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Abstract
Object recognition through the use of input from multiple sensors is an important aspect of an

autonomous manipulation system. Useful sensors include video cameras, tactile arrays, force gauges

and proximity sensors. In this report, we focus on tactile sensors. In tactile object recognition, it is

necessary to determine the location and orientation of object edges and surfaces. We propose

controllers that utilize a tactile sensor in the feedback loop to track along edges and surfaces. In our

control system, the data from the tactile sensor is first processed to find edges. Then a new Hough

Transform algorithm is applied to the edge points to determine the line parameters of the detected edges.

From these parameters, a control signal to a hybrid controller is generated. In this report, we present the

theory for edge detection, the Modified Adaptive Hough Transform, and edge and surface tracking

controller design. In addition, simulation and experimental verification of the edge tracking controller are

presented.
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1. Introduction
Object recognition is an important problem in robotics[13, 14,56], particularly for autonomous

manipulation systems. In the most general form, it is the problem of matching the sensed features of an
object to a stored model. Many different sensors may contribute to the creation of this model. Common

sensors include cameras, range finders, tactile arrays, proximity, and force sensors. In this report, we

address some key aspects involved in applying tactile sensors to the object recognition problem.

The model used for object recognition may be created by a CAD system, features generated by a

pattern recognition system, semantic networks, frame-based graphs, etc. A modeler takes sensory
and/or user input and manipulates the model. For an autonomous manipulation system, a modeler

should possess the following characteristics: ability to integrate data from multiple sensors, match partially

obscured objects, interface to a CAD system, and unique representation for any object. In the ensuing

paragraphs, we discuss each of these features in detail.

Integration of data from multiple sensors is an important characteristic since no single type of sensor

(vision, range, touch, force, etc) works well in all environments with all objects. For example, there are

many situations when a touch sensor is more useful than a camera. One of these is when the arm is

working on the interior of an object. In this case, the camera and the light source have no way to see

inside the object. Another situation occurs when the arm occludes the camera’s view of an object, as it
often does while approaching an object. There are also complementary situations where vision is

preferable to taction. An example case occurs when the location of an object in the workspace is not

known. A robot equipped with only a tactile sensor has to search the workspace to find the object. A

visually guided arm determines the location of the object in the workspace without moving the arm.

Similar situations highlighting the proper application of other sensing modalities can also be found.

Partially obscured objects are a common occurrence in the environment. A few simple examples are
evident in the assembly and maintenance domains. In some assembly tasks, the parts are partially

covering each other in a bin. A common occurrence in maintenance is the case of an installed bolt. An

installed bolt’s head is the only part visible, while a model of a bolt would include the shaft too. In both of

these cases, it is desirable to be able to match the sensed model of a section of the object to the
complete stored model.

A computer-aided-design (CAD) interface is useful for creating models of objects. Such an interface
aids in the fast and correct creation of models. Further, as many manufactured parts are designed with a

CAD system, the efficacy of the object recognition system is greatly enhanced if it is directly interfaced to

a CAD system.

Uniqueness of the representation scheme is necessary for matching the stored model to the new data.

Without a unique representation, it is possible for the sensed model to differ from the stored model of the

same object. This unnecessarily complicates the matching process.

A constructive solid geometry (CSG) modeler, such as VANTAGE [13], fits the requirements we have



discussed above. The use of VANTAGE in vision-based object recognition has been demonstrated

[13, 33], and below we discuss its application to tactile sensing. A boundary representation of all or part

of an object may be created from the internal model, providing the ability to handle partially obscured
objects. The uniqueness criteria is also satisfied because the boundary of an object is a unique

representation. Finally, since VANTAGE has an open architecture, any type of interface may be created,
including a CAD system. In the ensuing paragraphs, we narrow the discussion to the specific case of

applying a CSG modeler to object recognition with tactile sensors.

We propose that tactile object recognition be accomplished by segmenting the object into the

geometric primitives used in a CSG modeler, and then using an intelligent matcher to create matches

between both segments and entire objects. The marcher is beyond the scope of this work and will not be

discussed further. The geometric primitives commonly used in a constructive solid geometry modeler are
easily identified by moving the tactile sensor about the object to be recognized. Properties of each of

these primitive objects may also be identified by the motion of the sensor.

The primitives used in VANTAGE are cube, cylinder, cone, and sphere. They are distinguished by their

two principle curvatures: a cube has zero curvature in both directions, a cylinder has zero curvature in

one direction, and a finite constant curvature in the other principle direction, a cone is like a cylinder but

with a varying finite curvature in the second direction, and a sphere has identical constant curvature in all

directions. Fan, et al [24] has shown that the principle curvature may be determined from four

measurements of the curvature, each taken at a 45 degree angle from the last. Thus, the current
geometric primitive is determined by measuring the curvatures in four directions in a small area about the

current location of the tactile sensor. For each primitive object, properties such as extent, texture, and

hardness are also stored to aid in matching. Extent is measured by tracing the edges of the object, or by

following along the surface. Methods to track edges and surfaces are the focal point of this report and will

be discussed in detail. Measurement of the other properties is a subject for future research.

We accomplish edge and surface tracking through the process of dynamic object exploration. Dynamic

object exploration involves scheduling moves of the manipulator based on previously acquired data in

order to create a more complete description of the environment that is being explored. Thus, there is an
interaction between manipulation and sensing. In dynamic exploration, the scheduled move affects the

data obtained from the sensor, which in turn affects the next move of the manipulator. The two main

steps in dynamic object exploration are: first to develop processing algorithms that will extract features of
interest from the currently available data; and second, to create strategies for scheduling manipulator

moves. Both of these aspects are addressed in the ensuing chapters.

1.1 Problem Statement
The tactile object recognition scheme proposed above requires the ability to determine position and

extent of object surfaces and edges. In this report, we address the problem of tracking edges and

surfaces through the use of a tactile sensor in the manipulator feedback loop to determine feature extent

and location.



In this report, we assume that edges are sharp bends of 90 degrees. The algorithms discussed will
find edges when presented with a rounded edge, or a cylindrical object. However, the modeling of the

sensor is accurate only for 90 degree bends.

Edge and surface tracking have common signal processing and data interpretation requirements. For

both explorers, the parameters of line segments in the tactile image must be determined. This is
accomplished by an edge detection process (signal processing), followed by a Hough transform to extract

the line parameters (data interpretation). However, different controllers are necessary for the two

explorers since they utilize the line parameters differently. The edge follower servos on a particular line
segment in the tactile image. In contrast, the surface tracker continues motion until it detects that it is

approaching an edge.

Previous tactile edge detection and Hough transform algorithm do not meet our

requirements of high execution speed and robustness in low signal to noise environments.

experimental results of using a tactile sensor in a feedback loop have been presented.

algorithms for all three aspects are proposed here.

demanding

Further, no

Hence, new

1.2 Contributions
The research presented in this report resulted in the following contributions:

¯ A methodology for creating tactile signal processing algorithms based on the physical
properties of the sensor.

¯ A fast edge detection algorithm based on the physical properties of the sensor.

¯ The Modified Adaptive Hough Transform - A new fast and robust implementation of the
Hough Transform.

¯ Design of edge tracking and surface following controllers that utilize a tactile sensor in a
feedback loop for a manipulator.

¯ First experimental demonstration of edge tracking through the use of a tactile sensor in the
feedback loop of a manipulator.

1.3 Overview of this Report
This report is organized as follows: A review of the current state of research in tactile sensing is

presented in Chapter 2. In Chapter 3 we describe our unique approach to edge detection in tactile

images. Chapter 4 details the creation of a new Hough Transform algorithm. In Chapter 5 we discuss the

theory behind the controllers for both edge and surface following. Experimental results utilizing the CMU

Direct-Drive Arm II and a Lord LTS-210 Tactile Array Sensor are shown in Chapter 6. Finally, Chapter 7

summarizes the work and points out directions for future research.



2. Previous Tactile Sensing Work
Prior work in the area of tactile sensing can be divided into two main categories, sensor design and

signal processing. In the area of sensor design, many different transduction technologies have been
explored. In signal processing, researchers have pursued two different areas: static techniques for

recognizing objects smaller than the tactile array, and dynamic methods to explore objects larger than the
array. In the ensuing sections, we outline the work in both the sensor design and signal processing

areas. Details on work relevant to our own are presented here. Details on other work referred to in this

chapter may be found in Appendices I, II and in the references.

2.1 Tactile Sensors
Many different technologies have been explored for use in tactile sensors [1]. The majority of the

sensors have used capacitive [10, 63, 64], magnetic [15, 29, 42, 70], piezoresistive [17, 51, 55, 57, 68],

optical [5, 48, 61, 71], and conductive elastomer technologies [31,47, 50, 58]. Each of these, in addition

to a few sensors of unusual design [6, 47, 53], are discussed in detail in Appendix I. In spite of the wide

range of differences in the underlying technologies, there are a number of common properties that

virtually all tactile sensors share. These are the configuration and the covering surface. All tactile

sensors considered here consist of an array of sensing elements. The arrays range from 4 by 4 tactile

elements (taxels) to over a thousand taxels and are small enough to be mounted on a gripper or on the

finger of an articulated hand. Thus every sensor must use some form of scanning to read all of the

elements. No practical sensor can be read in a fully parallel mode since there would be too many wires

coming from such a sensor. Large numbers of wires are a problem for internal sensor layout and for

wiring the sensor into the control system.

Most arrays are covered by some form of elastomer. This stems from the fact that most sensing

elements are hard (non-compliant), while the desired gripper surface is compliant. Thus we need

something between the taxel and a grasped object. Rubber can provide the necessary compliance in

addition to providing protection for fragile sensing elements. Unfortunately, rubber also causes a

mechanical cross-talk effect. When a force is applied to a taxel through the rubber, the force is spread

across the original taxel and its neighbors. This problem affects the data processing algorithms by

causing objects to appear larger and fuzzier than they actually are.

2.2 Signal Processing
Applications of tactile sensors are classified as either static sensing or active sensing. In static sensing

mode, an object smaller than the sensor pad is placed on the tactile sensor, and the object is identified

from performing image processing/pattern recognition type operations on the tactile image. In contrast, in

the active sensing mode, the sensor is mounted on the gripper, and the sensor is actively moved over the

object to determine shape. Thus both the tactile image and the position of the sensor are utilized. Most

of the early work in tactile sensing has been in the area of static sensing. However, it is clear that active

sensing is necessary in order to fully utilize the potential of the tactile sensor [30]. The work that has

been done to date in active sensing [2, 18, 23, 39, 60, 65, 66] has only begun to exploit the capabilities of

this sensing modality.



2.2.1 Static Tactile Sensing
Although, as we stated above, dynamic sensing is critical to taction, some important and useful work

has been done in static sensing. In fact, some of this work may be extended to be used in a dynamic

sensing system. The areas that have been explored in static sensing are object recognition
[12, 20, 25, 26, 28, 43, 44, 69], texture recognition [22], edge detection [49], and slip detection [16, 36].

In addition, some work in recognizing material type based on thermal conductivity has been done by the

groups that have sensors capable of heat-flow type measurements [16, 64]. The work in object
recognition can be further subdivided into pattern recognition type work [20, 43, 44, 69], solid modeling

[12, 25, 26], and model-based [28]. Below, we discuss the edge detection work in detail. Details on
static object recognition, texture recognition, slip detection, and heat-flow can be found in Appendix II.

2.2.1.1 Edge Detection

A basic study of vision type edge detection algorithms was undertaken by Muthukrishnan, et al [49].
The approach devised is a three step sequence of image processing operations. The first is a median

filter which replaces the center taxel in a 3 by 3 window by the median of the taxels in that window. The

window is sequentially moved over the image such that it is centered over each taxel. This filtering

operation is done iteratively to the image until the image does not change anymore. The purpose of this

step is to eliminate noise without destroying the edges. In addition, it tends to remove, or reduce force

gradients across the image. The next step is a thresholding operation. A threshold equal to the average

taxel (tactile element) value in the image is set. Taxels above this value are set to a constant, and taxels

below this value are set to zero. Finally, an edge operator is applied to the image. After this step, edges

may be extracted by using a contour following algorithm, or a straight line extracting algorithm such as

that proposed by Burns [11].

2.2.2 Dynamic Tactile Sensing
Dynamic tactile sensing involves moving the sensor to acquire more data about an object. This is a

particularly useful approach to taction when small sensors are used. Since small sensors are necessary

to fit on most grippers and hands, dynamic sensing is one of the most important areas of tactile sensing
research. Research has been done on tactile subroutines, or what is often called exploratory procedures

[17, 18, 39, 65, 66]. These are low-level routines that do things such as trace edges, measure surface

hardness, etc. Other work in this area has concentrated on path planning for object recognition [23, 60].

2.2.2.1 Exploratory Procedures
Exploratory procedures were proposed by Klatzky and Lederman in an attempt to model the human

haptic system. Recently, Klatzky et al [39] assessed this model’s applicability to robotic touch sensing.

The model is attractive for robotics since the object recognition task is broken into small, basic tasks.

These can be classified as surface properties, structural properties, and functional properties. Each

exploratory procedure is a specific operation for the hand that examines one single property. In addition

to providing a good set of features for object recognition, they also provide a convenient method for

dividing a hierarchical controller into different levels.
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Dario, et al [17] have created four tactile subroutines to control a finger through the use of data from

their tactile sensor (The sensor is described in Appendix I) : Approach, Shape, Texture, Hardness, and
Thermal. Subroutine Approach manages the finger until it contacts an object. While executing Approach,

motion of the finger continues until an object is touched with the desired force, or excessive heat or a
sharp object is detected. The shape subroutine attempts to discover the shape of an object. It controls

the finger in a compliance frame, with no pre-determined positional goal. Instead, the finger is stepped
along the tangent plane to the object, maintaining a constant normal force. The texture primitive attempts

to determine the texture of the object by moving the sensor and processing the resulting tactile signal.

Details on the operation of this subroutine are not available in the literature. Subroutine Hardness

measures surface hardness. In this primitive, the dermal sensors are used in a feedback loop to apply a

force to the surface. Then, the force on the epidermal sensors is measured. The combination of the

force measured by the dermal and epidermal sensors determines the surface hardness. The thermal

subroutine measures heat flow, and is detailed in Appendix I1. Dario et al propose to use sequences of

these subroutines to perform object recognition.

Stansfield [65] has also implemented a set of exploratory procedures. Primitives for compliance,

elasticity, surface normal and contact have been defined. These are simple, algorithmic procedures, as

opposed to the control-theory oriented procedures described above. The compliance routine pushes

against an object until the force hits a threshold. The distance moved while pushing is considered the
compliance. The elasticity primitive pushes against an object, then backs off, and then moves towards

the object again until it touches it. This checks to see if and how much the object can be permanently

deformed. The surface normal routine places the sensor on a surface such that the moments exerted on
it are zero. Two points on the sensor are then used to calculate the normal. Texture is determined by

measuring the mean and standard deviation of the sensor values. Subroutine Contact places the sensor
in contact with the surface. This is accomplished by moving the sensor until the moments exerted on the

sensor are zero. Combinations of these four primitives are combined to detect higher level features such

as edges, corners, contours, surfaces, and holes. Recently, recognition of simple objects has been

performed by combining tactile exploration with stereo vision [66]. In this multi-sensor system, vision is

used to discover edges and taction is used to find surface patches.

2.2.2.2 Path Planning
Path planning for tactile sensing is the process of determining what path the sensor should move along

next to get a new piece of data. In general, the goal is to pick paths that will produce the most new

information. Thus, a minimal number of moves will be made in order to recognize and localize the object

being explored. In order to make such plans, a model of the possible objects must be known. The same

object representation is used by both groups that have worked in this area. All objects are represented

as a series of connected line segments.

Schneiter [60] assumed that objects are two dimensional, and that the tactile sensor returns the point

of contact and the surface normal at that point. From this information, after each move, the path with the
highest probability of producing new and useful information is computed. At this point, the sensor is


