion,
however, it would suffer from nonuniqueness. In parallel to the discrete smoother, the con-
tinous smoother has two types of factors. First, we center a guassian noise model at a pose
guided by the discrete smoother as the measurement model. Next, we center a gaussian
noise model at the odemetry measurement of the robot as the dynamics model. Layering
the continuous smoother on top of the discrete smoother allows for for more continuous,

accurate tracking of the object pose along a tactile trajectory.
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