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ecently the world has seen
increased activity and interest in
robotics and factory automation.
Computer-aided design (CAD),
computer-aided manufacturing (CAM),
computer vision, and robotics are considered integral to the factories of the future.
CAD/CAM had a $5.6 billion market in
1986, which is expected to double by the
year 1990. Sales of industrial robots in
1986 were $0.5 billion and are expected to
reach $5.8 billion by 1995.
A summary of the Society of Manufacturing Engineers' Delphi forecast' about
robots is given in the accompanying table.
It is estimated that more than half of the
increase in US productivity (defined as the
output of the goods or services produced
per unit of labor input) results from technical changes, scientific advances, industrial improvements, and improved
management and training of labor.2
Competition through increased productivity, product quality, and new product
innovation has topped many corporate
agendas recently.3
Advances in both CAD and CAM technologies have been a driving force in manufacturing engineering to provide higher
quality products and reduce production
cycles by increasing the efficiency and productivity of design and production.
Future significant improvements in productivity call for robot systems that are
dextrous, intelligent, and adaptable.4 The
key to realizing this step hinges upon how
well we integrate CAD models into the
development of intelligent robot systems
for visual recognition, inspection, manipulation, and assembly. Like the integra-
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tion of design and manufacturing through
CAD/CAM, we need to bridge the technology gap between CAD and robot vision
to achieve the integration of computers,
sensors, and manipulators in the factories
of the future.

Model-based paradigm:
Need for 3D object
models
Model-based recognition, programming, and control of manipulators is one
of the key paradigms in computer vision
and robotics.5-8 To recognize and manipulate objects, we need concern ourselves
only with expected objects in the task environment of a robot. We use data from

A summary of the SME Delphi forecast.
Forecasted Robot Characteristics
by 1990
1 Robots made of modular,
standard components
2 Use of general-purpose hand
3 Self-propelled robots
4 Repeatability less than or equal
to 0.001 inch
5 Use of integral sensors
6 Use of pattern recognition and
feedback
7 Use of vision capability
8 Robots that will be programmed
on-line
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multiple sensors (such as television, range,
force, torque, touch, etc.) and a priori
knowledge (object models, strategies for
sensing, recognition and manipulation,
etc.) to equip the robot with intelligence so
that it can sense, plan, and manipulate
objects in its environment.
As shown in the accompanying figure,
the basic computational model for object
recognition and manipulation is strongly
goal-directed. We would like the capability to acquire a variety of 3D object models
automatically with all the desired information for recognition and manipulation.
CAD has provided new opportunities and
challenges for the use of models of 3D

objects. Using the available 3D models of
objects, we can plan recognition and
manipulation strategies during the off-line
phase and do efficient real-time recogni-

%of Robots sold in 1990 Having the
Forecasted Characteristics
63
20
15
93
60
22
25
20
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tion and manipulation during the runtime
phase.

Modeling in CAD and
robot vision

A simplified block diagram illustrating the components of a model-based recognition and manipulation system.

Geometry plays a central role in all
design and production activities and in the
design of intelligent robot systems. The
representation and analysis of 3D objects
has been a common concern in both CAD
and robot vision. Although many of the
techniques are shared between these disciplines, the requirements of each modeling task tend to be quite different. The
main goal of CAD systems is to design new
shapes suitable for automatically manufacturing objects to the desired specifications in a cost-effective manner. CAD
systems typically emphasize capabilities
such as interactive design interface, set
operations, graphic display and rendering
utilities, and model analysis tools such as
finite element analysis and automatic manufacturing interfaces. They assist in the
creation, modification, analysis and
optimization of a design. Computer
graphics used in CAD is mainly concerned
with the realistic display of objects from
arbitrary viewpoints and under a variety of
lighting conditions.
In contrast to CAD systems, robot
vision systems are used to analyze objects
already in existence for recognition and
manipulation. Vision models include
information that facilitates the efficient
and automatic analysis of the sensed data.
As a result of the different modeling
requirements for CAD and vision systems,
currently most systems supporting CAD
do not provide vision capabilities. Similarly, vision systems incorporate no
explicit relation to CAD models. Today,
different modeling schemes are used in
CAD and robot vision. Current links
between CAD and vision are very weak.
We need an object model database for
design, recognition, and manipulation
purposes, or alternatively a set of robust
and efficient transformations between
different representations used in CAD and
robot vision. At present only very simple
models are available for these tasks.

3D models in

CAD/CAM

CAD allows the modeling of a complete
3D object and its component parts. It provides view-independent descriptions and
14
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manipulation capability to determine what information from several views uses a surthe object will look like from all different face patch, such as the bicubic parametric
points of view. We can use a CAD data- patch, as the primitive surface element.'2
base to determine how features and rela- It applies a heuristic search algorithm to
register partially overlapping surface segtions change with viewpoint.
Constructive solid geometry (CSG) and ments into a common coordinate space,
boundary representations are the most and then merges the overlapping sections.
important representations used in CAD. The match and merge process is iteratively
In CSG, the basic idea is that complicated repeated for all the 3D surface segments
solids can be represented as various until a complete model of the object in a
ordered "additions" and "subtractions" single 3D space is created. Again, this
of simpler solids by means of modified approach is cumbersome and will not yield
versions of Boolean set operators: union, the features useful in recognition and
difference, and intersection. For inherent manipulation.
Wireframe models, whose components
boundary representations, we can use a
number of different approaches, including correspond to imaged edges, have been
Coons surface patches, bicubic surface commonly used in the blocks world of
patches, Bezier methods, and B-splines. machine vision. The visual domain of the
See Requicha and Voelcker9"10 for a blocks world consists of polyhedral
historical summary of approaches to 3D objects. To handle more complex objects,
object representation used in solid model- we need to consider surface and volume
ing and the origin and status of selected models. In CAD, schemes such as the
wireframe representation are not popular
geometric modeling systems.
The greatest drawback of using CSG in because a given description can corrobot vision applications is that the surface respond to more than one object.
Given a CAD model, we can generate a
evaluation is always required because we
corresponding set of vision models with
can only see the object's surface.
some control structures. Once these
models are available, they provide the
basis for 3D scene analysis. An early examin
ple of such an interactive system is the
vision
Acronym system'3 designed for applications in computer vision and manipulaIn the past, a number of techniques have tion. The world is described to Acronym
been used for the representation and as volume elements and their spatial relamodeling of 3D objects for robot vision tionships, and as classes of objects and
their subclass relationships. Acronym uses
applications.
In one approach, several images of a a combination of CSG and general sweep
part are obtained and hand measurements representations of rigid solids. The
on the images are used to extract features representations are CSG-like trees whose
to build the model. This approach for leaves are generalized cylinders. (These
"model building by showing" is a cumber- representations are presented in the first
article of this issue.) Acronym allows varsome and crude process.
A straightforward approach to building iations in size, limited variation in struc3D models automatically involves combin- ture, and variation in structural
ing object points (obtained using a laser relationships of the modeled objects. In
ranging system) from a sequence of range Acronym, however, it may be difficult to
images corresponding to various views of design algorithms for computing properthe object and then applying the necessary ties of objects (such as a centroid).
In summary, most existing robot vision
transformations to obtain the surface
points of the complete object." Symbolic systems rely on models generated in an ad
descriptions can be obtained from these hoc manner for recognition or manipulapoints. This approach has calibration tion purposes. We have lacked systematic
problems and in general it may not be pos- approaches for building models for a large
sible to get all the surface points with class of objects used in industrial environrespect to the desired object-centered coor- ments. The models and recognition techdinate system. Using a boundary-based niques have limited scope because they
CAD system may, on the other hand, cannot be easily applied to other objects or
make it easy to describe an object by its even objects of similar types with minor
variations in their descriptions. Moreover,
surface points.
Another approach for automatic gener- current vision systems use only one repreation of a 3D model that combines the sentation in their models. There is no sin-

3D models
robot
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gle representation, or a matching
technique based on a single representation,
that can efficiently and reliably represent
and recognize different classes of objects.

CAD models in
robot programming
Programming a robot often involves
problems related to the movement of an
articulated structure in a work space in
which obstacles are present, with the
objective to accomplish a given task.
Motion description requires representing
surfaces and volumes. For task-level programming, we need geometric descriptions
of all objects and robots in the task environment. With off-line programming, we
can use a CAD database description of a
part to plan the motions of the robot in
simulation. This minimizes the involvement of the robot itself in its reprogramming, thus avoiding the interruption of an
automated process in which the robot is
integrated.
Part localization methods have an
important application in connection with
model-based off-line programming of
robots. Much work remains to accomplish
CAD-based off-line programming of a
manipulator with real data from sensors.

From CAD models to
models for robot vision
As discussed earlier, CAD has been concerned with restricted uses of geometric
information. CAD descriptions are analogous to conventional data structures. In
robot vision we need a much richer
description of the geometry; for example,
symmetry information about the shape of
an object can be very useful.
The large diversity of CAD systems,
based on very different primitive concepts,
makes approaching the automatic model
transfer from CAD to robot vision a difficult problem. Although CAD provides a
suitable environment for design purposes
and CAD databases are a natural source
for geometric models needed in robot
vision, the description of objects in a database may not suit robot vision. The desired
object features may not be explicitly represented, such as a point in the middle of
a parametrically defined surface.
We need complete object models as a
source of data for sensor interfaces and
trajectory planning. Existing partial
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models are inadequate for most sensing
tasks. They are also limited as a source of
path constraints. Surface and volume
models, together with appropriate computational tools, will provide more natural and concise robot programs.8
CAD-derived geometric models for
robot vision need augmentation by imaging and illumination models to model the
appearance of objects. Stable state information, surface properties of the objects
(color, reflection, texture, etc.), and other
properties such as object functionality useful in recognition and manipulation of the
object may also be combined with the geometrical model. Positions specific to the
robot task should be specified, such as the
grasp position, for example, so that the
grasp planner knows where to grasp
objects to avoid collisions when grasping
or moving objects. Also, we need multiple
representations to handle different classes
of objects, plus techniques for the automatic selection of matching techniques
suited to a representation. Simulation and
various graphic techniques aid in this
work.

CAD-based robot vision
The transfer of sufficient information
directly from a CAD system to the robot
vision system in order to enable the robot
to recognize and manipulate objects
requires a unified system. 14 A unified system will bridge the technology gap between
CAD and robot vision and will overcome
the deficiencies of current methods. It will
eventually make a substantial, tangible
contribution to the realization of factory
automation. This unified CAD, vision,
and manipulation system will provide
(1) automatic generation of vision
models of arbitrarily shaped, real 3D
objects from a CAD database, and
(2) automatic generation of appropriate
recognition and manipulation strategies
from the CAD database.
Some of the important advantages of
CAD-based robot vision are enhanced
productivity, capability to handle a wider
class of objects, facility for multiple
representations, parametric models with
tolerances for robust recognition, automatic generation of vision models, and
automatic generation of recognition and
manipulation strategies with CAD database modifications.
In the future, robot vision systems will
require a significant amount of integration
16

with existing CAD systems. More concentrated effort is needed to obtain new
representations, representation conversion
algorithms, planning with a variety of
objects and automatic feature selection for
recognition, increased use of surfacebased models, and interaction of surfacebased and volume-based models for flexible automation in the factories of the
future. Research in the field of CAD-based
robot vision has just started. We have to
go a long way to realize its full potential.

his special issue of Computer contains six articles describing
advanced new applications of
CAD to the problems of robot vision. The
first two articles deal with the issue of 3D
object representations in robot vision.
Also included is information about three
state-of-the-art 3D range sensors based on
a newly developed and matured concept of
phase-shift measurement. The next two
articles deal with prediction and planning
strategies for the recognition of nonoccluded and occluded 3D objects. Finally,
the last two articles deal with the issues
involved in making CAD-based off-line
programming of robots more effective. E
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