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Foreword

Robotic manipulation and grasping is one of the most challenging problems in the
field of robotics. It requires the robot to have the ability to perceive and understand
its environment via multimodal sensing and strategies.

Compared with visual sensing modality, human’s understanding of the tactile
sensing modality remains limited. It is mainly because of the complexity of the
tactile signals, the restriction of the tactile perception techniques, and the lack of the
available tactile data. Moreover, since tactile sensing is highly coupled with other
sensory modalities, investigating its mechanism can largely improve the develop-
ment of cognitive science.

Recently, with the rapid development of artificial intelligence, and especially
machine learning techniques, the area of robotics has revealed great advances and
potential. I am pleased to see this book by Huaping and Fuchun. To the best of my
knowledge, this is the first book for a comprehensive approach to tactile perception
using machine learning. For the problem of tactile sensing in robotic manipulation,
they have established a novel technical framework, sparse coding, and dictionary
learning. With this framework, the complex tactile signals can be reconstructed as
new coding vectors. The sparsity is utilized to characterize many features such as
the correlations between multiple fingers and different tactile attributes. Moreover,
under the proposed framework, the authors also successfully solve the heteroge-
neous visual–tactile sensing fusion problem.

Therefore, I believe there are mainly three contributions in this book. Firstly, it
provides a comprehensive survey of tactile object recognition and of visual–tactile
fusion recognition technology, together with an analysis of the different represen-
tations for tactile and visual modalities. Secondly, it systematically unravels the
object attribute recognition problem in the field of robotic tactile perception and
understanding. Finally, it establishes a complete machine learning approach for the
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multimodal sensing fusion task. This work provides a good way of solving robotic
manipulation and grasping in unstructured and complex environments.

This book provides readers with an intuitive understanding and exciting appli-
cations in robotic tactile sensing. The tactile sensing promises to play a critical role
in robotic manipulation. I believe this book will reveal enormous practical impact as
well as scientific insights into tactile sensing research and education.

Prof. Angelo Cangelosi
University of Manchester
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Preface

Intelligent service robots have great potential in various application scenarios such
as home services, public health, and warehouse logistics. Robotic manipulator and
dexterous finger system are two key components of service robots to perform tasks
which require manipulation and grasp capability, for example, caring for the
elderly, surgical operations, and space or underwater exploration.

The technical challenges of manipulation and grasp involve a number of aspects
including mechanical structure, hand material, object property, environment per-
ception, and grasp planning. Among them, environment perception of service
robots brings obvious challenges to existing technologies for industrial robots used
for structured environments, due to the fact that service robots usually work in more
complex, dynamic, and uncertain environments. This requires the robots to perceive
and understand its environment in an accurate and timely manner. Referring to
humans’ approaches for sensing the environment through looking, listening, tast-
ing, smelling, touching, and then unintentionally integrate the information from all
channels, it is tempting to equip service robots with various sensors.

For both humans and robots, tactile sensing is the core approach used for
exploration and manipulation of objects. Unlike visual sensors, tactile sensors are
capable of perceiving some physical properties (e.g., softness/hardness, texture,
temperature) of an object. Incorporating tactile perception to the robots can not only
simulate human perception and cognitive mechanisms but also enable robots to
perform more satisfyingly at practical applications.

Furthermore, visual and tactile modalities are quite different from each other.
First of all, the format, frequency, and range of perceived object information are
different. Tactile sensing obtains information through constant physical contact with
target object, while the visual modality can simultaneously obtain multiple different
features of an object at a distance. Furthermore, some features can only be obtained
by one single perceptual mode. For example, the color of an object can only be
obtained visually, while the texture, hardness, and temperature of a surface are
obtained through tactile sensing.
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To tackle those intrinsically difficult problems in tactile perception and visual–
tactile fusion problems, we establish a unified sparse coding and dictionary learning
framework, which forms the main contents of this book. Furthermore, a set of
structured sparse coding models is developed to address the issues of dynamic
tactile sensing. The book then proves that the proposed framework is effective in
solving some challenging problems in the field of robotics and automation, e.g.,
multifinger tactile object recognition, multilabel tactile adjective recognition, and
multicategory material analysis. The proposed sparse coding model can be used to
tackle the challenging visual–tactile fusion recognition problem, and the book
develops a series of efficient optimization algorithms to implement the model.

This book is divided into four parts. Part I presents the research background and
motivation and introduces the representation and kernel of the concerned tactile and
visual modalities. Part II focuses on the tactile perception problem. In Chap. 3, a
joint sparse coding method for multifingered tactile fusion task is presented. In
Chaps. 4–6, more complicated dictionary learning methods are developed to tackle
the difficult tasks of object recognition, tactile adjective property analysis, and
material identification. Part III presents more advanced applications of sparse
coding and dictionary learning methodology on the heterogeneous visual–tactile

Fig. 1 Organization of the book: logical dependency among parts and chapters
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fusion problems. Similarly, the joint sparse coding is firstly used to establish the
basic framework to tackle the intrinsic problems in visual–tactile fusion in Chap. 7.
Chapters 8 and 9 present complicated dictionary learning methods to address the
material identification and cross-modal retrieval tasks. Part IV contains Chap. 10,
which summarizes this book and presents some prospects. For clear illustration, an
outline of the logical dependency among chapters is demonstrated in Fig. 1. Note
that we try our best to make each chapter self-contained. Nevertheless, the sparse
coding and dictionary learning methods developed in Chaps. 3–9 are always
dependent on the kernel representation presented in Chap. 2.

This book is suitable as a reference book for graduate students with a basic
knowledge of machine learning as well as professional researchers interested in
robotic tactile perception and understanding, and machine learning.

Beijing, China Huaping Liu
July 2017 Fuchun Sun
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ELM Extreme Learning Machine
EMB Empty Mizone Bottle
EPB Empty Pocari Bottle
ETC Empty Tea Can
FBC Full Beer Can
FMB Full Mizone Bottle
FPB Full Pocari Bottle
FSRs Force Sensing Resistors
FTC Full Tea Can
GA Global Alignment
GCDL Generalized Coupled Dictionary Learning
GPC Green Portable Cup
HDC Hard Disposable Cup
HRI Human–Robot Interaction
ISS International Space Station
JGKSC Joint Group Kernel Sparse Coding
JKSC Joint Kernel Sparse Coding
k-NN k-Nearest Neighborhood
k-NN-T k-Nearest Neighborhood with Tactile modality

xvii



k-NN-V k-Nearest Neighborhood with Visual modality
K-RRSS Kernelized Robust Representation and Structured Sparsity
KSC-T Kernel Sparse Coding with Tactile modality
KSC-V Kernel Sparse Coding with Visual modality
LBP Linear Binary Pattern
LIBSVM A Library for Support Vector Machine
LS-SVM Least Squares Support Vector Machine
M2PDL Multimodal Projective Dictionary pair Learning
MIS Minimal Invasive Surgery
ML-kNN Multi-Label kNN
NN Nearest Neighborhood
PALM Proximal Alternating Linearization Minimization
PDL Projective Dictionary pair Learning
PDL-A Projective Dictionary pair Learning-pixel Averages
PDL-D Projective Dictionary pair Learning-Depth information
PDL-F Projective Dictionary pair Learning-Fourier feature
PDL-Gray Projective Dictionary pair Learning-Gray pixels
PDL-H Projective Dictionary pair Learning-Haptic information
PDL-LBP Projective Dictionary pair Learning-Linear Binary Pattern
PDL-RGB Projective Dictionary pair Learning-RGB information
PDL-V Projective Dictionary pair Learning-Visual information
PHAC Penn Haptic Adjective Corpus
PHAC-2 Penn Haptic Adjective Corpus 2
PLC PLastic Cup
PR2 Personal Robot2
RCovDs Region Covariance Descriptors
RKHS Reproducing Kernel Hilbert Space
SCDL Semi-coupled dictionary learning
SDC Soft Disposable Cup
S-kNN Separate k-Nearest Neighborhood
SKSC Separate Kernel Sparse Coding
SliM2 Supervised coupled dictionary learning with group structures for

Multimodal retrieval
SO-DL Structured Output-associated Dictionary Learning
SPAMS SPArse Modeling Software
SR-DL Semantics-Regularized Dictionary Learning
SVM Support Vector Machine
TD Toy DRagon
TDO Toy DOll
TPA Toy PAnda
TPE Toy PEnguin
WMCA Weakly paired Maximum Covariance Analysis

xviii Acronyms



Mathematical Notation

M The number of the visual training samples
N The number of the tactile training samples
Ti The ith tactile training sample
T Testing tactile sample
Vi The ith visual training sample
V Testing visual sample
T The set of tactile training samples
I The set of visual training samples
T The manifold in which the tactile sequences lie
V The manifold in which the visual descriptors lie
D Tactile dictionary in the space of T
P Visual dictionary in the space of V
HT Higher-dimensional (possibly infinite dimensional) inner product

space for the tactile modality
HV Higher-dimensional (possibly infinite dimensional) inner product

space for the visual modality
j Ti ; Tj
� �

Kernel function between tactile samples Ti and Tj

j Vi ; Vj
� �

Kernel function between visual samples Vi and Vj

U �ð Þ Kernel-induced implicit feature mapping for tactile modality
W �ð Þ Kernel-induced implicit feature mapping for visual modality
xk k0 The number of the nonzero elements in the vector x
Xk krow�0 The number of the nonzero rows in the matrix X
xk k1 The sum of the absolute values of all elements in the vector x
Xk k2; 1 The sum of the Euclidean norms of all row vectors in the matrix X
xk k2 The Euclidean norm of the vector x
Xk kF The Frobenius norm of the matrix X
xk k1 The maximum values of the absolute values of all elements in the

vector x
r xð Þ Sigmoid activation function for the scalar x
EC The set of the elementary C-dimensional vectors

xix



V All-one matrix with compatible dimensions
I Identity matrix with compatible dimensions
d cð Þ The characteristic function that selects the coefficients associated with

the cth class
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