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ABSTRACT

Modeling and analyzing objects and shapes has been well-studied in the past. How-
ever, manipulation of these complex tools and articulated objects remains difficult
for autonomous agents. Our human hands, however, are dexterous and adaptive.
We can easily adapt a manipulation skill on one object to all objects in the class and
to other similar classes. Our intuition comes from that there is a close connection
between manipulations and topology and articulation of objects. The possible
articulation of objects indicates the types of manipulation necessary to operate
the object. In this work, we aim to take a manipulation perspective to understand
everyday objects and tools. We collect a multi-modal visual-tactile dataset that
contains paired full-hand force pressure maps and manipulation videos. We also
propose a novel method to learn a cross-modal latent manifold that allows for
cross-modal prediction and discovery of latent structure in different data modalities.
We conduct extensive experiments to demonstrate the effectiveness of our method.*

1 INTRODUCTION

Manipulating complex tools and articulated objects is a crucial yet difficult task for autonomous
agents. Existing efforts on modeling and analyzing objects and shapes focus on appearance (Li et al.,
2015; Schulz et al., 2017; Li et al., 2020b), topology (Luo et al., 2008; Duan et al., 2008; Hui et al.,
2022), and articulation (Li et al., 2020a; Mo et al., 2021; Noguchi et al., 2021; Yi et al., 2018). To
motivate a dexterous robotic hand, we study human hand interaction with complex everyday objects
that comes in different shapes and forms. A key insight into the robustness and universality of human
manipulation is the underlying hand synergy subspace (Santello et al., 2013). We hypothesize that
hand force synergy and the articulation of tools are closely connected. In this paper, we aim to
construct a computational model that may discover the cross-modal structure shared through the two
perceptual modalities, tactile that capture the force pressure of the hand, and vision, which captures
the appearance, topology, and articulation of objects.

We focus on tactile and vision, and study ways to discover the underlying structure of force fields
on our hands and to connect them with our visual senses. To achieve this, we focus on cross-modal
prediction, the ability to synthesize temporal force signals from vision inputs, and predicting plausible
vision signals from tactile force sequences. The main challenge lies in the disparity in spatial scale
between the signals of vision and tactile and our ability to discover the shared structure across each
modality. Our visual perception mechanism digests a complete scene at once, whereas our tactile
force senses can only perceive a minute portion of an object at the scale of our hand. This gap in
scale imposes a challenge in the mapping mechanism to be a many-to-many mapping between tactile
and vision, where similar haptic force senses are plausible for different objects and one object can be
manipulated using various forces.

To this end, we collect a cross-modal force-vision dataset. We collect the active full-hand force
pressure sequence data using specialized tactile sensor gloves (Sundaram et al., 2019b). We also use
a webcam to record visual data of both hand-object manipulation sequences. In total, we collected
2,000,000 frames of paired hand force pressure and video frames over 89 real object instances of
different object categories.

In this work, we represent different modalities of information through manifold learning. However,
directly using the shared latent space to represent both vision and force will cause the richer data

*For further references: https://sites.google.com/view/iclr-submission-force-vision/home?authuser=3
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modality to dominate the more local and sparser data modality. To address the difference in scale,
we introduce sub-manifold projections to allow different sensory modalities to be represented in
their local scale while preserving the close coupling across modalities through a shared manifold.
We notice that interesting structures appear in the learned manifold, where various manipulation
properties and their possible combination with objects are organically summarized. To demonstrate
the advantage of our proposed method in connecting force and vision, we evaluate our method on
the two proposed tasks using our dataset. Quantitative and qualitative results are provided to show
bene ts of our proposed method. Additionally, we also visualize our learned manifold to better
understand the latent structure captured by the model. These experiments show that our method
outperforms previous multi-modal representation works. Our contributions are summarized as:

» We collect a cross-modal dataset of force and vision on real-world articulated object bodies to study
hand-object manipulation

» We propose a manifold learning-based method to study the connection between the two modalities
» We conduct extensive experiments to show the advantages of our proposed dataset and method

2 REeLATED WORK

Shared Embedding Spacélumans interpret our visual environment through a variety of sensory
modes. This notion has inspired many efforts to explore the learning of shared embeddings across
diverse domains such as words (Devlin et al., 2018), images (Frome et al., 2013), audio and video (Ay-
tar et al., 2016; Chen et al., 2023a; 2022), and text and visual data (Radford et al., 2021; Miech
etal, 2019; Fang et al., 2021; Li et al., 2023). Recent efforts in this eld have devoted to matching
several different sensory modalities (Girdhar et al., 2023). These advancements have been enabled
by the availability of large-scale, paired cross-domain datasets. However, such datasets are yet to
be developed for vision and force elds. To this end, we collect a dataset of paired force elds and
videos on articulated object manipulation sequences.

Multi-Sensory Data and Learning To equip robots with the diverse sensory capabilities, a variety

of force, haptic, and tactile sensors have been innovated over the years, such as tactile (Dong et al.,
2017; Yuan et al., 2017b), haptics (Lederman & Klatzky, 1987; 2009), force (Cutkosky et al., 2008)
sensors. The GelSight tactile sensor has enabled many vision and robotic applications (Gao et al.,
2021; Yang et al., 2022; Liet al., 2019; Yuan et al., 2017a). These GelSight tactile sensors directly
produce very local geometry texture properties on a small region of on the object. Different from
these prior works, the glove sensor (Sundaram et al., 2019a; Luo et al., 2021b) we work with is a
full-hand force pressure sensor that directly measure the normal force maps. Existing works that
maps between GelSight tactile images and RGB images (Gao et al., 2021; Yang et al., 2022; Liet al.,
2019) is dif cult to directly employ in our setting. The mapping between Gelsight tactile images
and RGB images is more densely coupled with one-to-one mapping, because every object can have
a unique surface texture property. However, the mapping between force maps and RGB images is
loosely coupled many-to-many mapping, where the same object can be manipulated differently with
different forces. Previous works (Zhang et al., 2021; Luo et al., 2021a) has utilized the force-pressure
tactile sensors to retrieve and predict other sparse data modalities, such as motion trajectory and
human pose. Different from these prior effort, we aim to map between sparse full hand force pressure
maps and dense pixel sequences.

Manifold Learning To discover the underlying non-linear, low-dimensional subspace in which the
high-dimensional input signals exist, many efforts have been devoted to learning manifold from
complex sensory data (Tenenbaum et al., 2011; 2000; van der Maaten & Hinton, 2008; Donoho &
Grimes, 2003; Coifman & Lafon, 2006; Belkin & Niyogi, 2003; Schélkopf et al., 1998). (Tenenbaum

et al., 2011) proposes to use the geodesic distance between similar points, and (Chen et al., 2023b)
proposes to use compressed latent space to achieve model reduction on physics similuation problems.
Recently, many efforts (Jia et al., 2015; Mishne et al., 2015; Pai et al., 2018) have proposed the
integration of traditional manifold learning algorithms with deep networks by training autoencoders

to align latents with classical manifold learning embedding spaces. In this work, we aim to discover
the underlying low-dimensional structure of several different sensory modalities. By enforcing the
geodesic distance on dfferent sensory manifold, we allow the underlying low-dimensional structure
of various sensory information to arise. Different from previous works on manifold learning and
multi-modal learning, we introduce geodesic distance arithmetic on latent manifold to structure the
manifold of complex sensory data in meaningful ways as supported by other data modalities.
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3 DATASET

We focus on common articulated object bodies for our dataset. These are object and tools prevalent
in our daily life. Human hand exerts complex forces on functional parts of the object to operate them
in a desired way. By studying how different types of human hand haptic forces can result in different
kinds of articulations, we hope to inspire interesting applications for autonomous systems to operate
and manipulate these tools.

Data Collection SetupTo collect the dataset, we leverage synchronized tactile glove sensor (Sun-
daram et al., 2019b) and webcam video recorder, and we follow the data recording scheme inspired
by (DelPreto et al., 2022). A person wearing the tactile sensor glove to conduct various manipula-
tions, meanwhile, we use a web cam to record the entire on hand-object interaction environment.
Additionally, we also take static photos of the canonical state of all object instances. We show data
collection setup in Figure. 6 in Appendix.

Our full-hand haptic force sensors are constructed following Sundaram et al. (Sundaram et al., 2019b),
using an embroidery-based method. We obtal®a 16 grid of pressure readouts distributed over

the palm and nger regions of the gloves. We further calibrate the tactile sensory readings from the
glove using a UR5e robotic arm to map tactile readings to force pressure level in Newton. The haptic
force data is recorded in the format of a 2D heatmap on the hand, as shown in Figure. 6 in Appendix.
This data format allows us to leverage commonly used image-processing network backbones (He
et al., 2015) to extract the relevant force information.

Dataset Statisticdn total, we collected 150,000 frames of synchronized haptic force and video RGB
sequences. The sequence data spans 89 real-world articulated object instances, including scissors,
sprayers, staplers, and clips. For each object instance, we conduct several possible manipulations.
Our training set contains 81 objects spanning 4 different categories, with paired tactile and video
recordings of manipulation, containing 123,561 frames of data. Our test set is constructed with 3
different subset, 1) in-distribution instances, 2) in-category novel-instances, 3) out-of-category novel
instances. Speci cally, the in-distribution test-set is constructed with withheld sequences of the
same 81 objects seen during training, containing 10,000 frames of data. The in-category test-set
contains withheld 4 objects unseen during training, containing around 6,000 frames of data. The
out-of-category test set contains 4 object instances of novel category unseen during training, which
contain 5,000 frames of data. In total, the test set contains: 21,000 frames of data. We group frames
into small sequences for training and testing, and each sequence contains 10 frames.

4 VISUAL-TACTILE MANIFOLD LEARNING

In our work, we are interested in learning the cross-modal structure between RGB manipulation
videosy, tactile signal sequende and static images of objeats

Given a video sequenog 2 R0 64 64 3 e would like to infer the corresponding tactile sequence
observatiorh; 2 R0 16 16 1 and what object is being manipulated in the imagg R%* %4 3,

and likewise given a tactile readifg, infer the corresponding possible visual inpxisc;. The chief

dif culty is the dramatic signal disparity between these modalities. We present a method to capture
and generate the shared structure between signals by embedding them into a shared latent space, with
individual signals being decode from the latent using a neural eld. We further propose to leverage
manifold projection to encourage the desired structure to arise from the learned manifolds.

4,1 LEARNING A SHARED CROSSMODAL VISUAL-TACTILE MANIFOLD

Given a training set of paired video, tactile, and image tuplesf x;; hi; ¢ gl; , we would like to

learn and discover the shared structure between different signals. A chief dif culty is the dramatically
different nature between tactile and visual signals, with visual videos being signi cantly higher
resolution and complex than corresponding tactile signals.

Existing methods, such as TouchandGo Yang et al. (2022), ObjectFolder Gao et al. (2021), VisGel Li
et al. (2019), etc., employ encoder-decoder techniques where the latent codes are constructed and
obtained from encoding a speci ¢ modality of information. To effectively capture structure across
such dramatically different signals, we propose to compactly represent each signal in a shared latent
space, where tactile, video, and image signals with three separate neural elds. Speci cally, we use
an auto-decoder technique, using different branches of neural eld decoders to construct different
modalities of information (tactile/vision). In this way, we allow gradients from different modalities
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Figure 1:Method Overview. Our approach embeds image, tactile, and video information into a
shared latent manifold. This manifold is further decomposed into submanifolds for each signal.

of information to simultaneously update and optimize the latent embedding. We randomly initialize
our shared latent embedding.As shown in Figure. 1, the latent embedding on the leftmost side is the
learned shared manifold. During training, we sample a latent zottedecode to different modalities

of signals x;, h;, andc; shown on the right side.

Formally, given either visual or tactile signal, we represent it ef ciently as a functierhich maps
each coordinates 2 R in either image or tactile signals to the valuef the feature coordinate at
that dimension.
cR1 R u! (x)=v 1)
Such a formulation enables us to represent any signal, such as an image, shape, video sequences, or
waveform as a continuous function We use MLPs to represent the neural eldOnly the input
dimension of is varied, depending on the dimensionality of the underlying signal — this allows us
to employ the same architectural choices across signal types.

4.2 COROSSMODAL MANIFOLD PROJECTION

In order to effectively capture shared structure across a image, tactile and visual signals we would like
our shared cross-model visual-tactitanifoldto not only smoothly interpolate and project between
different instances of signals to each other, but also capture the local structure in each individual
signal modality. To enforce this local structure, we propos®aaifold projection layerwhere we

linearly project our global manifold space to local submanifolds for each signal. We then adopt
existing manifold learning losses to ensure that each submanifold captures a space that is locally
consistent and metric.

Formally, the manifold projection layer, : MM ;k 2 f x; h; cg takes in the signal agnostic
manifold to project to a compressed lower dimensional submanifold that re ects one aspect of a signal
modality. As shown in Fig. 1, the sampled latent code (red dot in the shared manifold) is projected
through . and 4, to the signal-speci c manifold/ . andM 4. To encourage differentiability and
explainability, we choosey to be a linear projection, 2 RS T, whereS is the dimension of the
original signal agnostic manifold afdis the dimension of the sub-manifold. Each data modality

k 2 | is decoded from the submanifdd x = (M ) and we enforce that any two samples sampled
from the signal agnostic manifofdzi; zzg M respects the distance between the samiplds ,

and that the same two samples sampled from the submarfilld; z.; g M « should respect the
distance between the samples for khith modality of signal i ; I «; .

For cases where some signal modalities can be very expressive and contain rich and entangled
information, this type of submanifold projection method can help disentanglement and encour-
age various structures to arise from the sub-manifold focusing only on the speci ¢ signal being
described. For example, in our test case with videand tactileh sequence data, the video
sequences contain rich information about the manipulation and objects being manipulated, whereas
the tactileh sequence data is sparse and re ects mostly the hand manipulation and less about the
object geometry. Using a natural language analogy, as video data can be described using sim-
ple sentences, the tactile information focuses on the verb of the sentence, and the noun can be
captured by a static image of the canonical shape. Through a submanifold projection, we can
encourage one submanifold , = /(M) to be structured around the tactile modality and fo-

cus on manipulation. Similarly, we can leverage the submanifold projedtign= (M) to
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Figure 2:Test-Time Manifold Manipulation. Our learned manifold can be used to retrieve possible
cross-modal completions of a relevant signal, including those of novel unseen test objects. a) shows
the process of cross-modal prediction, and b) shows the process of inference on novel shape instances.

focus on object geometry concepts in canonical object images. We compose videoZgtents

by combining latents of manipulatiary.; and the latents of canonical shapgs, As shown in

the middle branch in Figure. 1. Speci cally, the video projection layglis constructed by con-
catenating the image projectiag; = (z); . 2 R?® 25 |ayer and tactile projection layer

Zni = n(z); n 2 R ¥z = (z)=f ¢ ng(z);where x = f ¢ hg 2 RP® 272

or equivalentlyz,; = f «(z); n(z)g = fzci;zni 0. This way of enforcing the compositional
property in manifold space can help disentangle rich and expressive into more elementary concepts.

To further encourage structures of elementary concepts to arise from the submanifolds, we would like
to distill the dominant and descriptive information from each sensory modality onto their submanifolds.
Inspired by Chen et al. (Chen et al., 2023b), we choose to project the tactile submahifaia
extreme low dimensions to constrain the neural eld to focus on the dominant and most descriptive
information. For our tactile submanifoM ; we choose dimension=16.

To ensure our learned submanifolds follow the desired properties of data completeness and perceptual
consistency, we use the following loss functions, as inspired by (Du et al., 2021). First, to ensure
reconstruction accuracy, we train each auto-decoder branch using the reconstruction loss.

LRec= K C(Zc;i) Cik2+k h(Zh;i ) hik2+k X(Zx;i ) Xik2 (2)

Additionally, to ensure that our learned manifold achieves perceptual consistency, where similar
signals are closer in the underlying manifold. We employ the manifold isometry loss:
Liso = k k (Zi Zj )k Kl i i kk: (3)

=(0(Zciiize) A (GG ) +(de(Zniszng) o (hishy)) +(dz(Zcis2c ) di (Xi5%5)) 4)

= (kk(zei)  (zej)kk o gkk)+(kk(zi) (2 )kk Xi X KK) + (Kk(zni)  (znj )kk hi  hjkk)  (5)
In this way, we enforce the distance between latentandz; in our manifoldM to be locally
isometric to the MSE distance of the corresponding samplaad! j . Our loss function is constructed
using both termsk. = Lo+ LRec

4.3 MANIPULATING THE TACTILE-VISUAL MANIFOLD

Given our shared tactile-visual manifold, we next describe ways to manipulate and leverage the
learned tactile-visual manifold to map between visual and tactile signal.

Cross-Modal Signal Retrieval During test-time, given a seen tactileor visualx;; ¢ signal, we

would like to retrieve the corresponding signals of the other modalities. As shown in Figure. 2, a)

we leverage test-time latent code optimization to achieve cross-modal retrieval. For example, given

the RGB visual sequenceg, and we would like to see the corresponding tactile sequencé/e

rst start at a random location on the learned manifgjgl, which corresponds to an rgb video signal
x(2xi ). We use MSE as loss signal to optimize for the lateng,min, . kx; 2(24i )K?, by

xing weight of the networks ¢; x; n. The optimized laterg,,; can be directly decomposed into

latent vector for tactile sequengg; and?.;. We can use the projected latent to decode the desired

tactile sequenchi =  (2n;).
Similarly, given a tactile sequendg, we can retrieve the corresponding video sequeqdey

optimizing latent; to project back to the canonical image spite = ¢( (M 1)) through the
signal agnostic manifold to obtain the corresponding canonical image &gtowe usey to denote



Published as a conference paper at ICLR 2024

the reverse direction of the original projection. With the two vectors comiped: [ ; 2. ], we
can decode into the desired sequence of visual signal, (2« )).

One other advantage of our proposed method is varitational inference. Without any modi cation to
the it can be used to predict variations of different signals our framework learns the joint manifold
of visual and tactile signals. This allows us to handle multimodal settings, as each possible pairing
is in the manifold. This can be extracted by running test-time optimization with different latent
initializations. By initializing different latents for test-time optimization, we can allow variational
inference for xed given sequence. We show an example in Section A.3 in Appendix.

Cross-Modal Prediction for Unseen instance#&\nother advantage of our proposed method is its
ability to handle novel object instances. As shown in Figure.2 b), given an image of an unseen
object instancg, our proposed method can be used to predict possible manipulation force and video
sequences. We can interpolate the shape manifold space to optimize for a shape latégt code
that matches the image signal of the object instance. Various method exists to infer manipulation

sequenceﬁj ;% . If a desired manipulation is given through a tactile sequénceve can optimize
for the tactile latent cod2,; . Alternatively, we can infer the possible manipulations by projecting

the shape latent code onto the manipulation man#g|d= ( %(2;)). With the desired tactile

manifold vector?,; , we can decode tactile manipulation sequences ﬁpm h(2n; ), and video
sequence from the latent vectdis= ([2¢; ; 2nj ]). When given a video or tactile manipulation
sequence of a novel instance, our proposed method can predict the other modality by interpolating
and optimizing laten#y; on the latent manifold.

5 EXPERIMENT
In this section, we show several experiments to answer the following questions:

» How does our proposed method perform compare to existing cross-modal retrieval methods?

» Can our proposed method generalize manipulation seen during training to novel object instances?
» Does our learned manifolds exhibit meaningful latent structure of each signal modality?

» How is our dataset and method used in robotic and vision applications? (Appendix Sec. A.2)

» Does our proposed method enable variational inference? (Appendix Sec. A.3)

Table 1:Quantitative comparison on cross-modal prediction.Our approach substantially outper-
forms baselines across each test on cross-model signal undersanding.

Method cross-modal retrieval generalize to new object generalize to new category
x! h h!l x(h;e! x) x! h h! x(h;e! x) x! h h! x(h;c! x)

Visgel 0.0022 0.0038 0.0024 0.0139 0.0024 0.0176

TouchGo 0.0027 0.0262 0.0028 0.0228 0.0025 0.0224

ObjectFolder 0.0030 0.0340 0.0034 0.0236 0.0026 0.0216

GEM 0.0022 0.0194 0.0023 0.0106 0.0021 0.0160

Ours 0.0019 0.0174(0.00208) 0.0020 0.0097 (0.00710) 0.0020 0.0118 (0.01038)

5.1 BASELINES
We compare our proposed approach with several multi-sensory retrieval methods:

* VisGel (Lietal., 2019): Li et al. proposes to a conditional-GAN based model to synthesize GelSight
tactile images from input video sequences. The model takes in a video sequence and conditioned
on a RGB reference frame and a GelSight reference frame to predict the tactile sequence. We
compare with the proposed approach by using the canonical shape image as reference to conduct
cross-modal prediction on our force-visual data.

» ObjectFolder (Gao et al., 2021): Gao et al. proposes to use triplet loss to associate the sensory
modalities of RGB images, GelSight images, and sound. Inspired by them, we adapt the method as
a baseline on our haptic force and vision data to use a triplet loss to anchor the force sequences,
video sequences, and canonical shape images.

» TouchAndGo (Yang et al., 2022): Inspired by previous works (Li et al., 2022; Tian et al., 2020),
Yang et al. proposes visuo-tactile CMC model to align RGB images that GelSight tactile images.
We compare with their proposed approach by adapting it to work on our visuo-force data.
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« GEM (Du et al., 2021): Du et al. proposes the signal-agnostic manifold learning based method to
represent and translate different sensory modalities. GEM (Du et al., 2021) was originally proposed
for cross-modal visual-audio retrieval. We modify it to work with our haptic force and vision data.

Figure 3:Qualitative Results for Video-to-Tactile Prediction. A comparison ok ! h comparing

our proposed method and existing methods on cross-modal retrieval and generalization to new
category and object instances. We show 5 frames in each example. Yellow regions corresponds to
high pressure areas. Our approach is able to outperform baselines.

5.2 BEVALUATION METRIC AND QUANTITATIVE RESULTS

We use L2 distance between the predicted signal and ground truth signal to evaluate the performance
of various methodK; kigt k?;k 2 f ¢;x; hg . We show the quantitative performance in per-pixel
difference for our proposed method and existing methods in Table. 1.

To compare with existing cross-modal prediction methods, we test on with several different task
settings. First, following previous works (Li et al., 2019; Yang et al., 2022), and evaluate the cross-
modal retrieval capabilities of different methods. This evaluation involves a subset of training object
instances and manipulation sequences, as depicted andbg-modal retrievasection of Table 1.
Additionally, we would like to understand if the proposed method is able to extend its learned
manipulation insights to novel object instances in a seen object category. We show the cross-modal
prediction performance in the context of unseen object instances of the training object category in
generalize to new objeskction. Finally, we also conduct a stress test to see the ability of various
method in generalizing to novel instances in unseen object category to understand if the proposed, as
shown ingeneralize to new categosgction.

We can see from Table. 1, our proposed method outperforms existing methods on both the cross-modal
retrieval task and the tasks of cross-modal generalization to new object instances and category. The
task dif culty increases from retrieval to generalization. All methods exhibits performance decrease
when tested on novel instances and stress-tested on novel category.

We observe a performance gap across all methods between inferring the tactile modality from videos
x ! h and predicting video sequences from tactile sigmals x. The drop in performance
comes from the inherent difference between the two signal modalities. Videos contain rich and
dense information about both the manipulation and the object being manipulated, whereas tactile
signals only capture the miniature portion of object through the force eld actuated on small areas of
our hand. In this sense, predicting videos sequences from only tactile dighats is inherently

a more dif cult task. As Table. 1 shows, when non-suf cient information is given, it is easy for
test-time optimization based methods, such as GEM (Du et al., 2021) and our proposed approach,
to stuck in local minima, whereas conditioning-based approach, such as VisGel (Li et al., 2019),
can leverage the close coupling of conditioning veapiand output signak to achieve better
retrieval accuracy when predicting video from tactile. However, due to the same reason of the
close coupling of the conditioning vector and output, conditioning-based approaches are limited in
generalizability to new object instances and categories. Our proposed approach, on the other hand,
encourage discovery of structured information embedded in each signal modality, and, therefore,
is able to transfer manipulation signals learned through seen data to novel instances and object
categories. Other methods that leverage contrastive losses, such as TouchAndGo (Yang et al., 2022)
and ObjectFolder (Gao et al., 2021), encourages loose coupling of latent vectors of different modalites
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Figure 4:Qualitative Results for Tactile-to-Video PredictionWe illustrateh !  x results comparing
our proposed method and existing methods on cross-modal retrieval and generalization to new
category and object instances. We show 5 frames of sequence data in each example.

Zn; Zx . In our context of extreme scale mismatch, these metric-learning based methods fail to produce
meaningful cross-modal prediction and result in mode collapse.

In Table. 1, we also show additional results of our method leveraging manifold composition capability.
Instead of only leveraging tactile signdiswe compose information of both object instamand
manipulation typeh to predict the video of object manipuatianas shown irh;c! x. We can

see from the table that our proposed approach is able to leverage the extra bit of inforration
signi cantly improve the accuracy of our video prediction. This demonstrates that our proposed
approach is able to disentangle object concept and manipulation concepts leveraging different signal
modalities, and compose these elementary concepts into meaningful visual sequences.

5.3 (ROSSMODAL PREDICTION QUALITATIVE RESULTS

We show the qualitative results of various method on the task of cross-modal retrieval and generaliza-
tion to new object instances and category in Figure. 3 and Figure. 4 .

Video to Tactilex ! h Predicting tactile manipulation signal is a relative easier task as compared to
tactile-to-video task. We can see from Figure. 3 that both our proposed approach and Visgel (Li et al.,
2019) is able to accuractely retrieve tactile sequences given video sequences seen during training. In
generalizing to novel instances and category, our proposed method is able to capture the manipulation
in the video to and accurately predict tactile signal sequences, whereas other existing method fail to
predict meaningful tactile sequences for unseen objects.

Tactileto Videoh ! x We can see from Figure. 3 that when directly predicting videos from the tactile
information, most existing approaches, including TouchAndGo (Yang et al., 2022), ObjectFolder (Gao
etal., 2021), suffers from mode collapse. As the query manipulation tactile signal is extremely sparse,
contrastive losses such as CMC loss used in TouchAndGo or Triplet loss used in ObjectFolder are
unable to retrieval meaningful video latent cajevhen the anchor latent vectry are of extreme
resemblance in metric space. VisGel (Li et al., 2019) uses a conditional-GAN and retrieves seen video
sequences accurately, but it has limited generalizability to novel instances and categories. GEM (Du
et al., 2021) leverage a shared latent manifold to predict one modality from the other. However, as
different modality of signals are of different scale, the latent vector shared by different modality of
signal become dominated by the modality with more information and weakens the model's ability to
be queried by the sparser modality. As a result, the retrieved video sequences by GEM exhibits a
smoothing effect. However, when only tactile information is given, our proposed approach retrieves
sharper videos, but the subject shape instance is often wrong. For example, with the new black scissor
instance, our proposed method predicts a manipulation sequence of a red scissor. Tactile force signal
is not informative of the color of the object. When we add the additional information with a canonical
object imageh;c! x, our proposed method is able to correctly predict the manipulation sequence
of the desired object.
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