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A Hierarchically Structured
Knowledge-Based System for
Welding Automation and Control

The paper presents the concept and prototype development of a hierarchically struc-
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A. Ray tured knowledge-based system (KBS) for coordinated control of a welding robot

Mechanical Engineering Department and a positioning table. The KBS is designed for continuous seam welding in an
Mem. ASME autonomous manufacturing environment. The structure of the KBS allows updating

and installation of individual function and database modules such as those used for

S. Kumara determining welding parameters and identifying constraints and parameters for

robot and table controllers. The KBS is designed to plan the feasible table configura-
tions and robot trajectories as well as to coordinate the movements of the robot and
positioning table. The KBS has a modular structure which can accommodate multi-
ple configurations of different types of robots and positioning tables within a flexi-
ble manufacturing cell. Initial testing has demonstrated the feasibility of integrated
_heuristic and algorithmic procedures for real-time applications. A fully implemented
version of this KBS will enable a user to perform high quality welds in a relatively
short period of time with (possibly) incomplete knowledge of the welding cell
equipment. The KBS software is written in the C language and has been tested for
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real-time operations within a simulated welding cell environment.

1 Introduction

The process of continuous seam welding requires a con-
siderable amount of experience and skill to perform manually.
Often it takes several hours of work to complete a single work
piece if it has many seams. To simplify this task robots have
been employed to follow taught weld paths repeatedly.
However, until recently, welding equipment has been con-
sidered as an ancillary device of the welding robot assembly.
Often the integration of this equipment with commercially
available robots proved difficult. This problem lead to the in-
troduction of Integrated Robotic Welding Systems such as the
Puma Arc Welding System (PAWS) [1]. Integrated systems
are designed with the welding gear as part of the robot. Con-
trol languages, such as VAL by Unimation and RAIL by
Automatix, are used with these systems to provide a more in-
tuitive means of programming through the use of English-like
commands. Integrated systems do improve the interactions
between the robot and the welding equipment. However, an
experienced user is still required to identify the welding
parameters and teach the ‘‘best’’ weld path for the robot to
follow.

In a flexible manufacturing environment there may be
multiple configurations of welding robots and positioning
tables which could be used to perform a given job. The
dynamic environment of a factory may demand the use of dif-
ferent configurations from time to time. It is rather unlikely
that a human operator will be proficient in the use of all the
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different robots, positioning tables, and their configurations.
Under these circumstances if appropriate assistance is not
available from an expert, the job is likely to be delayed, added
with the risks of degraded welding quality, equipment
damage, and increased down-time. To increase the productiv-
ity of the operators and to enhance quality, a knowledge-
based system (KBS) needs to be developed that would deter-
mine, with little or no human intervention, the feasible weld
path orientations, i.e., the table position and the correspon-
ding robot trajectory, and to control the interactions between
them [2,3,4]. The KBS should also be able to determine the ap-
propriate weld parameters for a given job based on its
description.

The concept of using Artificial Intelligence (AI) for robotic
control stems from the work done in the 1970s [5,6].
Winograd’s work [5] on the Blocks World concept concen-
trated on a natural language interface to AI problems.
However, control was not the main feature of his work.
Grossman and Taylor [6] proposed the interactive use of
generic object models for path planning of robot manipulators
in three dimensions. A significant amount of research work
from an analytical point of view has been published in the
areas of robot trajectory planning, adaptive control, and
machine vision [7-11]. Use of Al techniques for robot control
has been concerned with the development of program-
ming languages (such as AUTOPASS [12] and AML [13]),
and generic, high level nonspecific expert systems for path
planning (such as STRIPS [14] and ROPES [15]).

The application of knowledge-based systems to control of
robots in welding operations has been rather limited [3]. Kerth
[16] introduced the concept of knowledge-based control for
regulating welding process parameters in real time. Inputs on
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seam profile were obtained from a laser vision system to up-.
date the welding process parameters while following a taught
path. However, Kerth’s work did not address the interactions
between the robot and the part position prior to the welding
process. Apparently no XBS has been developed to deal with
the coordination of the robot and the positioning table when
performing the path planning function.

To address this problem both the factual and heuristic in-
formation for all robots and positioning tables that could be
used for the job should be assimilated into a KBS. This system
should then be able to coordinate the physical interaction be-
tween a robot and a table on the basis of an expert’s
knowledge. The following methodology is adopted to ac-
complish this goal.

s [dentify the robot and the positioning table to be used.

® Obtain all the factual information pertaining to the
welding robot and the positioning table such as robot
geometry and table motion specifications.

e Determine appropriate welding parameters from the in-
formation about the part being welded, including the weld
path and orientation.

® Consult analytical rules to determine if the specified path
is feasible with the current robot geometry and table
orientation. ;

* Use a set of experience-based rules to determine if the
weld quality can be improved by reorienting the table position
or if an originally infeasible path can be made feasible by
altering the table orientation.

Once the final table orientation and the corresponding
robot trajectory have been determined, the information is con-
verted into commands such as position, velocity, or motor
conirol voltages. These commands must be compatible with
the controllers in the welding cell.

From the proposed methodology it can be seen that there
are many different types of knowledge and reasoning
processes required for the complete coordination of a robot
and a positioning table for a given welding process. The
knowledge base builds upon the facts like robot geometry and
table orientation and comprises both rule-based and
algorithmic procedures. Rules could be based on analytical
principles as well as heuristics. For example, simple analytical
rules are used to assess the robot’s limitations, and rather
complex heuristics for determining the best orientation for the
positioning table. The knowledge-based system also includes
algorithmic procedures such as the inverse kinematics for the
computation of joint angular movements on the basis of end-
point displacement of the robot.

To date, flexible welding systems have been largely a collec-
tion of products from different manufacturers put together to
form a welding cell with little preplanned coordination be-
tween various cell components [3,4]. An integrated welding
system offers well-defined interactions between the robot and
its welding accessories but are not coordinated with the posi-
tioning table. The research work reported in this paper
demonstrates the capabilities of a prototypical knowledge-
based system (KBS) to provide for the real-time coordinated
control of continuous seam welding robots and positioning
tables along with weld parameter determination for a selected
class of jobs. (The development of an extensive knowledge
base and the associated search procedure for determination of
weld parameters on the basis of the job description is not the
focus of this research.) The KBS has a modular structure
which allows expansion of its capabilities by incorporating
larger, more powerful modules in place of current ones
without affecting the operation of the rest of the system. The
KBS is designed to operate in a decision-making and super-
visory role within the control structure of a work cell. Coor-
dinated and time-sequenced commands are issued by the KBS
to the individual robot and table controllers.

The objectives of the paper are (/) to provide coordinated
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control for a continuous seam welding robot and a welding
positioning table to perform high quality welds in a relatively
short period of time with (possibly) incomplete knowledge of
the welding cell, and (2) to demonstrate a real-time implemen-
tation of the knowledge base.

The paper is organized in six sections starting with the In-
troduction. Section 2 provides a brief outline of knowledge-
based systems and their relevance to welding processes. The
structure of the reported KBS is presented in Section 3. Sec-
tion 4 describes how the KBS is implemented in a microcom-
puter environment. Section 5 explains the details of the ex-
perimental facility and some of the experimental results. Sec-
tion 6 addresses the summary of the reported research, its con-
clusions, and the potential for future research.

2 Features of the Knowledge-Based System for Seam
Welding

The literature in Artifical Intelligence (AI) abounds with in-
formation concerning knowledge-based systems. Several pro-
totype KBS have been built in the areas of manufacturing,
robotics, and fault diagnosis [17]. For example, trajectory
generation and path finding in the presence of obstacles are
important research problems that have been formulated and
investigated in many ways. Programs that autonomously solve
collision avoidance problems and generate paths for the robot
require a very thorough understanding of the specific problem
at an abstract level to obtain the validation of the algorithm
and at the computation coding level to generate practical and
efficient programs based on the above-formulated algorithms
[18,19].

The essence of KBS has not been captured in the area of
seam welding in an autonomous manufacturing environment.
The task of continuous seam welding requires complex com-
putations, and the solution to the robot path planning
problem may not be unique, i.e., a number of possible table
positions and the corresponding robot paths could be viable.
Furthermore the adopted solution depends on the expertise of
the problem solver.

The design of an intelligent robot for continuous seam
welding is particularly difficult because of the complexity of
the representation of the robot’s working environment. Ap-
parently the most important aspect of the automatic path
planning problem is a detailed analysis of the 3-D or 2-D en-
vironment based on geometric models. This design of an in-
telligent robot requires the integration of the knowledge of in-
formation processing and rule-oriented programming. Like
other robots, the software programming of welding robots
must support sensor-based real-time control features and is
broadly classified in two categories [20]: (1) explicit program-
ming where the user states every instruction that the robot
must follow, and (2) world modelling where the robot must
make its own decisions about the path to be followed on the
basis of the knowledge of the work space. World modelling is
specially suited for real-time control and consists of the
following three major tasks [21].

* Acquire the world description.

* Map the world description into the search space.

¢ Search for a path via heuristic or algorithmic strategies.

We have emphasized the world modelling approach in the
development of a KBS for continuous seam welding processes
which are characterized as follows:

* The entire process, including selecting the welding
parameters, determining the table positions, finding the robot
trajectories, and issuing appropriate command sequences to
the table and robot controllers in real-time, is difficult to for-
mulate and solve analytically.

* The knowledge related to welding technology is vast and
needs to be used selectively.

* Problems such as determining table positions and finding
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robot trajectories may have a number of alternative solutions
and is computationally explosive if only an analytical solution
strategy is sought.

These aspects make the problem of seam welding path con-
trol a prime candidate for the KBS approach.

3 Structure of the Knowledge-Based System

The concepts involved for coordinated control of the
welding processes are divided into four areas: weld planning,
movement planning, robot control, and positioning table con-
trol. Each of these areas requires its own type of knowledge in
diverse disciplines. Figure 1 is a representation of the basic
KBS structure along with the above four types of knowledge
required.

The actual program for controlling the welding cell is struc-
tured in two levels of hierarchy, as shown in Fig. 2, with the
third level being the databases required to drive the working
modules. There are three databases used in the program: (I)
the parametric information pertinent to the types of seam
welds and certain feasible welding paths, (2) device-oriented
information for the given types of robot manipulators, and (3)
device-oriented information for the given types of positioning
tables. Each of these databases are designed based on the prin-
ciples of relational schema.

The top level in Fig. 2 is the supervisory program which
serves as the user interface for receiving the necessary infor-
mation as well as for transmitting the status reports. All of the
main control and setup menus are located at this level. It is
also responsible for processng the information in a format
that is acceptable to the intermediate level which comprises the
aforementioned four modules, each of which has a specific
function. These functions are described below.

Weld Planning. The weld planning module receives the
user-supplied ‘information on weld type, material, thickness,
etc. On this basis it determines the appropriate weld
parameters by consulting the welding database. The selected
parameters are displayed to the user with an option to modify.

Conceptually the weld planner has a table-look-up struc-
ture; however, the amount of knowledge associated with the
welding domain is vast. The prime consideration is to design
the database with an efficient search technique that will func-
tion in real time. In the prototypical knowledge-base, the in-
formation is contained in a relational schema to be captured in
the form of rules. The query retrieval schema is defined on the
basis of the logical selection operations where appropriate
tuples are selected with the help of relational algebraic
operators.

New knowledge could be incorporated into the current
database with the aid of an update utility. The welding

DECLARATIVE KB
Weld db
Robot db
table db ROBOT
Weld E I
Planning
USER
Movement
Pianning ( —
TABLE
Robot
Control e
Table e
Control

Fig. 1 Knowledge-base structure

Journal of Engineering for Industry

database used in the reported research is limited to certain
selected weld types. The modular structure cof the weld planner
allows for the modification and augmentation of the current
database into an extensive knowiedge base for the determina-
tion of weld parameters on the basis of the job description.

Movement Planning. The mcvement planning module
makes use of a combination of rules and algorithms to deter-
mine the feasible orientations for the positioning table. Infor-
mation specific to the robot and the positioning table being
used is retrieved from their respective databases. A weld path
is defined on the basis of this information and the rules im-
bedded in the knowledge base. This constitutes the first pass
of the movement planner. All the restrictions of the robot and
table geometry are taken into account at this stage. If the user
wishes, a second phase of the movement planner can be in-
voked which will decide if the part can be re-oriented to pro-
duce alternative paths. The path selection is accomplished us-
ing several process-oriented rules that take into account weld
quality, time requirement for job completion, preferred robot
orientations, table configuration, etc. Upon determination of
the weld path, the details of planned, time-sequenced
movements for the robot arm and the positioning table are
calculated and stored for repeated execution of batch jobs.

Robot Control. The robot control medule receives the
weld path information from the movement planner and
processes it for the specific robot in operation. The global
positioning information is converted into appropriate motor
control commands by using an inverse kinematic relationship
that solves for individual joint angles of the robot
manipulator. The commands may represent position or veloci-
ty information, motor control voltages, or at a higher level,
weave and interpolation commands. It is important to rote
that two robot controllers may have different capabilities and
command protocols even though they may be kinematically
similar.

Table Control. The rcbot control module receives the
table positioning information from the movement planner and
processes it in the form of command sequences for the chosen
table. The transformation algorithms that are necessary to
convert a weld path from one table crientation to another is
located in this module.

Structuring the KBS into functional modules and defining
the interactions between them simplify the implementation
process. However, as the system must operate in real-time,
there is a trade-off between modularity and program execu-
tion time.

In the following pages, we summarize the functions of the
system program outlined in Fig. 2.

Knowledge of the seam welding process is imbedded in the
form of rules in the supervisory program which functions as a
meta-level controller. Depending on the user-supplied infor-
mation, the supervisory program invokes the query retrieval
schema in the weld planner. Having gathered appropriate in-

SUPERVISORY
PROGRAM

I
| | ! |

WELD HOVEMENT RoBOT TABLE
PLANNER PLANNER CONTROLLER CONTROLLER

l I ] il
| |

WELDING
DATABASE

ROBOT
DATABASE

TABLE
DATABASE

Fig. 2 Control program hierarchy
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formation for a given seam, the movement planner is invoked
and it interacts with the robot controller and the table con-
troller. Both these controllers have generic rules and
algorithms, which interface with their respective databases.
The meta-rules in the supervisory program feed the retrieved
information from the Robot and Table database to the move-
ment planner which generates the path. Although the four
functions at the intermediate level are modular, there are am-
ple interactions between them via the supervisory program.

4 Implementation of the Knowledge-Based System

The knowledge base, in its current configuration, is par-
tially rule-based and relational-schema-oriented. To imple-
ment this KBS on microcomputers, such as a personal com-
puter, a language is needed that can handle both conventional
and symbolic programming problems and be able to interface
with peripheral equipment using device specific functions.
Conventional programming languages like FORTRAN tend to
rely on algorithms to provide their overall structure, whereas
Al languages such as PROLOG [22] and LISP [23] are more
flexible in terms of the language syntax. They rely on
heuristics for the program construction, and have the capabili-
ty of directly associating information with symbols. However,
the commercially available versions of Al languages that are
suited for microcomputers have several disadvantages in view
of real-time control applications, such as:

* Less efficient (relative to languages like C) for numerical
computations such as those required in robot inverse
kinematics.

¢ Interpretive as opposed to compiled. (Compilable ver-
sions of LISP are recently available but they require non-
standard operating systems).

The requirements for the KBS include a structured and eas-
ily accessible database, and several subprogram modules that
represent sets of domain-specific heuristics, rules for drawing
inferences, analytical models of table and robot kinematics,
algorithms for position and velocity control, and data format-
ting for information display. All these functions of the KBS
are highly interactive, and have to be carried out in real time.
For this reason the C programming language was selected [24].
It enjoys the benefits of both high-level and low-level
languages, promotes a modular programming style, facilitates
program development, and has a large assortment of practical
control flow statements and data types. It also consists of
powerful memory addressing data structures and operators
which are closely tied to the device hardware. C is very power-
ful in its string manipulation ability and list handling features
as well. These aspects, along with its compact compiled size
and speed of execution, make C a very versatile language that
is suited for the KBS of a continuous seam welding process.

Preassigned data structures are employed to store the infor-
mation that is generated for each programmed weld path. One
structure is dedicated to each active weld path for a given job.
The weld parameters are dynamically assigned to their ap-
propriate structure member by the weld planner module. As
an example of the data structure used in the KBS, the WELD
structure in the C format is illustrated in Fig. 3.

The “‘path” member of the structure is matrix containing
up to a maximum of 50 points for a five degree-of-freedom
robot. The ‘‘step’” member contains the necessary motor con-
trol commands for the specific robot chosen that correspond
with the above path points. The ‘““phi’’ array contains the two
table angles for the chosen orientation. The remainder of the
structure contains the necessary weld parameters. This data
structure is available to each module so that the required in-
formation for each weld path can be easily accessed and
updated.

The user-supplied information on welding joint type,
material, thickness, etc., are passed onto the weld planner
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module which provides the interface between the welding
database and the user. The development of a welding database
is an evolutionary process and is beyond the scope of the
research work reported in this paper. For illustrative purposes
a conceptual schema for a welding database is given in Fig. 4.
This schema is then translated into a relational database and
implemented. The welding database can be expanded to ac-
commodate a wide class of welding jobs.

The weld planning module operates by prompting the user
to enter each attribute one at a time. At each step a list of all
possible responses is displayed. For example the first prompt
asks for the MATERIAL to be welded. A list of all the
materials in the database is displayed and the user is allowed to
choose one of them for the current application. This process is
repeated for each attribute. Once all the questions have been

answered, the weld parameters are uniquely defined in the do- |

main of the current database. The appropriate parameters cor-
responding to each query are found by following the
associated file pointer and are displayed on the CRT screen
before being placed in the current WELD structure (see Fig.
3). These parameters may then be examined and altered by the
user if desired. Also the user has the option of entering new
data into the database to keep it up to date. o
The first goal of the movement planner is to determine
whether the desired weld path is feasible with the current part
orientation and work cell geometry. If it is not possible to
achieve this objective, the next goal is to find out if the part
can be moved, via the positioning table, to generate a feasible
weld path. The final goal for all paths is to find out the best
orientation for the job to achieve the highest quality weld
without exceeding a specified time limit. Finding the best
orientation depends on the extent of available knowledge and
thus may not always be possible. In that case a feasible path
could be an acceptable solution. The inference mechanism
handles the problem by processing device specific rules for
robot motion, which are available from the robot controller
module. Inferences are drawn from the application of each of
these rules along with weld quality heuristics. These heuristics
are based on the orientation of the weld path which is defined
as one of the four types: flat, horizontal, vertical, and

struct WELD{

double path(S015); /%  global X,Y,Z,PITCH,ROLL */
int step(S501(7); /% Joint control values ®/
double phifa) /%  table angles */
int steps; /n No. of steps in path */
int voltage; /% welding voltage *®/
int current; /%  welding current %/
int speed; /% torch endpoint speed */

int feed; /% wire feed rate */

Fig. 3 Data structure for welding parameters and trajectory

£ Type )

ATTRIBUTES

(Tnickness )
Ctatersal )

Subtype
Orientation

PARAMETERS

Fig. 4 Schema for weld planner database
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overhead. The preferred orientation is flat which is the desired
goal of the movement planner. Each of the other types have a
decreasing preference and are not used unless necessary. The
user is constantly informed of the current status of the in-
ference mechanism’s goal state. Each of these states can be
overridden by the user if desired.

Both the robot controller and table controller are device
specific. It would be inappropriate to adopt a generalized
knowledge base for manipulating the robot and table. This
necessitates retrieval of the appropriate information related to
the specific type of robot and table from the respective con-
troller modules. The next step for the inference mechanism is
to plan a sequence of events for the robot and table as
delineated below.

Once the final position of the table has been determined the
resulting robot trajectory information is stored in the current
WELD data structure. The robot and table control modules
are then used to convert the weld path information into the ap-
propriate device commands. This information is then entered
into the completed WELD data structure and is stored on the
disk. Each weld path is programmed and stored in a weld
structure database (see Fig. 4) in this way. These generated
paths may then be used separately or in conjunction to com-
plete the welding operation.

5 Experimental Facility and Resulis

As a proof-of-concept, a work cell consisting of a five
degree-or-freedom robot (MICROBAT TEACHMOVER)
and a positioning table has been developed as shown in Fig. 5.

“The robot has an anthropomorphic geometry similar to many

welding robots. The positioning table has a rotating surface
and a rotation toward the robot, which simulates two degree-
of-freedom welding tables. Both the robot and the table have
their own controllers that are interfaced with a personal com-
puter (PC) via RS232-C ports. The PC hosts the software for
the knowledge-based system and acts as the supervisory con-
troller and decision maker for the cell environment. The
following example will demonstrate how the system operates
in the manufacturing environment.

When a new job enters the system the first available welding
cell is assigned to perform the task. To set up the KBS the
operator must choose the assigned robot and table from the
initial menu. Next the robot and table are aligned to ensure ac-
curacy. The part is then mounted on the table in its initial posi-
tion. The system is now ready for operation in the current cell.
The next step is to enter the path programming section of the
KBS. The first prompts are for the basic weld attributes which
are needed by the weld planner. Weld path coordinates are
then entered by putting the robot into teach mode or possibly
down-loaded from a CAD database. (Data can also be entered
manually by the user.) With this information the appropriate
weld parameters are assigned to the current path. These are
displayed for the user to inspect and modify if desired. Next

Fig. 5 Experimental test cell
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the movement planner undertakes path feasibility analysis.

For example, if the part to be welded is as shown in Fig. 6,

there are two unique paths to be programmed. One is horizon-
tal along the parts base and the other is at a sixty degree angle
up an away from the robot. The first path is easily accessible
by the robot and is in the optimum down hand orientation.
The second path is considered vertical and extends beyond the
reach of the robot. The first pass of the Movement Planner,
through the application of the robot limitation rules, will iden-
tify this vertical path as infeasible with the current table posi-
tion and return an error of Reach Out of Range. If instructed
by the user to try and reorient the part, the movement planner
would then invoke the second phase and examine the path
orientation and coordinates.

The movement planner would determine that if the table
surface is rotated by 180 degrees and the base is tilted by 30
degrees toward the robot, the path would be feasible and
follow the otimum down hand position. If the user wishes to
have more control over the system, he may enter any position
for the table to be oriented and execute the weld as long as the
weld planner determines that it is feasible. For illustrative pur-
poses, the structure of typical rules used in the KBS is
presented below:

if
(weldxmax < = XMAX && weldxmin > = XMIN
&& weldymax < = YMAX && weldymin > =
YMIN)
ROT180 = TRUE;

else

if ;
(weldlengthxy < = MAXLENGTHXY && weldymax
< = YMAX && weldymin > = YMIN)
ROT90 = TRUE;

if
(ROT180 = = TRUE && weldslopexz ! =0.0)
TIPSLOPE = TRUE;

else

if
(ROT90 = = TRUE && weldpitch < —90.0)
TIPPITCH = TRUE;

The next planned phase for this research project is to build an
actual welding environment where the cell is scheduled to con-
sist of a Unimate 760 Series six-axis articulated arm, using a
VAL II controiler and a full scale welding positioning table.
Since several robot control functions are incorporated in the
controller of a welding robot, the KBS can be freed from per-
forming the computations that are required for the instruc-
tional robot. A modified version of this knowledge-based

SEAM 2

SEAM 1

Fig. 6 Sample part
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system would be combined with a totally integrated robotic
welding system similar to the Puma Arc Welding System
(PAWS).

6 Summary,
Research

Conclusions, and Future Scope of

A knowledge-based system (KBS) has been developed for
continuous seam welding processes such that high quality
welding can be autonomously performed in a relatively short

period of time with (possibly) incomplete knowledge of the-

welding cell environment. The KBS is designed to coordinate
the robot and table movements independently by examining
the initial programmed path and determining the feasible table
orientations and robot trajectories that could improve the
weld quality. It is also capable of determining appropriate
weld parameters (such as voltage, speed, and feedrate) for cer-
tain types of seams on the basis of the job description.

With the advent of flexible manufacturing, the emphasis
has recently been on the development of systems that are easily
adaptable to the changing demands of the factory. Dedicated
welding cells for one specific part type are expensive and costly
to modify. The KBS described in this paper is designed to
faciliate the flexible use of combinations of different types of
robots and positioning tables.

The major accomplishments of the research reported in this
paper are: (I) The developed software is modular, which
allows for the addition of more detailed function modules or
databases without altering the rest of the program. Different
function modules may be added for new types of robots and
positioning tables being used. Similarly, the obsolete types can

be deleted. (2) The advantages of both algorithmic and .

heuristic procedures have been combined to provide complete
control of the welding cell in real time. Coordinated control of
the robot and table is achieved along with weld parameter
determination. (3) An experimental test cell has been
developed as a proof-of-concept in which the prototypical
KBS software has been successfully implemented.

The presented work, though preliminary, should provide a
strong basis for actual implementation in the manufacturing
environment. The results of the initial testing are encouraging
and suggest several directions for future research to be carried
out.

An area for future work is to improve the robot control
module by including enhanced capabilities for seam tracking.
For example, Nayak, Ray, and Vavreck [25] have reported
the development of an adaptive real-time intelligent seam
tracker using a 3-D laser vision sensor; Khosla et al. [18]
developed an iterative algorithm using the inverse Jacobian to
track a weld seam in real time. Various algorithmic and
heuristic procedures could be incorporated into the robot con-
trol module to augment the system capabilities for real-time
seam tracking.

The KBS structure would also be well-suited to coordinated
control of two robots [26,27]. The control of the two degree-
of-freedom positioning table in the current configuration
could be augmented for the motion control of the second
robot.
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