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A CONNECTIONIST MODEL FOR TOOL WEAR 

1. INTRODUCTION 

Oren Masory 

Robotics Center 

Florida Atlantic University 

Boca Raton, Florida 33431 

Real-time tool wear sensing of metal cutting tools is an essential for the 

implementation of modern unattended manufacturing systems. The 

information obtained from such a sensor can be used for different purposes 

which include: 

1) Establishing tool change policy; 

2) Economic optimization of machining operations; 

3) In-process compensation for tool wear; 

4) A voidance, to some degree, of tool catastrophic failure. 

While static (deterministic and probabilistic) and dynamic models do 

exist, their use is limited to off-line optimization. For in-process 

optimization, there is a need to sense tool wear in real time. Sensing methods 

of tool wear are divided into direct or indirect measurements. The first 
- -· - . - - -·-- -- ~- ·- ----·-·· -- --· ··----- -------- ~ 

method requires the measurement of a feature which is directly related to 

tool wear (e.g. electrical resistance, radioactive, optical, proximity and touch 

probe). The second method employs the measurements of parameters which 

are indirectly related to tool wear. Some of these parameters are acoustic 

emission, cutting forces, vibrations, temperature and surface roughness. 

This paper proposes a real time tool wear sensing method based on 

Artificial Neural Network (ANN). The network is used as Pattern Associator, 

and as such, it is trained to associate an input vector (pattern) with an output 

vector by a process during which both vectors are presented to the network. In 

this case, the input vector consists of readings of variety of sensors (used for 



2 

indirect sensing of tool wear), and the output vector consists of actual tool 

wear measurements. During operation, the network is fed with the sensors' 

readings, it fuses this data and provides an estimate value for the wear 

according to the "model" established during the training. 

2. ARTIFICIAL NEURAL NETWORKS 

Artificial neural networks consist of a large number of simple neural

like units (Processing Elements) organized in layers. Each of these units has 

weighted connections with the units of the previous and the next layers. In 

each unit two operations are performed: 1) Summation of all inputs 

including a bias; and 2) Generation of the unit output by applying an 

activation function to the summation result. The activation function is a 

nonlinear one, and usually hard limiter, threshold logic or Sigmoid functions 

are used. 

In general, ANNs are used as: Pattern Classifier, Associative Memory, 

. or Pattern Associator. As Pattern Associator, the network is "trained" to map 

an input vector to a target vector in a process during which both vectors are 

pres en ted to a network. A "learning" algorithm is used to modify 

connections' weights and biases, so that upon convergence the network will 

perform the correct mapping. The Back Propagation algorithms is commonly 

used for training. It updates the weights using gradient search technique to 

minimize the mean square difference between the desired output vector and 

the actual output vector. 

Thus, ANN, when used as Pattern Associator, can provide a 

____ conv_enient__and_a _natural. tool to fuse data from variety of sensors, identify 

particular sensing patterns and relate it to an output quantity. Moreover, 

ANNs are capable to generalize, accommodate irregularities, filter out noise, 

and learn from experience. 

3. EXPERIMENTAL RESULTS 

Single point cutting experiments were conducted with the following 

cutting parameters: 

Material - AISI 4340 

Cutting speed - 1200 fpm 
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- 0.008 in/ rev 

-3/64 inch 

- MSRNR 16-4 

Feed 

Depth-of-cut 

Tool hloder 

Inserts - D0-80 SNG432 and D0-80 SNG433 

During the experiments the tool tip temperature, the RMS of the 

acoustic emission signal, anf the three components of th_e cutting force were 

recorded. Flank and crater wear were measured optically and recorded. 

A three layer artificial neural network, as shown in figure 1, was 

trained by the Back Propagation algorithm to associate sensors' data patterns 

to tool wear. During training the input vector to the network consisted of the 

following: 

1. RMS readings of an Acoustic Emission (AE) sensor located close to 

the cutting tool tip . 

2. Readings of the three components of the cutting force provided by a 

force sensor. 

3. Readings of the cutting tip temperature. 

4. Type of tool (0 - SNG432, 1 - SNG433). 

and the output vector consisted on measured values for flank and crater 

wear. 

TOOL TEMP AE 

00 

0 
FLANK 
WEAR 

000 

CRATER 
WEAR 

INPUT 
LAYER 

HIDDEN 
LAYER 

OUTPUT 
LAYER 

Figure 1: ANN configuration for tool wear sensing. 
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The Back Propagation algorithm was used to train the network. This 

process is performed off line Upon convergence, the network was fed with 

similar input vectors and by using the "model" established during the 

training it provided estimations for flank and crater wear. 

Figures 2 and 3 compares the measured and the estimated values of 

the wear. The estimated values were obtained by a three layer network that 

has only 32 processing elements in its hidden layer. As can be seen the 

estimated wear deviate very slightly from the measured values which 

indicates: 

1. The network is capable to recognize sensory pattern and relate it to 

the desired output. 

2. The use of multi sensor for tool wear estimation provides accurate 

results compares with a single sensor application. 

3. There is no need for a large number of processing elements in order 

to obtain good "mapping". 

WEAR ESTIMATION 32 PEs (SNG432) 
0.03 -r----------------------, 
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Figure 2: Experimental and estimation results for SNG 432 insert. 
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Figure 3: Experimental and estimation results for SNG 433 insert. 

4. DISCUSSION 

The use of ANN for tool wear estimation seems to be very promising 

due to the following: 

1. The network successfully fuses data from variety of sensors which 

provide better information than in the case of using a single sensor. 

2. The model obtained by the network can be continuously modified by 

additional training sessions if more tool wear measurements -are 

obtained. 

3. A relatively limited number of processing elements are required to 

establish the model, therefore real time computation of the model is 

feasible. 

Although very good results have been demonstrated in this paper, 

more experimental is needed in order to cover a wide range of cutting 

parameter and variety of material/ tool combinations 
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COMPUTER SIMULATION OF A ROBOT ASSEMBLY CELL 

Introduction 

C.P. Han and A.K. Mazouz 

Manufacturing Systems Engineering 
Department of Mechanical Engineering 

Florida Atlantic University 
Boca Raton, FL 33431 

An automated robot assembly cell is studied in this research using 
a system modeling tool. The layout of the assembly cell specifies 
the physical arrangement of the robot station, assembly station, 
and the part feeding conveyors. Assembly sequence is defined by the 
product design. Since the statistical nature of the part feeding 
conveyor system, the utilizations of the assembly robots, assembly 
station, as well as the buffer for interstation storage are 
studied. Statistical data on part supplies, robot part handling 
time, utilization of the equipment, as well as the assembly time 
are collected. Alternatives of the cell layout, different traveling 
speed of the assembly robots are investigated. 

Problem Description 

An automated assembly cell which consists of two assembly robots, 
one assembly station, and four conveyor feeding devices are 
simulated using the computer system modeling package SIMAN. Figure 
1 shows the layout of the assembly cell. The assembly product 
consists of three parts which are supplied to two assembly robots 
R1 and R2 from three feeding conveyors c 1 , c 2 and c3 . The assembly 
is performed on assembly station o. After the product is assembled, 
it exits from the exit conveyor ce. 

The original configuration of the system give the following control 
sequences and statistical data on part feeding and assembly: 

. Both robots move at a speed of 56 ftjsec from the feeding 
conveyors to the staging position A1 or A2 . They move to the 
assembly station 0 from the staging position at 25 % of its 
original velocity. After assembly, the robots move back from 
0 to A1 or A2 at the full speed and ready to proceed to pick 
up the next part • 

. After each robot picking up a part, it moves to the staging 
position A1 or A2 waiting for access to the assembly station 
0 . 

. The assembly sequence is in the order of part one, two and 
three. The robot R1 picks up part one and two from c1 and 
c2 • The part three lS picked up by robot R 2 • The assembled 
product is then moved from assembly station 0 to exit 
conve yo r Ce b y robo t R2 . 
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. The feeding rates of all three assembly parts are normally 
distributed with the mean of 6 seconds and standard 
deviation of 3 seconds. 

. The assembly time is normal distributed for all three parts 
with mean and standard deviation at 2 and 0.5 seconds. 

The objective of the study is to know the utilization of the 
robots, the feeding conveyor capacities and buffer size, as well as 
the utilization of the assembly station. 

Developing Simulation Model 

A computer simulation model is developed for the proposed assembly 
cell. The SIMAN system modeling computer package is used. 

The SIMAN system modeling program package is a high level 
programming package which is specialized for modeling the 
manufacturing systems. Its well designed function commands are 
especially useful for modeling various process systems, such as 
modeling of manufacturing machine cell, robot cell, material 
handling, warehouse and plant design, transportation and 
distribution systems, queuing systems, etc. 

Computer Simulation is a useful tool for evaluating and analyzing 
a real or proposed system. It offers a tool to exam an existing 
system and its response to different conditions without actually 
change or build the system. 

In general, a system modeling study consists of the following 
steps: 

. Identify the problem 

. Describe the goal 

. Construct the initial model 

. Collect and process the data 
Verify and validate the model 

. Test the system and build alternatives 

. Interpret the results 

. Decision and Implement 

Our objective of the study is to investigate the efficiency of the 
assembly cell under the original configuration. The difficulty of 
analyzing such a system rely on the statistical behavior of the 
system. For instance, the feeding rates of the part from the 
conveyors to the assembly station have significant influence on the 
total efficiency of the system, such as utilization of the robots 
and assembly station, buffer size, waiting time, etc. It is well 
known that such a system is difficult to be analyzed using a 
mathematical model. On the other hand, the system modeling 
programming package is specially designed for such applications. 
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The modeling procedure is as follows. First, a model which 
represents the proposed system is developed. Computer simulations 
were performed under original input data. The system is then 
verified. Output data are collected. Potential problems are 
identified. In order to overcome the problems, two alternatives 
were tested. The results of the simulation can be further used for 
system modification and improvement. 

Discussion 

The assembly cell is studied under the condition described above. 
The system is simulated 100 days at 8 hourjday. Output data on 
robot utilizations, assembly table utilizations, robot blocked 
time, exit rates are collected. 

The output data indicates that the utilization of the robots are as 
low as 3 6 %. Waiting time is high for assess to the assembly 
station. At first, we fell that those two data are contradictory. 
A lower robot utilizations should lead to a lower utilization of 
the assembly station. Further analysis shows that since the 
relatively low arrival rates (mean of arrival rates) from the 
feeding conveyors, two robots are idle 60 % of the time. However, 
since the relatively larger variance of the arrival rates, 
collision on accessing the assembly station occurs. In order to 
overcome this situation, two alternative are proposed: 

Alternative I: 

Under current part feeding rate and distribution, an assembly cell 
with one robot is proposed. Figure 2 shows the proposed cell 
layout. One robot will pick up all the parts and assemble them as 
well as down load the assembled part onto exit conveyor. A quick 
tool change device is needed for the robot to change the grip 
before pick up the part three and down load the product. The tool 
exchange rate is normal distributed with mean 1. 8 and standard 
deviation 0.4 seconds. 

Alternative II:--

Stable the feeding rates. If the standard deviation of the feeding 
rates changed from 3 seconds to 1 second, the assembly line will be 
better balanced and the collision on asses to the assembly table 
will be reduced. Also under this condition, the increase on the 
robot speed will largely reduce the waiting time of the parts, and 
also reduce the interstation buffer size. 

Conclusion 

This study demonstrated the procedure of using system modeling tool 
for design of a automated assembly cell. The simulation approach is 
especially beneficial for analyzing the systems ,which contain many 
statistical features. The cell can be better configured in terms of 
using one robot and a grip change device instead of two robot 
configuration without decrease ~he utilization and increase the 
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throughput time. Also such study can help us to find the potential 
problems such as the deviation of the feeding rates to improve the 
performance of the system. 
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MANUFACTURING WORK CELL DESIGN 
USING SEMANTIC DATA MODELS 

Stefano Caselli*+, Constantinos Papaconstantinou*, 
and Keith L. Doty* 

* Machine Intelligence Laboratory 
University of Florida 

+ Department of Electronics, Computers, and Systems 
Science 

University of Bologna 

ABSTRACT 

This paper discusses the application of advanced database 
concepts in the design of manufacturing workcells. After an overview 
of some applications of semantic and object-oriented data models in 
the manufacturing domain, issues relating to their use in the design 
of manufacturing workcells are presented. A simple data and 
knowledge organization is then illustrated that integrates ideas and 
constructs typically available in general-purpose semantic data 
models with other mechanisms specifically tailored to the target 
domain. Finally, the use of this knowledge organization within a 
functionality-driven, task-level design procedure is discussed and 
illustrated by means of an example. 

1. INTRODUCTION 

Flexibility at the shop-floor level and factory-wide Computer 
Integrated Manufacturing (CIM) are the fundamental paradigms that 
have been proposed in order to achieve manufacturing goals such as 
low production cost and reduced time-to-market for new products. 
Whatever the manufacturing strategy being pursued, its 
performance and success are largely dependent on the use of state-
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of-the-art, cost-effective manufacturing workcells, optimized for the 
required application domain. 

In current practice, manufacturing workcell design requires 
extensive human effort in terms of time, cost, and expertise, thus 
preventing full achievement of the potential benefits of automation. 
A 1986 study comparing Flexible Manufacturing Systems 
development times in the U.S. and in Japan showed figures of 2.5 to 3 
years and 1.25 to 1.75 years, respectively [Jaikumar, 1986]. Similar 
figures have been achieved in 1989 by informal interviews of 
electronic and mechanical assembly workcell manufacturers 
[Fernicola, 1990]. This fact often promotes a conservative approach to 
workcell design that largely relies on minor variations of an 
established solution and its adaptation to as many applications as 
feasible, thus deterring many significant design improvements and 
the timely incorporation of technological advances as they become 
available. 

Even though computer tools have been used for a long time in 
specific areas such as Computer-Aided Design, Numerically
Controlled machine programming, and individual equipment 
programming, limited support exists for overall manufacturing 
workcell design, when compared with highly automated areas like 
electronic design. There is a great potential for improvement in the 
workcell design domain. However, the lower degree of 
standardization existing in workcell equipment with respect to 
electronic devices is an inherent difficulty. Furthermore, even though 
the number of devices involved in workcell design is typically 
smaller, the workcell components are more complex, and call for 
hierarchical modeling and design techniques. 

In recent years, advances In several computer-related 
technologies such as speed of computation, graphics interface 
capabilities, data base systems for manufacturing and engineering 
functions, and artificial intelligence techniques, as well as the 
increased worldwide economic competition, have stimulated efforts 
towards the development of new tools for manufacturing workcell 
design both in research laboratories [Papaconstantinou et al., 1989b; 
Levas and Jayaraman, 1989] and industries [Silma, 1989; Tecnomatix, 
1989; Deneb, 1989]. As part of the continuous research effort in this 
subject at the Machine Intelligence Laboratory of the University of 
Florida since 1985 [Govindaraj and Doty, 1986], work has been 
devoted to the application of advanced data modeling techniques in 
t h c de v ~lop rn e !1 t of sup p on too Is fo r m :1 n u fact uri n £ 'Nor~~ cell 
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operation and design [Desai et al., 1988; Papaconstantinou et al., 
1989a]. 

In this paper we specifically investigate the usefulness of 
object-oriented semantic models in the workcell design process 
[Papaconstantinou et al., 1989b]. In particular, some known 
applications of semantic models in the CIM area are reviewed and "' 
discussed. These applications are mainly related to the modeling of 
existing systems and scarcely address the support of workcell design 
activity. We also introduce a simple data and knowledge organization 
for manufacturing workcell design, expressed by means of semantic 
associations and formulated using a subset of the features provided 
by complex, state-of-the-art semantic data models [Su et al., 1988; 
Cornelio and N av a the, 1990]. Next, the role of the functional 
specification of the manufacturing process as a high-level (task
level) specification driving all the design activity is examined. The 
overall design process is illustrated, emphasizing the use of semantic 
schemas as the main descriptive tools capable of capturing much of 
the design knowledge required across several stages of the design 
procedure. The proposed design methodology is discussed with 
reference to a realistic example, a two robots workcell for populating 
electronic printed circuit boards. 

2. DATA MODELS AND MANUFACTURING 

Application of advanced data models to the manufacturing 
domain has been discussed by several researchers, i.e. [Eastman, 
1981; Hull and King, 1987; Jablonski et al., 1988; Ketcham et al., 
1988; Nackman, 1985; Spooner et al., 1985; Spooner et al., 1988; 

---- -- -Staley-and Boudreaux; -1-988; Su, 1986~ -Wedekincl----an-d --Z-oerntlein, 
1987] among others. Actually, the manufacturing domain itself has 
motivated much of the work on semantic models, stemming from the 
perceived inadequacy of DBMS based on traditional, record-oriented 
data models (relational, network, hierarchical) in such a context. This 
section reviews some of the previous work in the field and highlights 
those Issues more directly relevant to manufacturing workcell 
design. 

Advanced data modeling techniques, such as semantic data 
models, have been proposed in the, manufacturing domain especially 
to support the CIM concept [Su, 1986; Jablonski et al., 1988; Spooner 
et al., 1988]. Integration of the many diverse factory activities, and 
1n particu lar dara -dri'len manuf1Ct1Jring -- the meth od o l o ~y 'Nithin 
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CIM for automating the information flow between product design 
and manufacturing (CAD/CAM) and between production planning 
and manufacturing (CAPP/CAM) -- requires a substantial amount of 
data to be created, manipulated, and shared or exchanged among 
several decision centres, usually located on autonomous processing 
nodes within a distributed computing architecture. Flexible 
manufacturing further increases the amount of data to be processed, 
to account for on-line production switches, tools and fixtures 
management policies, and flexible exception handling. Therefore, 
innovative automation paradigms, and especially CIM, require 
support by a full-fledged DBMS. 

The manufaturing domain exhibits peculiar features, when 
compared to other classical application fields of DBMS, that prevent a 
profitable use of the more traditional data models [Su, 1986; 
Jablonski et al., 1988]. 

1 - In manufacturing there exists an explicit hierarchical 
structure of the application, with strong data-locality properties, that 
is known in advance. This a priori knowledge cannot be fully 
exploited in the relational model, whose "flat" data surface and 
customized user access policies developed by the DBMS are better 
suited to the business domain. 

2 - The computer architectures supporting CIM not only are 
distributed and hierarchical by nature, they are also invariably 
characte!ized by hetereogeneity in the processing elements and 
equipment they encompass. The latter characteristic follows from the 
fact that CINI is often implemented on top of existing manufacturing 
and computing facilities, and, even for new plants, computer
controlled manufacturing requires specialized equipment typically 
not available from a single supplier. 

------------3 - -;;_--- T-he-- manufacturing domain - encompasses many - different 
activities: for example, from business-related raw parts purchase and 
product sale and cost accounting to highly technical tools wear 
measurement and dynamic production scheduling. Support for 
complex data types, e. g., engineering drawings of parts or NC 
machine programs, is also required. 

From a general viewpoint, specific weaknesses of the 
traditional data models pointed out in the literature [Eastman, 1981; 
Hull and King, 1987; Spooner, et al., 1988] mainly refer to the 
availability within these models of only a few constructs to convey 
many different meanings for data interrelationship, a phenomenon 
also called semantic overloading. This lack of expressive power 
preve:1ts full usc of sem~ntic info rrn2.tion for more effecti ve dJ.t:l 
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management policies and integrity enforcement. Poor separation 
between the high-level conceptual organization of the database and 
its physical implementation, and overall unsatisfactory performance 
for large and complex databases are other issues of concern. 

Semantic and object-oriented data models, although questioned 
by some researchers about their capability to fully address the issues 
involved in the manufacturing domain [Spooner at al., 1988; 
Papachristidis and Deen, 1988], seem to offer an answer to at least 
some of these problems, since they not only provide a common 
reference model for data sharing across · hetereogeneous processing 
elements, but they also can reflect the underlying hierarchical 
structure of the application, and, by providing a semantically rich 
model, they can help in the integration of factory activities. A further 
recent development in the advanced database field is that of object
oriented semantic models [Hull and King, 1987; Su et al., 1988; 
Spooner et al., 1988]. These models, while sharing with the semantic 
models the capability to express complex data interrelationships, also 
provide mechanisms for encapsulation of complex functions within 
the database objects, thus specifying local behaviour forms and 
allowing access to or dynamic creation of derived information. 

A significant amount of work devoted by researchers to the 
application of semantic data models to manufacturing has mainly 
addressed the definition of information flow and data allocation 
schemes to support integration of factory activities within CIM. Less 
consideration has been given to the potential application of these 
same advanced data models to the design of manufacturing workcells 
and equipment. Suggested approaches for manufacturing equipment 
design refer to procedural guidelines [Alami and Chochon, 1985], 

· -- d-ecision--support--sy-stems-- [Whitney, 1986J, ---e-xpert - systems -[Fisher~-

1985], and graphical modeling and animation driven by simulation 
[Dombre et al., 1986]. All these approaches can be profitably 
combined with a DBMS characterized by advanced modeling 
capabilities to enhance the overall manufacturing workcell design 
task. We feel that many of the reasons leading to the application of 
semantic data models to CIM also apply to any complex design 
activity, such as manufacturing workcell design. For instance, 
semantic data models are being investigated in the development of 
CAD tools for VLSI circuits [Foo and Takefuji, 1990; Gupta et al., 
1989]. 

As any other design activity, the design of manufacturing 
wo r:-cce ll s consists c f the cre::tti on and mJ.ni p ul ati on of data objects. 
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This exactly matches, as pointed out in [Spooner et al., 1988], the 
approach of the object-oriented paradigm. Meanwhile, the semantic 
data modeling capabilities provide the features for the construction 
of the complex objects typical of this domain. Some of the issues 
relevant to manufacturing workcell design are the following. 

1 Currently, the expertise required for manufacturing 
workcell design is large and scattered among many different sources, 
such as parts catalogs, other human experts, and templates from 
previous designs. Design productivity can be greatly improved by the 
integration of this body of knowledge by means of proper database 
management techniques. 

2 The hierarchical and heterogeneous nature of such 
knowledge calls for object-oriented techniques as well as support for 
complex data types. 

3 - Object-oriented semantic models provide the means for 
integrity enforcement, richer semantic mechanisms to support the 
design activity, and a wider set of abstraction mechanisms. 

Achievement of the potential benefits offered by object
oriented and semantic data models in workcell design requires a 
suitable organization of the domain-specific knowledge according to 
the selected model, as discussed in the next section. 

3. A Sil\1PLE SEMANTIC DATA MODEL 

In any applicative domain, knowledge can be split between 
structural knowledge (about the objects and physical entities) and 
functional knowledge (about how the objects behave and interact). 
The structural and functional components are-- usually not isomorphic, 
therefo-re- jt - is somehow - unnatural to try to - encap-sulate ·one of them 
into the other, as is done for example in those models whose 
elementary objects are structural ones and the functions are merely 
"owned" by or "hidden" within them. This is the basic rationale 
underlying the recently proposed Structure-Function paradigm 
[Cornelio, 1989; Cornelio and Navathe, 1990]. In typical semantic data 
models, in particular, even though structural and functional objects 
are individually modeled, the interconnections between them exhibit 
limited semantic expressiveness. We _term this kind of links as 
having a "weak semantic". In our opinion what happens is that a 
single semantic association, as the Interaction association in the 
OSA:NI* model [Su et al., 1988], must carry many different meanings 
in a context-dependent way, thus recreating on a smaller scale the 
se mantic overl o ading phenome;1on that ha s been critic iz ed with 
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reference to the record-oriented models. In practice, for these links 
the semantics cannot be enforced by the model and is basically left 
to the user's interpretation. While this problem cannot be easily 
solved in models bounded for general use as OSAM*, it can be 
addressed in specific domains by providing a richer set of domain
dependent primitives in place of the single "interaction" association. 

In the data and know ledge organization that we are developing 
for manufacturing workcell design two different schemas are 
provided for the structural and functional knowledge. The structural 
knowledge data model makes use of Generalization (G or Is_a 
relationship) and Aggregation (A or Part_ of relationship) semantic 
associations among objects. To express the dynamic information 
inherent in the functional description, additional semantic 
mechanisms are required. In particular, the Aggregation association, 
as defined in most semantic data models, does not explicitly provide 
any sequencing information. To fulfill this need the so-called 
Functional Aggregation (F ), originally proposed in [Cornelio, 1989; 
Cornelio and Navathe, 1990], is being used. This association describes 
a function in terms of its sub-functions (thus capturing the Part_of 
semantic) but can also express the existing ordering constraints on 
sub-function execution. An additional construct called Iteration 
association (J ) is provided within the functional knowledge data 
model for notational conciseness and abstraction purposes. The 
Iteration association imposes an ordering with respect to time on all 
the instances of a functional class, thus it is useful when a function 
calls for the repeated instantiation of identical sub-functions at a 
lower abstract level. Finally, the structural and functional knowledge 
descriptions are connected by explicitly named links that represent 
relationships as in the E-R model. These 1 :N and M: 1 links, called 

-- P-rovides I Pro-vided_ by- relationships, are labeled as P in the 
structural knowledge schema and as IT in the functional one. 

In Fig. 1 an example of a structural knowledge data structure, 
the Components Library, is shown. This figure is not intended to 
provide a comprehensive classification of the components found in 
manufacturing workcells, but merely to serve as illustration of the 
design methodology outlined in the paper. The notation used in this · 
schema, as well as in the other ones throughout the paper, is 
basically borrowed from the OSAM* S-diagrams [Su et al., 1988], with 
some minor modifications. Workcell equipment is initially classified 
as belonging to the transportation equipment, the process equipment, 
or th e auxiliary equipment c lasses . The Components Library 

as a se rnantic schemJ, besides a taxonomy of 
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Figure 1. An example of a structural knowledge schema. 

Auxiliary 
equipment 

equipment with multiple abstraction layers (the so-called Is a 
hierarchy , also useful for browsing In the database), conveys 
structural information about the entity objects at the leaves of the 
schema, such as the fact that a robot, whatever its manufacturer and 
its model, is an Aggregation of a Controller and a Manipulator. Entity 
objects also embody a number of methods and attributes, not 
i ll u s t rated 1 n F i 12 . 1 , s u c h as t h e g e (_; m e t 1 i c a 1 and d i m e n s i on a 1 
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attributes and the graphical and kinematics methods required to 
display the objects themselves. Finally, the Provides/Provided_ by 
links for the process equipment in the Components Library are 
explicitly represented. 

In Fig. 2 an example of a functional knowledge data structure is 
given. In particular, in the schema the function "Populate Printed 
Circuit Board" is expressed in terms of its sub-functions. This task 
will be discussed further in the next section. Within the functional 
knowledge data structure the Generalization association expresses 
alternatives and conditional execution of sub-functions. The 
Aggregation association describes functions in terms of the required 
sub-functions. The Functional Aggregation adds the ordering 
semantic to the Aggregation. In the graphical notation a left-to-right 
execution ordering is assumed as a convention. Functional 
Aggregations and Aggregations can be nested in any way thus 
providing the means for expressing complex partial ordering 
relationships. In the example illustrated in Fig. 2 the Iteration 
association fulfills the goal of isolating the abstraction at the 
individual component level from the abstraction at the board level. 

It should be observed that the data model described here 
makes use of a subset of the features provided by several complex 
object-oriented semantic data models [Hull and King, 1987], while 
introducing semantically richer or domain-oriented constructs not 
typically available elsewhere. For example, the Generalization 
association as used in this specific context and data model is only a 
particular case of the more general mechanism provided in OSAM*, 
namely the Generalization with set exclusion constraint [Su et al., 
1988]; conversely, the Provides/Provided_ by relationship could be 
implemented -as a semantically -weaker Interaction association in 
OSAM*. The Functional Aggregation association, according to our 
experience, appears to significantly enhance the overall semantic 
modeling power in the functional knowledge modeling domain, such 
that its role cannot be replaced by other constructs or combination of 
them as defined In the most common semantic data models [Hull and 
King, 1987]. 

4. TOP-DOWN WORK CELL DESIGN 

It IS widely known In many different domains that the 
behavioral or functional specification lS the highest-level 
specific~tion , the one th~t srero~fips £-1 V.i..L. ..;. ·_. \V h~t mu~t be done and not hO \V. 
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Populate PCB SL: Straighten Leads 

SCL: Shape/Cut Leads 

CL: Clean Leads 

TL: Tin Leads 

ETO: Electrical Test Others 

ET: Electrical Test IC 

OT: Orientation Test IC 

INS: Component Insertion 

BLB: Bend Leads Below 

;----1~ Insert I 

~ ~ 
G ~ 

Prepare 
axial 

(]]~----------~ 

(}]------------------~ 

Figure 2. An example of a functional knowledge schema. 

In robotic programming languages, for example, this is termed as 
task-level programming [Lozano-Perez, 1983], and contrasted to 
conventional robot-level or motion-level programming where a 
detai led enumeration of the robot motions required to accomplish 
the t:1 sk mu s t be provided . TJ.sk -le vel programm1ng r ~l i e s on the 
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availability of comprehensive world and task models to derive a 
compatible motion-level program. In the workcell design activity, the 
goal (what) is basically represented by the product or set of products 
to be manufactured by the workcell and their associated processing 
requirements. Domain-specific knowledge, either available in 
catalogues and other "sources of expertise" or in a database, helps the 
designer to select how to fulfill these requirements in terms of 
customized process plans, equipment, layout, and programming. 

Due to the large number of potential solutions and different 
design styles, we do not expect nor recommend that workcell design 
tools be capable of fully automated design without human 
intervention. Rather, since the knowledge stored in the database 
must be very general in order to cope with this diversity, the 
workcell design tools will typically assist a human- designer in 
proposing and evaluating alternatives at different design stages, 
unless a very selective query is formulated against the database thus 
leading to a unique, feasible design. We term the set of tools 
providing this kind of support as an "Intelligent Assistant" 
[Papaconstantinou et al., 1989b]. 

1. 
2. 
3. 

product definition 
process selection 
we equipment selection 

- process equipment 
part routes 
transportation architecture 

- equipment 
- fixtures/grippers 

buffers -
- support items 

4. workcell layout 
5. function allocation 
6. control description 

--> product viewpoint 

--> we equipment viewpoint 

Figure 3. The steps In the workcell design methodology 

The workcell design procedure that we propose is illustrated in 
Fig. 3. As in any design activity, iterations can be performed at any 
stage, and one of the purposes of a CAD/CAE environment is to make 
painless and fr:Jitful such iter:uions . The procedur e descrjbed in 
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Fig. 3 is substantially in agreement with previous studies [Alami and 
Cochon, 1985; Whitney, 1986; Fisher, 1985]. Our goal here is to 
emphasize the role of the functional specification as a high-level 
specification driving the whole design as well as to highlight how the 
semantic data model and the data and knowledge organization 
outlined in the previous section can support the design process. The 
steps involved in the design procedure will be illustrated considering 
a simplified task as an example, the population of printed circuit 
boards (PCBs) with the following type of components: integrated 
circuits (ICs), axial components (such as resistors or diodes packages), 
and radial components (such as capacitors packages). 

The design of a manufacturing workcell always starts with the 
specification of the product or family of products to be 
manufactured. When flexibility is pursued and a large family of parts 
is targeted, even this first step is not an easy one and might call for a 
later redefinition [Whitney, 1986]. We assume in our example that 
the product considered is a "Populated -PCB". From the product 
specification, the functional knowledge can be indexed searching for 
a suitable manufacturing process. The schema already discussed in 
Fig. 2 is an example of functional knowledge representation. We also 
assume that Fig. 1 represents the relevant structural knowledge. Fig. 
2 actually embodies a set of alternative manufacturing processes, 
expressed with the Generalization association. The designer is 
required to select a specific manufacturing process according to 
parameters such as target price and performance of the final design, 
an operation that we term process customization. An example of a 
customized process plan is shown in Fig. 4. The designer has decided 
that radial and axial components must be subjected to the full 
sequence of preprocessing operations but no test is performed on 

- them,- - w-hile ··the ICs undergo both the -orientation (OT) and the 
electrical (ET) tests. The functional knowledge in Fig. 4 at this point 
makes use of the G association only to distinguish among the 
different types of components, while the manufacturing process is 
otherwise fully specified and no other G associations are present in 
the schema. It should be noticed that neither the general 
manufacturing process in Fig. 2 nor its customized version in Fig. 4 
contain any structural information about how these processes shall 
be carried out, thus representing a true task-level specification. 

In the workcell equipment selection step, structural objects are 
instantiated from the Component Library, (Fig . 1 ), into the v.rorkcell 
model. First, the designer is required to include equipment providing 
the subfunctions included in the customized process p lan. This sub -
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Figure 4. The customized process plan 

step is called process equipment selection. Equipment is retrieved 
from the Component Library and proposed to the designer using the 
Provides/Provided_by relationships originating from the objects in 
the schema in Fig. 4. All the subfunctions at the leaves of the schema 
must be covered, although some equipment mi ght cover more than 
o n e s u b f u n c t i c n . I f f o r s c· !!i .. ; s u b f u n c r i o n n c s u it a b i e p 1 e c e o f 
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equipment is present inside the Component Library, or the ones 
available do not satisfy the designer, "virtual" process equipment 
may be instantiated, thus tagging the design as "incomplete". This 
might be the case when some special fixture must be designed in
house. As soon as suitable equipment have been specified, their 
models should be provided to the database to allow detailed layout 
and simulation of the workcell. Next, abstract paths for the 
workpieces must be defined. The process plan in Fig. 4 still contains a 
number of alternatives in terms of ordering between subfunctions, 
and some or all of these alternatives are usually removed at workcell 
design time. If alternatives are left in the design, all the abstract part 
routes will be required to be covered by physical transport media, 
and path selection criteria must be supplied for workcell simulation 
and operation time decision making. This step is called part routes 
definition. 

The last step in the equipment selection stage defines the basic 
transportation architecture. This step is a crucial one and is discussed 
by itself for a number of reasons. First, although the product adding
value operations are the process operations and not the 
transportation of parts, relative motion between the product and the 
process equipment must be provided in any workcell design. Even 
though in some field (i.e. facilities design) techniques have been 
proposed that allow scoring alternative topological interconnection 
structures of working locations on the basis of the intensity of their 
relationships [Fisher, 1985], these techniques seem to be scarcely 
relevant for manufacturing workcell design, where the flow of parts 
and the sequence of operations are strongly constrained and the 
design is basically driven by other factors, such as favoured 
equipment technology and price/performance tradeoffs. Therefore, 
in -- the definition -of -the · transportation architecture the -designer- plays 
a very relevant and active role and must supply the basic 
architectural design that he wants to evaluate. Again, equipment is 
included in the workcell model by instantiation of the corresponding 
object from the Components Library in Fig. 1. In this stage of the 
design procedure, part-interacting devices such as grippers and 
fixtures compatible with the selected transportation equipment must 
also be selected, and buffering area defined. Finally, static support 
items such as tables can be instantiated in the workcell model, 
although such items are more typically introduced as refinements 
after several iterations of the layout step. 

Developing our example further , we suppose that the designer 
h:.1s decided co investigate a robot- o rien ted architecture, with the 



27 

workload splitted between two robots, the first one entrusted with 
the transportation of the electrical components between the mainly
technological operations, and the second one carrying out IC testing 
and physical insertion. A buffer area is also defined where 
components are laid down by the first robot and retrieved by the 
second one. At this point the workcell model instantiated in the 
database has the form of an Aggregation of components. 

In the next step of the design, workcell layout, the objects 
instantiated from the Component Library are drawn in a physical 
workspace, exploiting the geometrical descriptions and the 
procedures embodied as methods within them. This step implies that 
the designer is interacting with a graphic workstation, and color and 
3D features play a crucial role for its effectiveness. Some of the 
software packages commercially available address the layout step. 
Preliminary work at the Machine Intelligence Laboratory has led to a 
prototype layout module running on a Silicon Graphics Personal Iris 
workstation. In this prototype, structural objects are instantiated 
from a Components Library developed using Vbase, a commercial 
object-oriented database system, and then collocated in the 
workspace, with 2D and 3D views available [Fernicola, 1990]. During 
the layout stage the physical location of all the workcell equipment is 
defined, thus a number of checks can be performed, such as space 
occupancy, interference between moving equipment or between 
moving and static equipment, and reachability of the working 
locations by the transportation devices (i.e. robot workspace). If 
timing information about the process operations is present in the 
functional knowledge data structure, transportation time can be 
computed using the kinematic procedures included within the 
structural objects, and, therefore, performance measures such as the 

-workcell cycle time -can be computed. Finally, optimization of the 
floor space used or of the aspect ratio of the workcell could also be 
carried out during layout. 

In this paper we do not discuss the final stages of workcell 
design, however, we briefly mention here that from the functional 
specification, once the selected equipment is considered, a dynamic 
model of the workcell can be automatically developed that explicitly 
represents the behaviour of the "active agents" of the workcell in 
terms of parallel processes using, for example, Petri nets. While we 
are still working on several of the underlying conceptual issues, our 
goal is to automatically synthesize a VAL-level control program for 
each of the active agents, thus allowing the designer to simulate the 
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workcell and providing skeletons for the actual control programs of 
the devices. 

5. CONCLUSIONS 

A methodology for manufacturing workcell design that relies 
extensively on advanced database concept to organize and 
manipulate domain-specific knowledge and data has been presented. 
While many issues still remain to be explored, our preliminary work 
suggests that semantic and object-oriented data models can play a 
key role in filling the gap between the limited capabilities of the 
empirical methods currently in use for manufacturing workcell 
design and the challenges posed by worldwide economic competition 
and advanced manufacturing concepts. 

The recent availability on the market of software packages 
with built-in features such as an equipment library and layout 
facilities can greatly streamline the development of a comprehensive 
environment fully supporting the outlined design methodology. Using 
the semantic database modeling techniques discussed in the paper, 
we plan to develop a comprehensive design tool upon one such 
commercially available package, thus extending the support provided 
also to the higher-level conceptual steps in the design process. 
Meanwhile, our efforts are also directed towards inferring from the 
functional and structural knowledge in the database the control 
programs for the workcell equipment. 
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This paper investigates the level of intelligent automation in the food processing 

industry. Recent advances in the field of robotics and intelligent automation have taken 

place in the other industries, namely, in the automotive, electronic, aerospace, phar

maceutical and other manufacturing industries. Little attention seems to have been 

placed on the food industries. Interestingly, it is the food industries that have less 

demand on precise dimensions or forms of the final product. This, coupled with the at-

-traction that an automated food processing plant would be both hygienic and flexible, 

makes food industries an ideal candidate for high-technology manufacturing. The his

torical inertia in this sector can be attributed to the high cost of automation. As the cost 

of automation continues to decline, it is perhaps time to review the options in food 

processing and manufacturing industries. 

In the recent past, some institutions, such as The Robotic Industries Association, have 

conducted surveys in the industry mainly by sending out questionnaires to companies. 
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These surveys have indicated that one reason for little automation in this sector is simply 

lack of information within the industry on the possibilities of intelligent automation. 

INTRODUCTION. 

The food processing industry is often viewed as being the ordinary or even the dull part 

of manufacturing. Little excitement seems to surround technical innovations and im-

The Size of Food Processing Relative to Other Manufacturing Industries, 1985 

Industry Croupa Value of Shipments Employment Value Added 

Billion 
dollars 

Food processing 301.6 

Nonelectrical machinery 215.1 

Chemicals 197.3 

Eleccrical & eleccronic machinery 192.7 

Motor vehicles 188.5 

Petroleum refining 167.5 

Fabricat~d metal products 139.6 

Papor 93.4 

Ins trument.s 61.0 

Iron and steel 58.7 

Apparel 57.0 

Textile ~ills 53.3 

Furniture 31.3 

All manufacturing 2,279.1 

Sour~: Annual Surory of Manufactures (M85 (AS)- I). 

Thousands 

1,545 

2,133 

1,046 

2,203 

752 

193 

1,523 

637 

662 

414 

1,099 

688 

484 

18,791 

Billion 
dollars 

104.1 

110.2 

95.3 

109.9 

57.1 

13.7 

69.2 

40.4 

40.3 

22.2 

27.7 

20.7 

999.1 

"'Omined :u-e to~cco, lumber, printing, rubber, leather, nonmetallic minerals, and a. few other industries. 

provements within the industry. Never the less the food processing industry is a giant ac

count for more than thirteen percent of the total shipment value of the manufacturing 

sector of the U.S. economy, making it by this measure, the largest of all manufacturing 
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industries. About ninety five percent of all food and beverages purchased ~y U.S con

sumers has been processed in one way or another. In addition~ the value of shipments 

from the food processing industry has been increasing steadily. 

196~ 1967 1972 1977 1982 1985 
Yeor 

~~ Snipmen~:s 
~ Vclue Addec! 

_ Production lnde,. 

(196.3 - 100) 

. Growth of Food Processing Shipments :1nu V.Uuc Added, 1963-1985 

In the past many of the new technologies implemented in other industries,_ such as the 

automotive and electronic industries~ have resulted in substantial cost reductions and 

product improvements. These same new technologies have yet to be seriously adopted 

by the food processing industry. A survey conducted by Adams and Messersmith~ in 

1984, showed that about one forth of all job functions in the food processing industry 

were potential candidates for robot implementation. This same survey showed that the 

current level of robotics in the industry was negligible. A similar survey conducted in 

1989 by the -Robotic Industries-Association, showed a noticeable increase in robotic im

plementations, but by no means a general adoption of the technology. Both these. studies 

identify the apparent lack of knowledge about robotics in the food industry, as one of the 

major reasons for this lack of implementation. 

In addition to robotics, other methods of intelligent automation are available to the food 

processing industry. Programmable Logic Controllers (PLC's) and Microcomputers 

could be used to automate various monitoring and data acquisition tasks, responding· 
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quickly and accurately to any deviation from a desired preprogrammed process. This is 

a technology currently being implemented by a number of fOod processing industries 

with excellent results. 

Interestingly, it is the food processing industry, that in many processes requires less ac

curacy than industries such as the electronics and aerospace industries. Measurements 

and dimensions allow for variations that have little effect on the end item quality. · It is 

often the demand for accuracy that increases the cost of automation to a point that 

makes its implementation infeasible. 

CURRENT LEVEL OF AUTOMATION 

Most food processing industries currently employ some form of automation. Generally 

the equipment in use would not be classified as intelligent or flexible automation but 

rather as hard or fixed automation. This equipment does not allow for variations in the 

material flow or the process, requiring the presence of an operator to identify variations 

·and make the necessary adjustments. The main ·objective of research into this area is to 

eliminate the need for an operator, and design systems that automatically handle 

resonable variations in both materials and processes. To achieve this objective, food 

processing industries must begin adopting technologies such as robotics, microcom

puters, vision systems and PLC's for process control. 

Recent surveys show a rapid increase in the use of. computers in the food industries. A 

survey by Nevill in 1986 shows that twenty percent of food processing companies in · 

Australia use computers for process control. A 1989 survey by The Robotic Industries 

Association found twenty percent of U.S. companies surveyed to have robots in opera

tion and twenty-seven percent using machine vision systems. The survey further sho\ved 

that the primary application of robots was in packaging and material handling. Visions · 

systems on the other hand are mainly being used for inspection and quality conrrol. 

Obviously some food industries are more automated than others, such as dairy process

ing. In these indusrries automation, although not flexible, is highly successful. The raw 
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materials are introduced in to the process in bulks or continuous flows, making their han

dling easier to automate. The raw materials are then processed using devices such as 

PID controllers, capable of relating real time information to data acquisition packages for 

optimization and quality control. Other food processing industries do not have this con

tinuous and uniform flow of raw materials, due to variations in both size and shape, and 

must relay on individual handling of products. 

A number of companies have been involved in developing equipment to automate some 

of these operations. These projects have resulted in mixed successes, some being com

mercially available today, others still under development. One of the successes is the 

Beef-A-Marie, an automatic de boning machine for meat (Macchio 85). Although it still 

needs some human intervention, it speeds up the deboning process considerably. 

Clarke in 1986 describes a vision system which orients ears of com for processing. He 

also describes a citrus fruit sorting and packaging system where vision systems are used 

to size and inspect the fruit for defects while an -x-ray system checks for internal frost 

damages. 

PepsiCo recently installed a real time computer system to automate the operation and 

control of therr centrifugal extractor. PepsiCo installed this system as a frrst computer 

module in a fully automated plant. . 

Cadburys, the confectionery producer, installed in 1988, a distributed control system for 

the production process of Creme Eggs. The system controls flow, temperature and the 

critical mixing of ingredients. Cad bury reports that the systems has significantly in

creased production volume. 

Sperber in 1989 reports on a self runing PID control system that optimizes the frying 

process in a potato chip processing plant. 

Research has also been conducted into developing tools to identify promising areas of 

robot and automation application. In 1985 Macchio introduced a model for establishing 
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opportunity values of robotics and automation in meat processing. He recommended 

that similar models be developed for other processes. 

Surveys have shown that packaging operations are fairly automated and automated 

warehousing is a technology being increasingly implemented. Bar coding systems have 

been used for inventory, pr9duction and quality control for some time, and have proven 

to be quiet successful. All the surveys indicate that high technology is being applied with 

in the industry, but rather than whole processes being automated we have island of auto

mation with in these processes. The task now at hand is to link these islands to form com

plete lines of automation, along with research in material handling systems capable of 

handling materials that is random in size, shape and structure. 

IS TIIERE NEED ? 

In his 1973 book "Manufacturing Control: The Last Frontier for Profits," Ploss! discus

ses the need for increased control and automation. The automotive and electronic in-

dustries realized at the same time that lowering production costs was the only way to 

stay competitive in the ever increasing competition with imports. This included automat-

ing various operations, that at the time required considerable manpower. The success of 

. these projects is well known and has encouraged these industries . to research further the 

possibilities of automation. In the past salaries of U.S. factory workers have been steadi-

ly increasing rising to a point of being ten times that of the foreign competitions. 
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At the same time the U.S. has experienced a decline in productivity growth, which cur

rently is one of the lowest of the indusriallized nations, and an increase in compensation 

per man-hour, which includes costs attributed to work place injuries. 

Growth In Productivity 10~--------------------------~ 

e~~--------------------------~ 
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No change is expected in this trend in the foreseeable future, making it necessary to take 

some action to counteract it. 

A study made by Macchio in 1985 showed that food processing has one of the highest 

costs associated with worker injuries of all manufacturing industries. These injuries are 

largely related to manual processes and operations. One way to decrease this is to in

crease automation thus decreasing human intervention in processes. 

Although in the past the U.S. food processing industry has not been involved in com

petition with imports, as intensely as the automotive and electronic industries, some in

dicators seem to sho\v that this may be changing. 
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A decrease in exports accompanied by an increase in imports seems to indicate a decline 

in competitiveness of U.S. food products. 
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In the past decade the food processing industry has placed emphasis on variety , introduc

ing new products to the marked place at an increasing rate of seven percent per year . 
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This trend has induced considerable new costs into production, due to increased produc-



39 

tion setup costs and increased inventories. With inventories in the U.S valued at about 

$920 billion in 1987 (Nahmias 89), of which the food industry accounts for a large share, 

any decrease there in, results in considerable savings. New inventory and production con

trol methods, such as "just-in-time," have been shown to be successfru in reducing inven

tories. 

The last but maybe not the least factor mentioned here is the hygienic factor. Lack of 

quality in many processed foods can be attributed to human pollution. Many food 

processing companies go to great lengths and great cost in preventing contamination, 

with mixed results. Again automation would be the answer, decreasing human interven

tion. 

PROBLEMS IN IMPLE11ENTING AUTOMATION 

P.T.Clarke, a specialist in the application of automation technology to food processing, 

identifies the main obstacle in the introduction of automation to the food industries, as 

being the biological variations in the size, shape and homogeneity of the raw material. 

Also the material being handled. is often sensitive and subject to physical damage as well 

as microbiological changes. Many operations in the food precessing industry involve in

spection and grading on a moving conveyor belt. These operations can often be very 

subjective and therefore difficult to implement automatically with current technology. 

Artificial intelligence may hold the answer to some of these problems. 

Many other p~oblems, specific to the industry, are encountered in implementing automat

ion. One of these has already been i~entified as being lack of information, about the 

automation technology, within the food industry. This problem should be easily solv

able. 

FUTURE TRENDS 

The demand for food in the U.S. is expected to increase about two percent annually well 

into the next century. The U.S. food processing industry must stan focusing on some 

new issues in order to capture this increase and prevent further loss of the market to 
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foreign competition. Some signs are of an awakening within the industry. The survey 

conducted by The Robotic Industries Association in 1989 showed that close to fifty per

cent of the companies surveyed planned to install robots and vision systems. Similar 

results are reported from other countries. In 1983 the Japanese Industrial Robot Associa

tion identified the fOod processing industry as one of the most promising candidates for 

future applications of industrial robots (Macchio 85). As cost of automation continuous 

to decline and current demand for automation is satisfied, it is reasonable to expect the 

robotic and automation industry to start focusing on the food industry. 

CONCLUSION 

The food industry is one of the more important components of the U.S economy. Any 

problems facing this industry can have drastic effects on the rest of the economy. Food 

processing management must think fast and creatively about fighting rising costs and in

creased foreign competition. Robots and intelligent automation are clearly part of the 

solution. Food processing management must be informed of the possibilities of utilizing 

the new technologies such as robotics, industrial computers and vision systems, informa-

tion that is shown to be missing. The robotic and computer industries must inturn be in

formed as· to the specific needs of the food industries. Only with close interaction of 

these two industries can the goal be achieved. One measure of management perfor-

mance today is the companies "turnover rate." This measure is such that it will dis-

courage longtime investments, often resulting in good immediate performance of the 

company but poor longtime performance. 

Food processing industry must reevaluate this measure and allow management to plan 

further ahead, with greater capital investment in machinery, training and high technol

ogy. One accepted reason for the superiority of the Japanese industries today, is the 

payback time accepted in Japan. In the U.S the required payback has been two to three 

years, in Japan however pay back of up to twelve years is accepted. It can be seen that 

this does not allow for as much capital investment in a product in the U.S as in Japan, in

vestment often necessary to minimize production cost. 
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In the recent past the cost of high technology has been considered to be one of the 

reasons, robots, vision systems and other computerized equipment, has not been imple

mented more in the food industry. Coupled with a low profit margin, conservative 

management has argued against automation. But why is the profit margin so low? Mac

chio in 1985 showed that close to fifty percent of the consumer cost of an average food 

product was due to labor cost. This considered along with the fact that productivity has 

been steadily decreasing should answer that question. A way to remedy this is automat

ion. The cost of automation has been declining in the past few years and all forecasts 

predict a further decline. This should make automation an alternative investment even 

for the most conservative management. The food processing industry is in some ways in 

a unique position. The demand for food is shown to be increasing and the industry as a 

whole should be able to take advantage of this. The variations in the demand are not 

relevant to the raw materials but rather to the form of its presentation to the market. The 

demand for fish filets is constant or increasing, the variations are in whether it is boiled, 

fried or other wise processed and packaged. Flexible automation should be able to 

respond to these variations with minimum setup costs. 

The human factor must be kept in mind during the process of automating operations, as 

employees tend to be less educated and unskilled in the food industries as compared to 

other industries. Other industries have experienced the benefits of worker suggestions as 

to how operations can be improved and costs reduced. This is however not possible un

less the work force is well informed. Education of food industry workers should be one 

of the priorities of management. . 

Faced with these trends and situations , food processing management should be looking 

at ways to decrease human intervention in production processes, lower production costs 

and decrease inventories. These goals are most obtainable with flexible automation, 

vision systems, inventory control methods such as just-in-time and computerization of as 

many processes as possible. An added benefit of most computer applications in process 

control is the easy implementation of one hundred percent quality controL 
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Considering all these aspects, the CIM concept should be the ultimate objective. In his 

''How CThf is restructuring the American food industry." in 1989, Robe describes some 

of the aspects of CIM: and the benefits. 

In conclusion there exist many promising opportunities in food industries. Robotics and 

automation are in a position to contribute to the future of food industries. 
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Ground processing of the Space Shuttle and its associated payloads at Kennedy 
Space Center is extremely time consuming and costly. Automation of both physical and 
information system processing can significantly reduce costs, processing time, 
operational hazards to both human technicians and expensive space hardware and 
improve reliability. Extensive efforts by NASA-KSC and its associated shuttle and 
payload contractors to implement automated systems have begun. One particularly 
attractive application, which is a crucial operation in need of improvement, is payload 
and shuttle processing at the Payload Changeout Room (PCR). The PCR located at each 
of the two shuttle launch pads is a large clean room mounted on the Rotating Service 
Structure. All payloads are partially processed, accessed and in some cases transferred to 
the shuttle bay in this room. 

Unfortunately, the current handling mechanism and platform system, does not 
provide flexible access to all payloads and critical Shuttle bay locations. Thus, either 
human technicians are placed in hazardous positions, or specialized fixtures, scaffolds 
and lifting devices are used. These alternatives all increase cost, possibly increase 
payload exposure to potential damage, reduce efficiency, flexibility and overall 
cleanliness. Thus, to alleviate these inherent difficulties, a teleoperated, semi
autonomous robotic processing system for the PCR is now in the conceptual stages. 

A clean room manipulator arm, custom designed for the PCR will first perform 
basic processing tasks such as inspection and closeout photography, and evolve to 
provide tactile capability to perform the insertion and removal of small items. A highly 
redundant avoidance system will be incorporated to guarantee that collisions with 
delicate space hardware are avoided. A redundant ann (greater than 6 degrees-of 
freedom) will likely be required due the large workspace which is extremely cluttered 

- -and constrained-when a -payload is in the shuttle bay or PCR. The system will be driven 
by high-level user entered commands or through a manually operated joystick. Thus, a 
complex planning and reasoning system based on Artificial Intelligence technology will 
be required. The primary challenge in this project is the integration of leading edge 
automation technologies now available. The integration and further development of the 
required technologies has been demonstrated through a joint NASA JPL/KSC program 
which began in 1988. This program will demonstrates actual PCR tasks using actual 
flight hardware and an ASEA IRB90 robot arm located at KSC's Robotic Applications 
Development Laboratory. The complete PCR robotic system as currently conceived is 
described here. Critical design issues and the required technologies are discussed. 

1. INTRODUCTION 

A number of ground processing operations at KSC could be improved through 
automation. Recently, a study was conducted to determine where automation may 
benefit ground processing of pay loads including the Space S ration, [ 1]. The reasons for 
introducing J.utomation include the reduction of hJzillds to payloads and processing 
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personnel, reductions in operational costs and processing time. In addition, automation 
will help to improve processing reliability, verification and documentation. 

One of the best examples of physical processing automation at KSC is the 
cleaning and refurbishment of the Solid Rocket Booster's nose cone, instrument module, 
and aft skirt. For this application, the justifications are easily identified: the process is 
repeated for two SRBs for each mission, it eliminates the exposure of humans to a 
hazardous environment, produces more consistent results, and has provided a significant 
cost savings to SRB refurbishment [2]. 

For most of the automation applications needed for payload processing, full 
autonomy is not possible due to current state-of-the-art capabilities of robots and 
controllers. Instead of totally replacing the human, his physical skills and capabilities 
should be augmented through automation. Most payload processing robotic applications, 
require a balanced combination of computer intelligence and human reasoning and 
control. The Payload Changeout Room (PCR) is an ideal candidate for robotic 
technology due to the time constraints, criticality of operations, current difficulties 
associated with payload access, cleanliness requirements and associated cost of 
operations. 

The major challenge of implementing advanced automation systems is the 
integration of newly developed technologies including AI planning and reasoning 
systems, advanced sensory perception, telepresence interfaces, obstacle avoidance and 
redundant arm control. Even though the PCR telerobotic system will require most of 
these advanced technologies, the program risk is not great. Most of the technologies 
have been successfully demonstrated, and the remainder will be demonstrated before this 
system is fully designed and implemented. 

1.1 Launch Pad Operations 

A brief description of launch operations is required to understand the function of 
the PCR. The PCR is a self contained clean room located on the Rotating Service 
Structure (RSS) at the launch pad, as seen in Figure 1. The RSS is attached to the Fixed 
Service Structure (FSS). The FSS provides access to the shuttle, SRBs and external tank. 
The RSS rotates up to the shuttle before launch, and is rotated away from the orbiter prior 
to lift off. The PCR provides access to payload bay and is the interface used to transfer 
vertical payloads to the orbiter. 

Payloads are brought out to the pad in a vertical canister having the same 
dimensions as the orbiter payload bay. The canister is lifted off a transporter and raised 
approximately 80 feet, to the level of the PCR. Seals on the PCR provide an air tight 
bond between the canister and PCR. The doors to the PCR and cannister are opened, and 
the payload is then transferred from the canister to the orbiter. The transfer is 
accomplished using the Payload Ground Handling Mechanism (PGHM) which lifts the 
payloads by their attached trunnions and retracts back into the PCR. The PGHM is 
actually a two degree-of-freedom device with lifting and translating capabilities. Once 
the payloads are secured on the PGHM, the doors to the cannister and PCR are closed, 
the cannister is lowered, and the RSS is rotated towards the orbiter. Once the PCR is 
against the orbiter, the doors of the PCR and orbiter are opened. 

At this time the final preparations are made to payloads. The PGHM then 
translates out and lowers the payload into the orbiter bay. The trunnions attached to the 
payloads are secured in the orbiter fittings and final closeout testing is completed. After 
all orocessin£r is comokted, closeout ohotos J.re taken and the doors to the orbiter and 
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1.2 PCR Description and Processing Tasks 

The PCR is an 80 foot tall Class IV (<lOK 0.5 micron particles/foot3) clean room 
which provides limited access to the payloads. Platforms are fixed at various levels, 
approximately every ten feet in height. These platforms are extended as required towards 
the payloads in the orbiter. Often, these extended platforms do not provide the necessary 
access, so auxiliary platforms are attached to the original platforms with "C" clamps, as 
seen in Figure 2. These auxiliary platforms are commonly called "diving boards". These 
devices do not provide complete access to the payload interfaces in all instances due to 
their location. In addition, the diving boards do not provide safety rails and have limited 
load capabilities, which may expose the payload technicians to undesirable working 
circumstances. 

The problem of access has been addressed in the past by erecting temporary 
scaffolding in the PCR and more recently by constructing special purpose access 
hardware in the PCR. The scaffolding has several advantages in that it is completely 
portable and reconfigurable. The major disadvantage is that during the erection of the 
scaffolding, the payloads are susceptible to damage. The sections of scaffolding are 
tethered to personnel who then climb and assemble the sections. This is a difficult task 
under any circumstance, but in the constrained environment of the PCR, this task 
becomes very challenging. By constructing special purpose access platforms, many of 
the difficulties associated with the original access platforms or additional scaffolding are 
eliminated. However the cost for these assemblies are high, and they are designed to be 
used only once or twice and then they are removed from the PCR. Recently, 
approximate! y $7 50K has been designated for the special access structures for the 
1-Iagellan and Galileo missions. This cost is typical. 

A practical alternative to the previous methods is a dedicated robot system within 
the PCR. A flexible manipulator system could provide much greater access to the 
payloads, be able to operate in constrained environments, and handle hazardous 
materials. This robot would have to be specially designed to meet the many requirements 
of the PCR environment including clean room operation, dexterous motion capability, 
and a high degree of safety and reliability. 

2. BACKGROUND 

Two specific driving forces have led to the highly positive consideration of an 
__ __ _ ___ . _ --~crnal_rQhotic_system..implementation at the PCR. -Eirst,-NASA~s-Space- Station Strategic 

Plans and Programs Office-Advanced Development Program and the Office of Space 
Flight co-sponsored a joint JPL/KSC remote telerobotic demonstration program to 
integrate and advance a number of technologies that will be required for successful SS 
robotic applications. Secondly, there is a significant need for improvements in the 
current methods used for processing payloads at the shuttle launch pad. Improved, more 
flexible access to payloads is required to reduce the need for costly access platforms and 
fixtures, and eliminate the use of particulate generating cranes and lifting devices. A 
telerobotic demonstration program to meet the two tasks described above will be 
described in this section. 

2.1 Current Demonstration Program 

In September 1988, JPL and KSC realized a common need and interest in a joint 
telerobotics program. JPL was interested in demonstrating remote teleoperation with 
induced time delays. KSC was interested in applying the technology to actual ground 
processing applications. By combining c::1pabiliries and resources of JPL and KSC, a 
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operations at KSC and to meet the long range goals of on-orbit telerobotics for Space 
Station. 

2.2 Demonstration System 

The remote telerobotic demonstration system consists of three major components: 
1) a user interface, 2) a computer control hardware at JPL and 3) a manipulator at KSC. 
Two leased 9600 buad serial communication lines are used to connect the user interface 
and computer control hardware located at JPL to the robot located at KSC, see Figure 3 
and are used to transmit compressed video images to JPL and provide two way robot 
communication, respectively. 

The user interface at JPL resides in a Symbolics 3640 AI workstation. Using a 
menu driven, high level robot language, the operator is able to command the robot, 
preview robot motions with a graphic simulator, observe joint positions and the natural 
language description of the current task being processed, see Figure 4. The S ymbolics 
also does the task planning and reasoning and maintains the CAD model of the 
operational environment for obstacle free path planning. 

The S ymbolics machine is connected to a Micro-VAX computer at JPL via a 
DECNET point-to-point connection. The Sensing and Perception module, and the Run
time Controller module are both located on the Micro-VAX. The Sensing and Perception 
software is used to receive and verify that the CAD models match the images of the real 
world. The Run Time Controller outputs joint level robot commands. The Micro-VAX 
at JPL is connected to the Micro-VAX at KSC through the leased serial lines. The 
!vlicro-VAX at KSC grabs and compresses images from a robot mounted video camera, 
provides feedback joint positions from the robot, and receives and executes the robot 
motion commands via joint coordinates. 

The manipulator located at KSC is an ASEA IRB-90, a six axis serial device with 
DC actuators. The ASEA IRB-90 has a 200 pound capacity, a 12 foot reach and a 
repeatability of 0.010 inch. It is located on a 30 foot track, and motion control along this 
track is provided by the robot controller. A camera fixture was attached to the robot end 
effector. A pair of fixed focus, high resolution cameras were attached to the fixture at an 
angle where the major camera axis intersects approximately 1.5 meters from the fixture. 
This provides visual images for the 3-D scene verification . 

.. .. ____________ For_dire.ct. teleoperation,--a Symbolics computer -will-b~i-nstalled--at- the KSG-s-ite, 
see Figure 5. The existing Micro-VAX at KSC will then be directly connected to the 
S ymbolics via a Decnet connection. The appropriate software will be copied from the 
computers located at JPL and loaded on the respective computers at KSC. The direct 
teleoperation scenario is preferable for testing the control software. Also for 
demonstration purposes, it would be more effective for the user/operator to see the 
response of the robot directly. 

2.3 Demonstration Applications 

The potential users of the system (Shuttle Payload Operations) requested a 
realistic demonstration platform so that the telerobotics system could be realistically 
tested on actual flight hardware before being implemented in the PCR. The users 
recommended several pieces of demonstration hardware including a Payload Assist 
Module (PA!vl) Cradle, as seen in Figure 6, and a !vlission Peculiar Experiment Support 
Structure (lv1PESS). These two items were selected because of their geometry and 
constrained internal sp_ace: Th_e users fel t_ ~hat ir _rh_e ro~ot c~uld :ucc~ssfully .navi g~~e 
th rough such Q constr:.llnec ,::1' , ' i!S· nr~er.t ·-,'v':thGUt hltt::-1~ c:: <~;~~: ,~·; . then lt could b~ e ~lSll :/ 
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used on less restrictive payloads. A PAM-D motor, cradle and ground support stand 
were obtained for the demonstration. 

Approximately ten telerobotic applications have been identified by the users in 
the PCR and these include: component inspection, close-out photography, sharp edge 
inspection, lanyard identification and grasping, non-flight hardware identification, 
payload bay protective liner removal, insertion and removal of Quick Disconnects (QDs), 
and insertion of small items before closeout. These tasks are listed in order of increasing 
difficulty. 

The first three tasks are strictly non-tactile tasks and require less sensory 
information and control software than the other tasks. The lanyard identification and 
grasping was included because it is a high priority item among the users and requires no 
direct contact with the rigid objects. The lanyards are attached to lens caps and other 
covers which must be removed before flight. Some of the lens caps and covers are 
currently designed for automation, and the others will be modified so that the robot may 
easily remove them by simply grasping the lanyard and pulling away from the payload. 
The remaining applications are more difficult because they require some form of force 
feedback to the controller, or to the operator using force reflection joysticks. 

2.4 Demonstration Results 

The telerobotic system successfully demonstrated two major objectives, 1) the 
ability of a user located at JPL to remotely control a robot located at KSC, 2) 
autonomously perform some standard payload inspection tasks on actual flight hardware. 
The user interface provided the following capabilities: high level command language, 
scene preview, image verification, real time path planning with collision avoidance and 
human component inspection ability. The robot was able to automatically enter 
constrained regions of the PAM cradle without colliding with the structure or other 
components. The demonstration provides convincing evidence that a robot can operate 
adjacent to delicate flight hardware, performing necessary processing tasks without 
endangering or damaging the flight hardware. 

3. CRITICAL TECHNOLOGIES 

A robot system located in the PCR must perform a wide range of tasks if it is to 
be cost effective, and well -received by processing personnel. The highly constrained, 

. __ delicate environment and. difficult tasks necessitate the need-for a system with a number 
of advanced capabilities, because the PCR environment is vastly different than typical 
manufacturing applications. The required work area is highly cluttered and will contain 
extremely expensive, critical flight hardware and ground support equipment. Not only is 
the equipment critical, once it has reached the PCR a great deal of processing time has 
been expended and it is the last step in the payload launch flow. Thus, any damage 
would be extremely costly and significantly affect the launch schedule. 

In order to implement a robotic system with the required capabilities, a number of 
advanced technologies will be required. Considering the current capabilities of robotics 
and AI technology, the only way to accomplish the required tasks in a safe and reliable 
way is to provide a supervised, human augmented system. Human intelligence must be 
used to guide the planning process and react to uncertainties associated with unknown 
objects in the facility. 

The most crucial elements necessary for the successful implementation of a robot 
in the PCR are a highly flexible, e:1sy to use human interface which requires no previous 
r-obo t proa-r"nlnli.niT '/nO\Vl-"dirp · 1~c· F·1i1 ,:1~? :n;"t·hcr-is ~c q,_.._. .. - -" "·--..1 ~; -_-; ("1 1 r7 .. -"'""' n-"'o-r~c-; 1.: r-,c ... :::: .... u 1. ~ !\.. i .. c c -, '-~tt ' '-.... ... - .J ....... 1 ..... ..................... \._;. \... ....t~J ... )I_.L . ,_. \...-· .J ......... ._.l . ~ l.1.\...... """· !. .t.. ....... ~.. .. ; .. ...~1 
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the robot. The critical technologies required to provide the needed capabilities include 
high level robot control languages, 3D object recognition and location vision systems, 
task scheduling, path planning, proximity sensing, collision avoidance, control of 
redundant manipulators, telepresence and force control. These technologies, with the 
exception of redundant manipulator control, have all been addressed by past research 
efforts and are currently being refined in the joint KSC/JPL PCR telerobotics 
demonstration program. Each of the required technologies are described briefly below. 

3.1 Obstacle A voidance Technologies 

Obstacle avoidance must be guaranteed in a redundant fashion when working 
with sensitive flight hardware at the launch pad. Collisions of any links of the robot arm, 
end-effector, or tooling with any object in the work area must be avoided under all 
circumstances. This can be accomplished using a high level controller which creates 
obstacle free path plans based on stored and real-time knowledge of the working area. In 
addition all motions and tasks should be graphically simulated and approved by human 
operators. 

To insure maximum reliability, the proposed system will incorporate a triple 
redundant obstacle avoidance system. Primary obstacle avoidance path planning will be 
performed by a control computer using CAD graphic models of all payloads, PCR, 
ground support equipment and the Shuttle bay. CAD models for the launch facilities and 
a majority of the payloads are available and will be stored in the control computer during 
each mission. In addition to the static data a 3D vision system will be used to identify the 
shape and location of unmodeled or moveable objects (antennas, valves, doors, holding 
fixtures etc.). This data will be used to update the models before a path is planned. In 
addition to these two systems an independent hardware based collision detection system 
will automatically shut down the system before an impending collision. 

The obstacle avoidance path planning technology will be based on the techniques 
being implemented in the demonstration program (see Section 2.2). The path planning 
method developed at NASA-JPL, described in [4], is based on the free-space techniques 
originally developed by Lozano-Perez [5]. The technique has been modified however, by 
representing all objects in the workspace, as described by the stored geometric model, in 
terms of the manipulator joint coordinates. All paths are then planned in this joint 
coordinate representation which is referred to as the configuration space. The method is 
best described by the following procedural description: 

1. The manipulator workspace is discretized into a set of p joint values for 
each of the N axes of the manipulator. This results in a table of Np 
configurations. 

2. The discretized configuration space is then searched to determine if any 
link or the end-effector interferes with any object in the workspace. If an 
interference occurs the node is marked as occluded space. 

3. The above binary table is created and stored off-line. On-line path 
planning consists of determining a path in the N -dimensional space 
between the current and desired location which contains only non
occluded nodes (free-space). 

Generating the binary workspace obstacle map is a numerically intensive 
operation which takes considerable time. Thus this technique is only practical for 
relatively static work areas. The primary advantage of this method is that a collision free 
path for the entire arm is created. There are a number of othe;:- 1dvantages of working in , 
the joint ccordinate representation 'vh ich :rre disc!lssed in [ J.]. 
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Using the above technique which requires a completely static and known model 
of all objects accessible by the PCR robot is not completely adequate. The model and 
corresponding obstacle avoidance map must be updated to accommodate moveable 
objects, and other objects which have not been previously modeled. This will be 
accomplished using a 3D object recognition and location vision system. A stereo vision 
system located on the robot will be used to determine the shape and location of known 
and arbitrary objects. This information will be used to update the CAD model of the 
work area used by the planning system. Image processing 3D recognition and location 
techniques are now in development at JPL [ 6] and a number of other laboratories. 
Although this is leading edge technology, based on past demonstrations at JPL, it is 
expected that a satisfactory system will be developed in the demonstration program. 

One critical issue not addressed above is the availability of CAD graphic models 
of all objects in the PCR during processing. Models of the PCR are being developed now 
and a model of the Shuttle bay already exists. However, these models exist on various 
computer systems using different 3D graphic representation standards. Most of the 
payloads also exist in digital form. The critical technology therefore is the ability to 
transport a wide variety of CAD models into a common representation which can be 
accessed by the high-level computer. Current plans are to transfer all models into the 
Interim Graphic Exchange Specification (IGES) standard. However, this may be 
inadequate for 3D models and advances in this technology may be required. 

Hardware based collision detection technology is also required to avoid 
unexpected collisions and performance. A proximity sensing system capable of 
providing the distance between any point on the manipulator arm and the closest object 
of any material must be implemented. A large number of reliable proximity sensors must 
be mounted on the arm and integrated into a single, fast reacting system. Potential sensor 
candidates include sonar, radar, laser triangulation, coherent laser radar, and highly 
compliant contacts. This technology has been demonstrated in university labs [8] and 
there is some direction in the Flight Telerobotic Servicer (FTS) program to provide a 
system of this type. 

3.2 Hi~h Level Task Planning. Reasoning and Human Interface 

A high level programming language, and user interface will be required for the 
efficient operation of a robot in the PCR. This system should have the ability to plan, 

. _____ initiate .. and. schedule_ complete operations based on generic input commands, and provide 
high resolution graphic simulations of all planned operations for review. The system 
should also be able to reason over a set of rules and guidelines which assures that all 
processes and tasks will be performed according to set procedures and Operational 
Maintenance Instructions (OMI). 

The high level interface assures that operators with little robot programming 
experience are able to quickly and easily program and operate the robot system. The 
high level programming system will alleviate the need for tediously programming entire 
paths of end-effector positions and various tool commands, and reduce operator training. 
Using this interface the operator would teach or operate the system by selecting specific 
actions or operations from a menu. For example, the operator would select "INSPECT" 
from a menu (Inspect, View, Insert, Remove, Move To, Open etc.), then from another 
menu the device "PAYLOAD" and from a sub menu "FUEL UMBILICAL". The task 
planner would then determine the complete sequence of events necessary to carry out the 
task based on procedures and guidelines stored in a data base, and would provide an 
obstacle free path for the entire robot. 
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This capability will be based on an advanced task planning system developed by 
JPL for their Demonstration Testbed Project [4] referred to as the Remote Mission 
Specialist (RMS). The RMS has two stages of plan generation, 1) converts high level 
directives into a series of commands which tell what specifically needs to be done in the 
task space, 2) converts commands to primitives which are executable by the robot 
controller. This planning operation is constrained by the procedures and guidelines 
which must be stored in a knowledge base. Considerable knowledge engineering effort 
will be required to transform the generic and mission specific PCR operations into a form 
suitable for the AI computer system. All generated paths, may be previewed with the use 
of graphic simulation before they are carried out. Thus, graphic motion simulation 
technology will also be required. 

3.3 Telepresence Man-Machine Interface 

The high-level user interface technology described above may not provide 
complete flexibility. For highly complex or spontaneous tasks, it may be more effective 
to operate the robot in the traditional teleoperator mode, with the operator controlling the 
motion of the end-effector with a joystick interface. The joystick controller should be a 
highly transparent interface allowing the operator to control the end-effector with the 
natural motion of his hand. He should be provided with the "look and feel" as seen at the 
end-effector, thus the term "telepresence". 

Telepresence will be accomplished by providing the operator with visual and 
force feedback. Force feedback can be supplied by measuring the end-effector forces 
with available force transducers, and applying the corresponding force to the operators 
hand using powered actuators on the joystick controller. Visual information can be 
provided by the vision system cameras and additional cameras. Using cameras located 
on the robot or fixed within the PCR, several views of the robot arm, end-effector and 
work area can be provided, in addition to graphical animations described previously. 

Natural, telepresent control cannot be provided by a directly coupled master/slave 
controller. Current state-of-art man-machine interface technology is able to provide the 
above capabilities by using a control computer to act as a flexible interface between the 
joystick and the robot. The joystick position or motion is interpreted and transformed 
into suitable, corresponding robot commands. At the same time, the force on the end
effector or tool is interpreted, and transformed into suitable commands to the joystick to 
~pply corresponding forces. Thus a universal, flexible bilateral controller is achievable. 

-
With this flexibility, a highly capable interface is achieved by providing force and 

motion scaling and filtering for vibrations. More importantly, the reference frame for 
motion or forces can be selected to match the end-effector frame, the current display 
frame, etc. Additional features such as position or velocity control and the ability to re
reference the joystick position will also be required. The technology to provide these 
capabilities has been demonstrated at a number of laboratories [7]. A bilateral controller 
of this nature will allow the operator to perform difficult tasks such as QD removal and 
insertion and other tactile-like assembly operations. Complete autonomy of these more 
difficult tasks is not readily achievable in a practical system and thus human intelligence 
and sensory capability is required. A universal controller provides an ideal augmentation 
human capability and is essential. 

3.4 Control of Kinemaricallv Redundant Manipulators 

When a payload is mounted within the PCR or Shuttle bay a constrained and 
cluttered work area exists. This severely limits the ability to avoid obstacles using a 6 
rL:~ ( r- ~o.(-.. 'i f f - ~,..{ /T}Qf=' ; ~ ~ t-L, , .. ~ .., , 1 1 b r~ r (' ~ · t .. i 7j -A ...::, ... •,:). \ , , ; 1 l 'l - ~ ..:; -'''- ... - .:e .J._..om \ ~ • . - ·~- lJ ,,_, ~ .L.T!l ,___. Of aclua O f S .n .. 1c .;;"sk m) mL.,r:. pu ~~ tor ann. 
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The available obstacle free work area of the arm will be significantly increased using a 
redundant system with 7 or more DOF. This is due to the fact that the most general 6 
DOF robot has at most 16 possible configurations for a given position and orientation 
(pose) of the tool or end-effector. Note, general here refers to a completely arbitrary set 
of fixed geometric constants which include the angle between each pair of adjacent axes 
(twist angles) and the fixed distance between adjacent links (offset dimensions) of the 
arm. Furthermore, most standard industrial robots, which contain all parallel or 
perpendicular adjacent axes have either two of four possible configurations for a given 
pose. This limited number of configurations may not provide obstacle free access for a 
required pose. 

Introducing an additional link for the robot (an extra degree-of-freedom), 
provides an infinite number of robot configurations for a given pose of the end-effector. 
The human arm, containing 7 DOF (with respect to motion constraint not actuation), is an 
excellent example of a redundant manipulator. This is evidenced by examining the case 
of the hand placed firmly on a table. Without moving the position or orientation of the 
hand the elbow can be placed in an infinite number of locations. 

Unfortunately, algorithms for providing obstacle avoidance using redundant 
manipulators are now in the developmental stage. Most of the research is aimed at 
optimizing a given control parameter. Possibilities include minimizing energy, 
minimizing or balancing motor loads, maximizing the speed of motion, etc. These 
optimizations would be useful for on-orbit applications, where resources are limited. 
However, for ground operations these optimizations are not essential. The primary use of 
redundancy will be to provide obstacle free motion and increase the dexterity and 
available work area of the arm. 

Thus, the key technology requirement is the development of obstacle avoidance 
and path planning techniques for the redundant system. Considerable advancement in 
this area may be required. However, certain techniques may naturally extend to the 
redundant case. For instance, the free path, configuration space technique described 
above (Section 3.1) can be implemented with a redundant system. The binary obstacle 
map represented in joint coordinates is simply a forward position analysis of the system 
which is easily accomplished regardless of the number of links in the system. However 
the binary map becomes a 7 (or more) dimensional space. This may become impractical 
to generate even off-line, and search for free paths. Heuristic or rule based techniques 
may be ne9essary to provide manageable techniques which can be implemented with 

______ .R_r~ct!~~t 9.QPJP.l:!Jer. )lar.dw?re. This is the single technology requirement in which existing 
capability may not be adequate. 

4. SYSTEM DESCRIPTION 

In this section the preliminary conceptual design and functionality of the PCR 
telerobotic system will be described. The system will consist of the following three 
major components: a manipulator capable of operation throughout the PCR, a 
hierarchical computer system and user interface, and sensor systems. The basic 
requirements of the system include the ability to perform inspection and other processing 
tasks. The system must not contaminate the Class IV clean room. Collision free motion 
must be guaranteed by a highly redundant, reliable obstacle avoidance system. Lastly, 
the system must be extremely easy to operate either in programmed or run-time control 
modes. 

The manipulator will likely contain seven or more DOF to provide enhanced 
obstacle free motion capabilities. It may be mounted on a venic:1l rail attached to an 
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of the payload area of the shuttle bay. The robot will provide approximately a 15 foot 
reach, 20 pound payload capacity and a positional accuracy of+/- 0.10 inch. A custom 
designed system with an optimized geometry for the required work area will be required. 
The ann will have to meet clean room requirements and all actuators must be explosion 
proof. 

The end effector will be designed to accommodate various tools, sensors and 
cameras. Quick connect tools may be used for some tasks. The video system may 
require special lens and filters, so they must also be designed for quick 
connect/disconnect. A multiple DOF articulated tool may also be used to reach between 
the payloads and the bay. 

The computer system will be a hierarchical, two layered architecture. The top 
high-level control computer will interact with the operator, and perform task planning, 
reasoning, programming and program storage and retrieval. The second layer contains 
the run-time control system. The high-level controller will most likely be an AI 
workstation, and the run-time controller will be a standard multi-processor computer 
environment. Various individual processors for sensors and end-effector systems will 
communicate with the run-time controller as well as the manipulator system. A joystick 
device will also be interfaced to this controller. A fully integrated system with all 
processing systems embedded within the controller would be ideal. However, this is 
unlikely to be possible. It may be possible to embed the manipulator servo controller 
since a custom system is being designed. 

To reduce space impacts, a majority of the computer processors may not have to 
be housed within the PCR. However, the operator workstation monitor, joystick 
controller and video displays should be located within the room for maximum viewing 
capability. All computer devices and displays located within the PCR will have to be 
industrialized systems to withstand the effects of launching. 

The user interface consists of a joystick controller, video and simulation displays 
and the high-level controller workstation. The workstation will provide the primary 
interface to the system. The operator will have the capability of programming tasks by 
selecting generic descriptions of locations and devices from workstation menus. Taught 
or programmed tasks may be simulated graphically before actual execution. The work 
station will control the mode of the system (teleoperation, simulation, programmed task 
execution etc.) and provide required status. A force-feedback joystick controller will 
_lij(ely _Q~ r~qu_ired_tQp_erfQnn _a_ssembly tasks. Thus the system will be capable of running 
in supervised teleoperation mode. Supervised meaning the obstacle avoidance system 
will continue to run in this mode. 

A number of sensor systems of various complexity will be required. The obstacle 
avoidance system is based on two individual sensor systems as explained in Section 3. A 
3D video image processing system will be required to recognize and determine the 
location and orientation of arbitrary objects. Also, the coordinates of carefully designed 
reference targets throughout the area will have to be determined. An arm based 
proximity sensing system will also be required to warn of impending collisions of any 
point on the arm. A hardware based system integrating a large number of small sensors 
mounted on the arm is envisioned. Each proximity sensor will be required to determine 
if a minimum distance, along a straight line, to the closest object of any material has been 
reached. Standard force/torque sensors will also be mounted on the end-effector. 
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5. POTENTIAL APPLICATIONS 

A multitude of tasks in the PCR are potential candidates for automation. These 
tasks include component inspection and verification, close-out photography, non-flight 
hardware identification, payload bay protective liner removal, lens cap removal, insertion 
and removal of QDs (quick disconnects), and insertion of small flight batteries and film 
packs. 

These tasks can be divided into two categories, those tasks which do not require 
the robot end-effector to touch flight hardware, and those tasks which do. The first group 
of tasks eliminate all of the difficulties associated with force control. As long as the 
obstacle avoidance software works properly, there should be no physical interaction 
between the payload and the robot. This greatly reduces the risk factor associated with 
operating a robot in the PCR. However, many of the tasks which require contact provide 
the highest pay back. 

Three tasks are of the highest priority, inspection of payload components for 
sharp edges, lens and dust cap removal, and insertion and removal of QDs. The first task 
is a non-contact in which astronauts personally check all payloads in the payload bay for 
sharp edges. Sharp edges could cause space suits to tear and depressurize. Currently, 
this requires special scaffolding to be erected so that the astronauts may thoroughly 
inspect the entire payload bay before close-out. A camera would be mounted on the end
effector, and the robot could either be controlled manually with the joystick, or 
automatically with the high level control software. Images of the payloads taken from 
the camera would be transmitted to a monitor and recorded for future reference. 

On many payloads, a number of lens caps and dust covers are used to protect 
optical and other surfaces from contamination. Usually, these are the last non-flight 
items removed from the payload bay before closeout. Often, these protective covers are 
located in places with limited access. In the past, technicians have walked on flight 
hardware to reach these locations and while nothing was damaged, the potential for 
damage and flight delay is great. The lens caps and dust covers must be designed for 
automation in the future. Presently, lanyards are attached to the lens caps and dust covers 
so that a technician can easily remove them by pulling on the lanyard. A visual target 
could be attached to the lanyard, and the integral vision system could identify and direct 
the robot to the target. Because the lanyard is compliant and will not transmit forces 
towards the payload, this task does not require extensive force control capabilities. 

The third major task is the most difficult. Connecting and disconnecting QDs 
requires extensive force control capabilities coupled with object identification, 
positioning, and path planning. Currently, the Robotic Applications Development 
Laboratory (RADL) at KSC is involved in automated QD insertion for remote umbilical 
connections. This research has demonstrated successful target acquisition and insertion 
of a QD into a receptacle. The QDs include fluid, gas, power, and communication 
connections. The QDs are located about the complete periphery of the payload, and are 
often located in inaccessible locations. For example, the Magellan probe had over 50 
QDs in various locations. 

QDs designed for automation greatly simplify the required robotic capabilities. 
For example tapered shanks, self aligning and automatically locking QDs which 
incorporate common design for different missions will improve the robot capabilities and 
help to reduce processing costs. 
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6. CONCLUSION 

Payload and shuttle processing tasks within the PCR represent an ideal 
opportunity for improvements through the use of physical automation and telerobotic 
technology. A reliable, easy to use manipulator system capable of providing access to 
large portions of typical payloads within the shuttle bay will reduce processing costs and 
potential contamination, and improve safety and cleanliness. Additionally, the 
implemented technologies and system designs will also provide similar benefits to both 
on-orbit and ground processing of the Space Station Freedom. A number of advanced 
technologies will have to be integrated in to the proposed system. However, these 
technologies have been developed and are currently undergoing successful 
demonstrations using actual flight hardware, greatly reducing the associated risks. 

The advanced technologies and capabilities required for the proposed system 
include a redundant obstacle avoidance system, intelligent task planning and reasoning, 
high level user programming interface, force reflecting joystick control, and redundant 
DOF arm control. This system represents an optimal balance between system autonomy 
and human intervention based on todays technical capability. Inherent in this augmented 
or balanced system design in the ability to evolve to a higher degree of autonomy. An 
initial implementation capable of performing simple placement and scanning tasks with 
direct joy stick control can be implemented in a 2-3 year period. A fully operational 
system is possible within 5 years. The completed system will represent effective and 
rapid use of NASA developed, state-of-the-art automation technology. 
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Figure 1 The RSS and PCR at the PAD Figure 2 The Pay load Changeout Room 
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AUTOMATIC PLANT GROWTH DEVELOPMENT PROJECT 

Dan Wegerif, Ph.D., Mark Thomas, Mike Myjak, 
Roy Tharpe, Mike Sklar, Ph.D. 

McDonnell Douglas Space Systems Company 
Kennedy Space Center, 

PO Box 21233, Kennedy Space Center, Fl 32815 

1. INTRODUCTION 

In order to support exploratory manned missions to Mars and beyond, automated 
means for growing and cultivating food crops are being developed. Due to the long 
durations of these missions, it is impractical to transport enough consumables (water, 
oxygen and food) to meet the needs of the crew. As an alternative, plants could be grown 
on board and used to recycle the waste products of the crew and generate the required 
consumables. It is technically feasible to develop autonomous robotic systems which can 
perform plant cultivation tasks in the place of human personnel. Such an automation 
capability would free the astronauts of many mundane tasks typically to support plant 
cultivation, such as planting, transplanting, monitoring and harvesting plants. 

At NASA's Kennedy Space Center (KSC), a project entitled "PLANT GROWTH 
AUTOMATION" was initiated in 1988 at the Robotic Application Development 
Laboratory (RADL). The objective of the Plant Growth program is to integrate robotic 
plant cultivating systems developed in the RADL into the Controlled Ecological Life 
Support System (CELSS) laboratory at KSC in support of future long duration manned 
missions. McDonnell Douglas Space Systems Company was contracted by NASA to 
design and develop a vision based system which could demonstrate the feasibility of 
automated wheat harvesting. This was successfully accomplished by integrating a vision 
based plant component recognition system to a small industrial robot. Several major 
components were developed in support of this task including component identification 
software, communication software, supervisory controller, and geometric transformation 
routines [1]. 

These major software components along with the hardware components are 
described in the following sections. 

2. HARDWARE COMPONENTS 

The major hardware components used in the implementation include a Macintosh 
II computer, Perceptics N u Vision image processing system, a PUMA 562 robot and 
controller, and a Panasonic WV-D5000 color video camera, as shown in Figure 2-1. The 
color camera is mounted to the end effector of the robot. A Macintosh II provides the 
vision system user interface, executes the system supervisory control software, and 
interfaces to the robot controller through a direct serial connection. The hardware 
components are described in more detail below. 

2.1 Perceptics N u Vision Svstem 

The NuVision workstation consists of three major components: 1) the NuVision 
image processing hardware, 2) an Apple Macintosh II, and 3) image I/0 devices such as 
cameras and monitors. The Nu Vision system works in conjunction with a 1-'Iacintosh II 
to provide an image processing workstation. The Macintosh II is used to direct the 
N u Vision hardware in the enhancement of ima£?:es and to handle the higher-level 
operations of image analysis and understanding~ while the N u Vision ha~dles the 
computJ.tion intcn:-;ive ··i1umber crunching·· requir~J c:1 :m ~~ :; ,~ J :.tta [2j. 
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' ' 

PUMA Robot 

Figure 2-1 Plant Component Differentiation System Configuration 

The Nu Vision system contains a library of software routines that perform basic 
image processing functions such as convolution masks, binary thresholding, and 
morphological functions. They operate at a high functional level and are imbedded in a 
user friendly interface which extensively uses windows and icons. This allows calls to 
these library commands to be made easily from other routines, providing integration 
capability. 

2.2 Camera S vstem 

A high resolution color video camera is required to obtain images for the vision 
system. The camera selected is a Panasonic WV-D5000 body with _an Red-Green-Blue 
(RGB) adapter, to provide three color imaging. The ~~eza _!lses a high sen~itiv_ity 
Charge Coupled Device (CCD} pickup providing 380 lines of horizontal resolution and 
30 complete frames per second output. The CCD is an integrated color mosic filter 
single chip system and has 57 4 (horizontal) by 499 (vertical) pixels. The camera also 
incorporates automatic white balancing to minimize color distortion under varying 
lighting conditions. An 8X auto-focus, power servo control zoom lens, Panasonic model 
WV-LZ14/8AF, was also used. This high quality lens has an auto focusing range 1.3 m to 
intinity, and a manually focused macro mode of 50 mm to 1.3 m. The camera is mounted 
on a robot end effector bracket. 

2.3 PUMA Robot and Controller 

The manipulator used in this integrated robotic system is a Unimation PUMA 562 
industrial robot (Figure 2-2). It is a six-degree of freedom, serial manipulator with a total 
reach of approximately one meter and a paylo.1d capacity of 4 kilograms. Each joint is a 
rotating joint with a permanent magnet servomotor drive. The drives contair'. integrated 
position sensors, feedback from which is used for the real-time servo control. The 
oosirion se:1sors ne incrementJ.l opticJ.l er1code~s : cotentiometers are also orovided for 
.l. .. ... ... 



61 

startup calibration. Each motor drives its joint through some combination of shafts, 
flexible couplings and gears. The servo control system provides position repeatability of 
+O.lmm and speeds up to 500mm/sec. Extensive safety features such as current overload 
protection and dynamic braking at the servomotors are also provided. 

SHOULDER 

TRUH)(~ 

I 

Figure 2-2 PUMA Industrial Robot 
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Programmed control of the robot is provided by a Unimation Mark III controller 
exec_utiug __ th.e _YAL_JLrobo_t programming language. The controller implements servo 
control of the individual joint motors to produce coordinated motion of the robot end 
effector. Capabilities are provided for coordinated joint space motions as well as straight 
line motions of the end effector, which are used for this application. Two operating 
modes are available: 1) point-to-point mode, in which the robot halts at each location 
before continuing to the next location, and 2) continuous-path mode, in which the robot 
smoothly transitions between motion segments without stopping at intermediate 
programmed points. Because of the selected communications algorithm, only the point
to-point mode is used in the current system. 

The Unimation controller and VAL II language also provide a capability for 
supervisory control via an external host computer [3]. This vital capability is utilized to 
integrate the robot to the Macintosh IT host computer. The supervisory control interface 
uses a digital message-passing protocol for error-free communications. The Unimation 
controller implements the robot side of this interface; the host computer's portion of the 
interface was developed during the project (see Section 3.1 ). 
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Summarizing, the Unimation PUMA robot, Mark III controller and VAL II 
programming language provide a versatile tool for implementing advanced robotic 
systems and applications. Their operating characteristics and control features are well
suited for the integrated robot/machine-vision system developed during this project. 

2.4 Workcell 

In the workcell for the Plant Growth project, the robot is rigidly mounted on a 
square table approximately two meters on a side. A buffer zone around this table is roped 
off with safety chains. The robot controller cabinet and terminal are positioned outside of 
this safety zone but in plain view of the robot. The Macintosh II host computer and 
Perceptics NuVision system are kept in the RADL control room. This control room 
provides a temperature-controlled environment with large plate-glass windows that 
afford a clear view of the robot workcell. The camera cables are routed from the end
effector mounted camera, along the lengths of the robot links, under the workcell table 
and into the control room. 

The wheat plants stand in the trapezoidal tray in which they are hydroponically 
grown in the CELSS chamber. This tray is positioned on the workcell table within the 
reachable workspace of the robot. A rectangular background made of black foam is 
positioned behind the plant tray and provides a neutral background. Four white circles 
(approximately 15mm diameter) are positioned on the backplane for performing some of 
the demonstration tasks. The background can be repositioned or turned around. The 
workcell layout provides an uncluttered configuration with good operator viewing 
characteristics, and has proven useful for a number of demonstration robotic activities. 

3. SOFTWARE COMPONENTS 

There are four major software components in the system including the component 
identification software, the comn1unication software, the supervisory controller, and the 
geometric transformation routines. These components will be described in the following 
sections. 

3.1 Robot Communications 

In order to couple the machine vision system to the PUMA robot, a 
communication package had to be developed that was consistent with the VAL II robot 
controller. The VAL II controller provides the capability of communicating with an 
external computer through a rigorous communication protocol. This protocol allows the 
external computer to direct and supervise the activities of the robot. The Supervisor is 
made up of a special VAL command protocol (LUN Protocol), a physical data 
transmission protocol (DDCMP) [ 4], and the physical link between the two computers 
(RS-422 serial line). 

The communication software is implemented in such a way that it can be 
extended quite easily to a fully operational supervisor. Extensions could include other 
VAL II LUNs to handle short status information, local file manipulation, or remote 
program execution. 

The communication software design is based on the following Finite State 
Machine (FSM) in Figure 3-1. The FSM is defined by a number of states to represent the 
possible avenues the program can take and the arc transitions listing the input required to 
move from one state to another. 
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Figure 3-1 DDCMP Finite State Machine 

The program begins by initializing the serial port, data structures and global 
variables necessary to begin receiving data. The communication program is tied into the 
main event loop of the Macintosh user interface, which captures mouse events for menu 
items on the CRT. Each time around the main event loop, the serial port is checked for 
newly received data. The check is done by a function called CheckSerPort in the file of 
the same name. If any characters are present in the serial port, they are copied to a 
software buffer and processed. 

The processing of the data includes determining what type of message the data is, 
a command or data message, and converting the character data into a data structure. 
Once the data is stored into a structure, the proper message counters are updated and the 
proper acknowledgements are sent. When a message is received in error, a NAK (not 
acknowledge) will be processed requesting the data packet to be re-sent. 

When the program has reached the steady state node of the finite state machine, 
data (or monitor commands) are sent to the PUMA through a single function c2l1. This 



64 

function takes a Val command as its argument, sends the command, and waits for the 
command to finish executing. 

3.2 Component Identification Software 

This section describes the plant component identification methodology and 
supporting software. The major objective of the component identification software is to 
identify multiple wheat heads in a single image and then determine the harvest points of 
each mature wheat head. A number of image processing techniques were investigated 
including binary thresholding, binary and gray level morphology, edge detection, image 
subtraction, image correlation and texture analysis. A combination of gray level 
thresholding and morphological blob analysis provided the best results under the 
demonstration conditions. 

As previously mentioned, the wheat was grown on a tray, and the tray was placed 
in the workcell with a black neutral background to provide high contrast. Identifying the 
wheat plants is a straightforward task using simple binary thresholding. Binary 
thresholding is an image processing technique which converts all pixels above a selected 
gray level to white and the remaining pixels to black [5]. To identify the mature wheat 
head from the other components (stems and leaves), color differentiation was used. At 
the time of harvest, the mature wheat heads are golden brown shade, while the leaves and 
stems are still green. The greatest contrast was found in red field of the Red-Green-Blue 
(RGB) camera output. A histogram of the red field is shown in Figure 3-2, and the 
threshold value for the wheat head identification is labeled T. Some extraneous pixels 
not belonging to the wheat heads have values above the threshold limit, T, but they are 
filtered out by the next processing step. 
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Figure 3-2 Histogram of Wheat Plants Using the Red Field 

Once the thresholding is completed, the morphological function called blob 
analysis is performed. The blob analysis performs two functions: 1) additional image 
filtering and 2) calculating statistical information for each blob. A blob is defined as an 
object having N (defined by the user) or more connected pixels. Knowing the 
approximate number of pixels for a wheat head, the value N could be selected so that all 
blobs with fewer pixels would be eliminated. This filters out the extraneous pixels above 
the selected threshold value T. Once this filtering process takes place, statistical data 
may be calculated for each blob, including area, perimeter, centroid and various ratios 
(length to width, area to perimeter, etc.). This statistical information is used to locate the 
harvest point for each wheat head. 

The harvest point for each wheat head is located by generating a perimeter chain 
for each blob and selecting the lowest point of that chain. This is done for each blob, and 
a list of the Cartesi::m coordinates for these harvest points are stored for use by the 
supervisor:_; controller. 
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3.3 Supervisory Control Software 

This section describes the implementation of the supervisory controller - the 
software package that directs the autonomous operation of the integrated robotic system. 
The supervisory controller executes on the same Macintosh II computer that controls the 
machine-vision processing. The supervisory Controller integrates the overall robotic 
system as illustrated in Figure 3-3. It coordinates interactions with the user, motions of 
the robot, and image processing activities of the machine-vision subsystem. The 
Supervisory controller provides the following functional capabilities: 

1) Interacts with the user to establish task parameters, such as which program 
to run, results to record, test configuration to use, etc.; 

2) Allows the user to suspend, abort, examine or test system operation; 

3) Commands motions of the robot to image capture locations, wheat harvest 
locations, etc.; 

4) Converts scene information from image coordinates to robot motion 
coordinates, and incorporates end-effector orientation data; 

5) Commands the machine-vision subsystem to capture and process images, 
and defines what processing to perform; 

6) Combines data from multiple scene images to determine three
dimensional information; 

7) Records run-time information on system operation. 

Operator 
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The supervisory controller interfaces to the human operator using standard 
Macintosh user-interface dialogs, which provide discrete and editable text inputs. Dialog 
items allow the user to select run options and interrupt or abort operation. The 
supervisory controller interfaces to the other subsystems through standard "C" function 
calls. External functions are defined for sending commands to the robot controller, for 
capturing scene images, and for processing scene images to locate wheat harvest points 
or position registration points. The scene data are returned in global memory buffers. 

The supervisory controller was implemented in the C programming language. 
The implementation employs a modular, hierarchical architecture patterned after the 
NASA/NBS Standard Reference Model for Telerobot Control Systems (NASREM) [6]. 
NASA has extended the conceptual formulation of this programming architecture, and 
has embraced it as an implementation standard for robotic system controllers, notably for 
the Flight Telerobotic Servicer currently under development [7]. 

A primary feature of the NASREM architecture is that the supervisory control 
software is partitioned into a number of independent processi.tg modules, referred to here 
as Generic Control Blocks (GCBs). Each GCB has well-defined functionality, interfaces 
and communication protocols, allowing it to be developed and tested independently, then 
readily integrated into the complete system. In addition to simplifying software 
development, this architecture allows incremental implementation of processing features 
and promotes program extensibility [8-1 0]. 

The GCBs are organized in a tree structure - each has one parent block, one or 
more offspring blocks, and receives commands from its parent and status replies from its 
children. At regular sampling intervals, the block performs selected processing functions 
based on its current inputs and internal state. The processing produces an updated state 
and outputs consisting of commands to the block's children and a status reply to its 
parent. The command and status messages are communicated between blocks using 
shared (i.e., global) memory buffers. 

The GCBs that constitute the Supervisory Controller are organized into the 
hierarchy shown in Figure 3-4. The primary functions of the individual control blocks are 
as follows: 

1) Top Level- sequences through a file of commands for the Supervisor and 
monitors the overall operation for task completion or errors; 

2) Supervisor- coordinates the operation of the vision system and robot, 
performs the geometric image processing tasks, and handles sequencing 
through multiple motions; 

3) Robot Executive- converts locations into robot coordinates and handles 
the individual robot motions; 

4) Vision Executive - calls the vision routines that handle image capture and 
single-image processing; 

5) Robot Communications - formats VAL commands and integrates the robot 
controller into the GCB structure. 

The Supervisory Controller is integrated with the interactive machine-vision 
software by a single function call in the main activity loop. This is a software loop that 
continually executes, checking for system events, such as user interaction commands, and 
handling these events as they occur. Whenever the Supervisor; Controller is enabled and 
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Figure 3-4 Supervisory Controller Hierarchy 
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there are no system events to handle, the next GCB executes one processing step, and 
then control returns to the main activity loop. In this way, the processing functions for 
each GCB repeatedly execute in turn. 

3.4 Geometric Transformations 

One of the main processing activities of the Supervisory Controller is the 
transformation of position information among various coordinate systems and 
representations. This is necessary because the vision subsystem provides information in a 
two-dimensional, camera-fixed coordinate frame, but the robot executes motions in its 
own three-dimensional coordinate system. The implementation represents point and 
rigid-body positions using four Cartesian coordinate systems and three different 
orientation representations. 

Figure 3.5 illustrates the three-dimensional Cartesian reference frames used in 
this implementation. They include: 

I) camera coordinates - a reference frame attached to the camera, with the z
axis directed along the line-of-sight axis of the camera, and the x- and y
axes lying in the image plane; three-dimensional scene information is 
initially represented in this frame; 

2) world coordinates - a reference frame fixed in an arbitrary location in the 
work environment, used for all intermediate position specifications; 

3) robot coordinates - a reference frame fixed to the base of the robot, used 
for fina l robot motion commands. 



68 

Camera 

World 
Robot 

Figure 3.5 Cartesian Reference Frames 

In addition, image information analyzed or produced by the vision subsystem uses a two
dimensional, Cartesian reference [ 11]. 

Point positions are represented by two- or three-component vectors in Cartesian 
coordinates. The locations of bodies or reference frames consist of the position of a 
reference point in the body or frame, and the orientation of the body, which defines how 
all other points in the body are positioned relative to the reference point. Two orientation 
specification methods are used in this work: 1) successive rotation angles and 2) three
by-three rotation matrices of direction cosines. Rotation angles provide a compact 
representation, since only three values are needed, and are used wherever location 
messages are passed between distinct software components. Direction-cosine matrices 
provide a convenient method for converting positions among different coordinate 
systems, and are also used for combining successive coordinate transformations. 

A direction-cosine matrix [R] is a three-by-three matrix, the components of which 
are cosines of the angles between corresponding coordinate axes. For example, the 
component in row 0, column 1 of this matrix is the cosine of the angle between the x-axis 
(axis 0) of one frame and the y-axis (axis 1) of the other. Direction-cosine matrices are 
orthogonal (i.e., the rows or columns are unit length and mutually orthogonal) and 
therefore, for example, 

(1) 

If the location of one reference relative to another is specified by the position r of 
the origin and the rotation matrix [R], then point positions can be readily converted from 
one reference to the other. For example, if he is the local position of a point in the end
effector reference, its position in the world reference is given by 

(2) 

For notational convenience (and for including perspective transformations), the 
offset and rotation matrix are often combined into a single four-by-four displacement 
manix [T], where 
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[11 = ~ [R] 

0 0 
(3) 

and point positions are specified in homogeneous coordinates (for standard 
transformations, simply augment the vector with a component equal to one). With this 
representation, the point transformation in Eq. (2) becomes a matrix-times-vector 
multiplication, and successive displacements are combined using matrix multiplication of 
the individual transformations. Inverse transformations can readily be detennined based 
on Eq. (1). 

The other type of orientation specification employed in the Supervisory 
Controller implementation is successive rotation angles. The VAL robot controller uses 
orientation angles (O,A,T), where angle 0 measures the yaw of the robot end effector, 
angle A defines the pitch of the end effector, and angle T defines the roll of the end 
effector about its z-axis. The components of the rotation matrix corresponding to a set of 
orientation angles can be found as sums and products of sines and cosines of these 
angles. For example, 

lcOsT -sOsAcT 
[R]oAT = sOsT+cOsAcT 

-cAcT 

cOcT+sOsAsT 
sOcT -cOsAsT 
cAsT 

sOcAj -cOcA 
-sA 

(4) 

where sA = sin A, cA = cos A, etc. Sin1ilarly, the orientation angles for a specified 
rotation matrix can be determined by a sequence of inverse transcendental operations. 
Routines were programmed for computing each of these conversions, as well as the point 
and rigid-body position transformations described above. 

Finally, integration of the machine-vision system and the robotic controller also 
involves conversions from two-dimensional image data to three-dimensional data in 
camera coordinates. The image transformations use the standard perspective 
approximation that all image rays project through the center of the lens to the image 
plane (Figure 3.6). Iff represents the distance from the image plane to the lens (i.e., the 
focal length), then the projection (xi, yi) in image coordinates of a point with coordinates 
(xc, yc, zc) in camera coordinates is given by 

xi 
fxc 

yi 
fyC 

= -------- = -------- (5) 
f- zc f- zc 

The inverse transform, from image coordinates to camera coordinates, is not 
unique - each point in image coordinates corresponds to a line in camera coordinates. A 
stereoscopic positioning algorithm is applied for uniquely determining the camera 
coordinates of image features. In this approach, two images of the same scene are 
captured, processed, correlated and combined to produce the three-dimensional 
information. 

First, the camera is positioned and an image of the wheat is taken. This image is 
processed to find the wheat locations in two-dimensional image coordinates and these 
locations are stored. The camera is then translated a predetermined distance 
perpendicular to its axis. (This translation without rotation simplifies the stereo 
processing.) Another _im:1ge o_f the ~heat i_s _ta~en Jn~ pro_cess~d. Results from ~e t\~o 
l~Q;l~S ~lr:: :~1{2n .:( :· r~~~~~=~~~ :c: . ~~tc~:lttnc \'v· h:c'~1 >~~~ [ ~~ ~ · .: . {_;C~lt : ons 1n eJ.c~ (~Or~c~pona ~o the 
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same wheat head. The correlation is performed by ordering the wheat heads from left to 
right in each image and assuming that the same wheat heads are detected with the same 
ordering in both images. A simple sorting algorithm is used which is O(N2) in 
computational complexity (time) and O(N) in space requirements. The correlation 
assumption is fairly restrictive, requiring that the wheat heads do not overlap, that the 
translation of the camera between images be limited, and that the heads not lie too close 
to the edges of the images. A more robust correlation algorithm would be required for a 
true cell implementation, and might use feature shapes and expected positions for 
improved feature matching. 

X 

(X, Y ,Z) 
Image Ple_11e 

c 
Center 

Figure 3.6 Standard Perspective Approximation 

With the stereoscopic positioning algorithm, each image provides one line of 
sight to the wheat harvest locations (or corresponding points of interest for other 
applications). Converting the two lines of sight for a certain feature to a common 
coordinate system and finding their intersection produces the three-dimensional position 
of the feature~ As an example, let (xi0,yi0) and (xi1,yi1) be the image coordinates of a 
commoq poipJ 9f_ix}Jex_:~_sjj_n _ tbe_ two stereo images, and let (xd,yd) be the displacement in 
camera coordinates between the camera position for image 0 and for image 1. Since the 
translation in the z-direction and the rotation of the camera between images are zero, the 
z-component of the point of interest is the same in both images, and the camera 
coordinates of the point can be written in terms of one unknown k: 

where 

k = 1 - (zc/f) 

(6) 

(7) 

(8) 

and the camera coordinates correspond to image position 0. The unknown k can be 
obtained from either of Eqs. ( 6) or (7), in the form 
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xd yd 
k = ---------- = ----------- (9) 

xio- xil yio- yii 

After k is determined (typically from the expression containing the larger of xd 
and yd), then the three-dimensional camera coordinates of the point of interest are 
evaluated from Eqs. (6), (7) and 

zc = (1 - k)f (10) 

Once the camera coordinates of the wheat harvest points are obtained from this 
stereoscopic positioning algorithm, they are converted into world coordinates using the 
coordinate transformations described earlier. In order to apply these transformations, the 
location of the camera coordinates relative to the world reference is required. This is 
known from the commanded location of the robot end effector and a transformation 
defining the offset between the tool n1ounting plate on the robot and the location of the 
camera image plane. This tool transformation was determined by experimental 
calibration. A set of fiducial points were positioned in the robot workspace and their 
locations were measured by moving the robot to each. Images of these points were then 
taken with the robot in several known configurations. The tool transformation was 
computed that minimized the square of the errors between the point positions calculated 
from the image information and the measured point positions. · 

As a safety precaution, the computed three-dimensional coordinates of the harvest 
points are also checked for inclusion in a bounding box of feasible positions. Any points 
outside this feasible region are assumed to result from spurious data or erroneous multi
image correlation and are discarded. This provides a final check of the positioning results 
and also prevents the system from damaging itself or the wheat trays by moving to 
harvest locations that produce collisions. A single end-effector orientation, with the 
simulated harvesting tool pointing directly at the backplane, is used for all harvesting 
locations. 

4.0 EXPERIMENTAL RESULTS 

The integrated robot/machine-vision system successfully performs several 
demonstrations, including simulated wheat harvesting. In the harvesting demonstration, 
the system autonomously performs the following sequence of tasks: 

1) The robot moves the camera to predefined image capture locations, and 
takes multiple images of a row of wheat. 

2) The machine-vision system identifies the wheat components in the 
images, and determines the two-dimensional locations of the wheat 
harvest points. 

3) The controller correlates the harvest location data from the two images, 
determines three-dimensional locations for the harvest points, and 
converts these locations to robot coordinates. 

4) The robot moves a pointer (in lieu of a true harvesting tool) to each 
harvest location, pausing at each to simulate harvesting of the wheat. 

Currently, the robot does not simulate placing the harvested wheat head into a 
tray, but this step could easily be added to the harvesting script in a complete 
implementation. The systenl is also ::.tble to aurom~nicJlly id~n t ify fiduci~.ll mark~ , ;:md use 
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their location to register the camera position relative to the background in robot 
coordinates. 

The simulated harvesting demonstration showed the capability of the Supervisory 
Controller to coordinate the operations of the robot and machine-vision system, and to 
perform a desired sequence of activities involving robot motions and image processing. 
The system consistently identified all of the wheat heads in the image, and was able to 
position the simulated harvesting tool within Smm of the desired harvest points in the 
lateral directions, and within 15mm in the depth direction. These positioning accuracies 
would probably be sufficient for actual harvesting operations (depending on the 
characteristics of the harvesting end effector). They might be improved slightly with 
some additional camera calibration efforts or by increasing the distance between the 
stereo image positions. 

However, with the imaging characteristics used in the application (60mm camera 
spacing between images, approximately 550mm distance from camera to wheat, and 
focal length of about 26mm), an offset of a single pixel in one of the images leads to 
variations of approximately Smm in the depth direction and approximately 0.5 to 2mm in 
the lateral direction (where the smaller lateral variation occurs for points near the center 
of the image). These errors vary inversely with the camera spacing between images, so 
some improvement could be achieved by increasing this spacing, although the spacing is 
limited by the need to keep the same features in both images. Wider spacings would 
therefore require the camera to be rotated as well as translated between images. The 
largest errors (i.e., the lateral errors for features at the edge of a scene and the depth 
errors) vary approximately as the square of the distance between the camera and the 
scene. Hence, the greatest accuracy improvements would result from taking images with 
the camera closer to the scene. Of course, this would also require more images to be 
taken to cover a given field of view. One final method to improve the positioning 
accuracy of the system would be to use information from a number of pixels for locating 
each image feature. This could increase the accuracy and reliability of the feature 
locations within the individual images, thereby also improving the stereo positioning 
results. 

The implementation using Generic Control Blocks demonstrated the capability to 
perform the required control processing tasks and proved quite flexible. New features or 
task steps could be easily added to individual GCBs without modifying the rest of the 
controller software. The implementation also provided improved testability, by allowing 

-processing functions to be isolated and validated on their own. -- - ~ - - -

The software testing features, such as message recording and GCB simulation, 
required some development effort early in the project, but proved very advantageous for 
detecting, isolating and correcting software errors. Furthermore, most of their 
development efforts are one-time costs - little additional effort is required to incorporate 
the test features into new software as it is developed. The testing features would be 
especially useful in a production system that required formal software testing. 

5.0 CONCLUSIONS 

This integrated system successfully performed the simulated harvesting of a row 
of wheat heads, using a pointer attached to the robot end effector in lieu of an actual 
harvesting tooL It demonstrated the feasibility of using an integrated robot/vision system 
to perform the harvesting of multiple wheat heads. It was developed as a general tool 
which could be adapted to a number of other horticulture tasks, such as tissue transfer, 
health monitoring or sample collection . Us in g the srcreo algorithm, the robot was able to 
consistentlv ooinL ro h~~r;estin2: loc:uions :) :~ ~he: \ '- ; ~~ :a GL:tts ~.v irhi n 1 •; m. How~ve:- . 

• 1 .._. i . 
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there are limitations to the system; these may be reduced through the development of 
more robust identification algorithms and techniques. For example, changes in light 
conditions or plant color affect the ability of the algorithm to discriminate between the 
stem and wheat head. Histogram equalization or texture analysis techniques could 
improve the robustness of the algorithm. Also, the stereo algorithm relies on a simple 
correlation algorithm, which fails if the wheat heads overlap in an image or change left to 
right ordering between images. Some statistical information _could be used to provide 
correlation in these cases. 

A major goal of the Biomedical Operations and Research Directorate is to 
develop a completely automated CELSS chamber. Modifications would have to be made 
to the current robot and vision equipment to withstand the harsh environment of the 
chamber (which includes high humidities and chemical exposure). However, the basic 
technical capabilities required to support the automated chamber are within the technical 
reach of NASA, as demonstrated by this project. A robot with a different type of 
kinematic structure may be required due to geometric constraints within the CELSS 
chamber. Additional modifications may be required for the chamber as well, to simplify 
and reduce the need for expensive and complex automation equipment. Items such as 
light placement, tray design and background color may affect the ability of the system to 
identify and locate plant components. 
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Abstract 

The present paper details the design, development, prototype construction 
and evaluation of a new miniaturized rangefmder system for use with small 
autonomous robot vehicles or space robots. The system has been developed 
specifically for those applications where simple, single-point ranging is 
required from a low cost, small size, low weight unit. The rangefmder 
combines recent advances in laser miniaturization technology, and in 35mm 
auto-focus camera methods, to produce a relatively inexpensive system which 
provides high accuracy distance information over an operating range of 154mm 
to 6m (6"-20 ft), while also being physically small at 225mm long x 75mm 
diameter (9" x 3"). The system essentially uses a laser to project a structured 
light 'stripe' onto objects directly ahead of the rangefmder. A camera type 
motorized lens and photo-sensitive array system then focuses on this 'stripe', 
which serves as an artificially produced high defmition 'edge' always in the 
center of the optical field of view. Digital range information is supplied by 
dual optical encoders attached to two focusing rings. The new system is 
considerably smaller, cheaper and more readily implemented than stereo video 
image processing or scanning laser methods, and more reliable than ultrasonic 
techniques, although restricted to single-point range data only. Testing has 
been performed to establish the accuracy of the system when faced with 
various ambient lighting conditions, and objects with different orientations and 
surface features. 

Introduction 

Advances in all fields of engineering have made 
the construction of intelligent robot vehicles 
feasible. Robots of this type are fmding applications 
in areas such as nuclear reactor maintenance and 
repair, remote bomb disposal, unmanned factory 
transportation systems, underwater surveying and 
salvage, military runway repair etc., and are sure to 
pia~ an important role in future areas such as space 
station assembly and planetary exploration 
Completely autonomous or long distance 
teleoperated robots are only feasible through the 
extensive use of sensor sub-systems that are capable 
of supplying vital information relative to the robot's 
position and operating environment. One of the 
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most important of these sensory sub-systems is the 
rangefmder, since this provides information to the 
robot concerning its distance from other objects in 
the immediate vicinity. 

When given a scanning capability such 
rangefmders can be used to accurately map out the 
surrounding environment, and supply detailed shape 
information concerning the objects nearby. 
However, scanning rangefmder systems tend to be 
rather complex, and are consequently large, heavy, 
and require substantial data processing. A need 
therefore exists for a rangefmder that will 
complement (rather than replace) the complex 
scanning systems, by providing only single-point 



range data but from a small, light, cheap unit, 
requiring no external data processing. 

Current Rangefinding Systems 

For most autonomous robot applications, range 
information is only required within a 6m (20 ft) 
radius around the vehicle, since data concerning 
objects outside this range are not of immediate 
importance to the robot's obstacle avoidance and 
navigation strategy. To cope with close maneuvering 
and critical positioning situations, the rangefmder 
must be accurate to a few millimeters within the 
first 0.6m (2ft), while an accuracy of ±154mm (±6") 
would generally be acceptable at the extreme ranges 
of 4.5m - 6m (15 - 20 ft). 

Many different systems for obtaining range 
information have been considered in the past 
(1](2](3], but unfortunately most commercially 
available rangefmders are unsuitable for the mobile 
robot situation for one reason or another. 

Ultrasonics are currently used widely for terrestrial 
robot vehicles [4](5](6] since such systems [7][8] are 
safe, cheap, have low power requirements, and are 
physically compact. Studies have shown [9][10], 
however, that ultrasonic rangefmders are all too 
easily 'fooled' by certain object orientations, and by 
various types of surface textures. Such systems can 
generally only be used reliably in 'structured' 
environments, where 'ultrasonically invisible' objects 
are absent. Ultrasonic performance can be improved 
by using sensor arrays or large scale signal 
processing (11](12][13][14], but this compromises 
most of the aforementioned desirable advantages. 
Further, ultrasonics cannot be used in the space 
environment. 

Electromagnetic radar based systems (microwave) 
can be hazardous, and often require large dish 
antennae as well as receivers with a wide dynamic 
range to cope with the specular reflections from the 
target surface. Millimeter wave technology may 
eventually solve these problems and be ideal for 
robot use; however, such systems are currently 
under development for the military and are 
unavailable. 

Much effort has recently been put into developing 
'machine vision' systems [15][16][17] using stereo 
video cameras. These systems can provide much 
more than just range information, but tend to be 
expensive, physically large, need even illumination, 
and require extensive computer based data 
reduction and interpretation. This large scale 
processing requirement often makes machine vision 
systems too slow for detecting moving objects, or for 
use on rapidly moving vehicles. Such systems are 
often too large to be part of a fully autonomous 
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robot vehicle (especially if the robot is small), 
making it necessary to tether the robot to stationary 
hardware. 

Most laser based systems have been developed for 
military aiming applications (using time of flight [18] 
or phase shift techniques), and are consequently 
inaccurate at short range and expensive. Other laser 
systems have exploited interference phenomena, but 
these provide only relative distance measurements 
and require retro-reflectors to be attached to the 
target object. Optical triangulation [19] methods 
need a large base-line dimension to achieve the 
required accuracy, and are consequently unsuitable 
for applications requiring a compact system. 

Complex scanning laser systems based on 
triangulation [20][21] or phase shift [22] techniques 
have been developed, but these also tend to be 
expensive, large, and rely heavily on extensive 
computer data processing. Although such systems 
can provide very comprehensive data, they are not 
well suited to 'bolt-on' situations where single-point 
range information may have to be simultaneously 
monitored at a number of locations around a robot 
structure. For such applications, or even for 
hand-held rangefinding, much smaller, lighter, 
self-contained units are necessary. 

Objective of the Prototype Rangefinder 

For terrestrial robots, scanning laser or stereo 
video imaging are used widely for gathering 
comprehensive range data where cost, size and 
processing requirements are not prohibitive; while 
ultrasonics are used where cost, size, and processing 
constraints are more stringent. Ultrasonics do, 
however, suffer from a host of problems including 
absorption, reflections, etc., all of which conspire to 
make such systems unreliable in unstructured 
environments without the use of arrays. 

For space robots, scanning laser and stereo video 
systems can again be used for comprehensive range 
data collection, but no low cost, small size 
rangefinding system currently exists. 

In an attempt to correct both the aforementioned 
deficiencies, a new type of rangefmder has been 
developed that draws on both current auto-focus 
camera technology, and recent advances in laser 
miniaturization techniques. The resulting hybrid 
rangefmder is very small 225mm long x 75mm 
diameter (9" x 3"), rugged and simple, yet reliable 
and accurate over the required range, even when 
directed at a wide variety of object shapes and 
surface textures. All necessary data processing can 
be accomplished within the unit itself, with an 
alphanumeric display and parallel data port included 
for communicating the digital range information. 



Hybrid Rangefinder Concept 

Modem auto-focus cameras, such as those 
produced by Minolta, Olympus, Canon, and Nikon 
etc., function by forming an image on a photo
sensitive chip ( CCD Charge Coupled 
Device )[23][24]. This image is digitized and 
constantly monitored while a motor moves a 
focusing lens. In order to function, these systems 
assume that the image will contain a number of 
'edges'. Correct focus can be based on frequency 
content, or by using time domain methods when 
edges appear as 'sharp' changes in light intensity on 
the CCD chip. The actual data processing 
algorithms used in the commercially available 35mm 
cameras are currently proprietary information, but 
several focusing strategies can be found in the 
literature [25] [26] [27]. 

Systems of this type, however, are incapable of 
focusing if no edges are present in the field of view, 
such as if directed at a plain white wall, for 
example. They also rely on the human element to 
choose and position suitable high defmition edges in 
the center of the field of view. 

To remove this need for edges and the human 
element, and thereby make the camera systems 
suitable for autonomous robot use, a concept was 
devised that involved the addition 
of a laser and cylindrical lens arrangement to a 
custom built auto-focus system. This served to 
project a vertical 'laser stripe' directly ahead of the 
auto-focus optics. By introducing a laser fllter in 
front of the focusing system, the photo-sensitive 
array was permitted to 'see'[28] only the high 
intensity laser stripe as it was reflected off of an 
obstacle, and nothing else. In this way the stripe was 
made to serve as an artificially produced edge, 
always in the center of the field of view. The 'Light 
Stripe' concept is not new, since it is simply a form 
of 'Structured Lighting', which is already used 
extensively in conjunction with video systems 
[29](30](31]. . -

With this arrangement, the system was even able 
to operate in complete darkness, was able to focus 
on featureless (edge-less) objects, and was not 
'fooled' by higher definition background edges, as 
are the current camera based systems. The focusing 
system was further simplified over that found in 
current cameras through the introduction of a 
~plit-image lens; with such an addition to the system 
It was possible to replace the typical linear CCD 
array and its associated scanning circuits, with just 
two discrete photodiodes placed one above the 
other along a vertical line. With this arrangement 
focus was achieved when both halves of the 
disjointed laser stripe passing through the split-
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image lens lined up on the two photodiodes. 
Range information was collected digitally through 

the use of incremental optical encoders attached to 
focusing rings using a 'Swept-Focus' procedure. 
U nli.ke on regular cameras, the focusing rings were 
designed so as to . require several complete 
revolutions to focus between minimum and 
maximum range. 

Finally, the laser source used was a miniature 
He-Ne gas laser, although a semi-conductor laser 
[32] with associated lens system could conceivably 
be adopted. 

Detailed Prototype Design 

The intention from the onset was to develop a 
suitably accurate rangefmder optimized firstly in 
terms of cost, with size as the second major 
consideration. In order to keep costs low, the 
number of optical elements employed was reduced 
to a minimum, while these components were 
restricted to off-the-shelf items. 

Since the rangefmder concept was based 
essentially on 35mm camera technology it might at 
first consideration seem that the rangefmder would 
simply employ a copy of camera optics. In fact this 
was not the case since cameras are optimized about 
different criteria to those of a pure rangefmder: 
Firstly, since the new rangefmder prototype was 
intended to operate solely with monochromatic laser 
light, no optical doublets were required to 
compensate for chromatic aberrations. Secondly, 
with cameras it is generally desirable to achieve 
infinity focusing conditions with objects as close in 
as possible, so that crisp focused images can be 
obtained with the minimum of lens adjustment and 
precision. The opposite is true for rangefmders, 
where it is better if infinity focusing conditions did 
not exist at all. Finally, lenses and focusing rings are 
normally (for a standard 50mm lens) arranged so 
that an angular ring rotation of only 135 degrees 
will accouiif for au focusmg -coiidrtions~ -fhis iS
because of the ergonomics of human wrist motion, 
and so that focusing can be achieved rapidly. With 
a rangefmder it is desirable to employ a finely 
threaded focusing ring with multiple turns, so that 
accurate lens positions can be determined. 

Optical Configuration 

After considerable computer optimization, the 
spatial arrangement of the optical elements for the 
fmal prototype design was chosen to be as shown in 
Figure 1. Although apparently very simple, the 
subtlety of the design lies in the unique two stage 
focusing process used, and in the receptor assembly. 
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1. 632.8nm Band-Pass He-Ne Laser Filter. 
2. Movable Forward Lens (Lens #1), 25mm Dia., 200mm Focal Length. 
3. Fixed Lens (Lens #2), 25mm Dia., 75mm Focal Length. 
4. Split Imager (Dual Wedge Prism). 
5. Magnifier Lens (Lens #3), 12mm Dia. 
6. Dual Photo-Sensors (Sprague ULN-3311T). 
7. Receptor Assembly. 
8. Drive Motor for Lens #1. 
9. Drive Motor for Receptor Assembly. 
10. Optical Position Encoder for Lens #1 Motion. 
11. Optical Position Encoder for Receptor Assembly Motion. 
12. Leadscrew for Receptor Assembly Motion. 
13. Leadscrew for Lens #1 Motion. 
14. Inner Rear Stop. 
15. Outer Rear Stop. 
16. Outer Front Stop. 
17. Inner Front Stop. 

Figure 1. Rangefinder Focusing System 



By adopting a two stage focusing process a 
minimum element, and relatively compact, system 
has been devised that is able to achieve crisp (low 
depth~of-field), high sensitivity focusing over a 
154mm to 6m range. 

Figure 2, shows the various theoretical lens 
positions and sensitivities involved in focusing onto 
objects all the way from the maximum to minimum 
range. Figure 2a shows the lens layout when focused 
onto an object at the maximum range of 6000mm 
(19.7 feet). At this range the rear receptor assembly 
had to be kept hard up against the inner rear stop, 
and the sensitivity achieved by moving lens # 1 
forward was 830 {range mm/lens movement mm}. 
By measuring the lens position to an accuracy of 
±0.1mm, the range accuracy achieved was ±83mm 
(±3.25"). 

Moving lens #1 forward enabled objects to be 
brought into focus down from a range of 6000mm to 
775mm. At the latter point the lens separation 
becomes 100mm as shown in Figure 2b. A sensitivity 
change is also associated with the forward lens 
motion until a value of 8.3 {range mm/lens 
movement mm} is reached. Obviously a law of 
diminishing returns comes into effect making the 
forward lens separation prohibitively large when 
trying to focus in on objects closer than 775mm. 

Figure 2c shows how closer object ranges can be 
achieved by keeping lens #1 hard up against the 
outer front stop, and moving the receptor assembly 
rearward. Initially the sensitivity achieved was 
87 {range rom/receptor movement mm }, but this 
became 4.4 {range rom/receptor movement mm} at 
the minimum range of 154mm (6"). Again with a 
receptor assembly positional measurement accuracy 
of ±O.lmm, the range reading accuracy at this 
minimum object distance was ±0.44mm. 

Receptor Assembly 

The receptor assembly consisted of a split imager 
(dual wedge prism) focusing -screen obtained-· as a 
spare part for a 35mm SLR camera, a magnifier 
lens, and two photodiodes (Sprague ULN-3311T 
precision light sensors). 

During operation, the image of the reflected laser 
stripe was delivered onto the split imager, and then 
projected onto the plane of the photodiodes with a 
~.1:1 magnification. If not in crisp focus the stripe 
~age was modified by the split imager into two 
dislocated (and somewhat blurred) vertical lines, 
one ~bove and the other below a horizontal plane 
runrung through the center of the image, as in 
Figure 3. 

It was desirable that the image width of the 
ret1ected stripe, as projected onto the photodiode 
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plane, be constant and equal to the width of the 
photo-sensitive sites when focused on objects at all 
ranges. This was difficult to achieve in practice due 
to the changing optical magnification of the system 
with increasing object range. The magnifier lens 
focal length and positioning were chosen so as to at 
least ensure that the stripe image and photo
sensitive site widths exactly matched when focused 
on an object at minimum range (154 mm). This 
called for an image stripe of 1mm width on the 
photodiodes at this minimum range. The image 
stripe width could not be kept constant for all 
ranges but the rate of narrowing was reduced by 
deliberately increasing the divergence of the laser 
beam. In this way the narrowest image stripe width 
was still 0.47 mm when focused on an object at the 
maximum range of 6m. The design ensured that at 
no time was the image stripe wider than the photo
sensitive site widths, in this way the maximum 
reflected light was always delivered onto the sensors 
during focusing. 

The significance of these image stripe widths on 
the focusing accuracy is discussed in the preceding 
section. 

Focusing Strategy 

Figure 4 shows the typical electrical output from 
a single photodiode when focusing onto an object 
stripe, for cases when the image stripe width 
matches that of the photo-sensitive site ( 4a), and 
when it is narrower than the site ( 4b). For the 
former conditions the lens position corresponding to 
focus is easily determined from the output peak. In 
the latter case the output peak is replaced by a 
plateau. Since a non-linear relationship exists 
between lens position and stripe position in the 
image plane, it is more difficult to estimate lens 
positions at focus when no output peak is present. 
For this reason the image stripe width was matched 
to the photo-sensitive site width at minimum range 
to ensure a peaked output where the range 
estimates had to be most accurate. At extreme 
ranges the errors due to plateau type output 
responses were less critical. 

In the prototype rangefinder two sensors were 
used. The primary reason for this was to help in 
averaging out errors due to inevitable sensor 
placement imprecision. Figure 5 shows the typical 
electrical output from the two photodiodes during 
focusing, when placed one above the other with 
some (typical) misalignment. Plateau type output 
responses are assumed for a 'worst case' condition. 
For the prototype rangefmder the assumption was 
made that the two diodes were both misplaced to 
some extent from their ideal locations, although 
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every effort was made during construction to 
ensure precise placement. With this assumption the 
lens positions were recorded when the diode outputs 
reached a maximum (points A & B), and when the 
outputs began to decline (points C & D). A simple 
averaging process of (A+ B + C +D)/ 4 was then used 
to estimate the lens positions corresponding to 
sharp focus. Although somewhat simplistic in 
approach, this method returned acceptable range 
estimates when applied to the prototype system. 

Better sensor placement (and smaller site widths) 
may have been possible using a linear CCD array 
chip oriented vertically. This was not adopted in 
view of the cost of such devices together with that 
of the associated scanning circuitry. 

Motion Actuation & Position Feedback 

Two motors were used in the prototype, one for 
moving the forward lens and the other for 
positioning the receptor assembly. A more 
optimized design might only need one motor since 
the two movable elements were never required to 
move simultaneously. The motors adopted were 
Swiss made :MAXON 9V de type (No. 44.022.000-
00.14-102) measuring 20mm dia x 40mm long, and 
fitted with incremental optical encoders. These were 
used in preference to stepper motors because of 
their small size and high power /weight ratio. 

The motor armatures, which rotated at 3600 rpm, 
were used to directly drive zero-backlash leadscrew 
assemblies using a 6-40 UNF-2A thread (pitch of 
0.635 mm), which fmally resulted in a lens (or 
receptor assembly) translation of 38 mm/s. 

Each encoder provided a pulse for every 3 degrees 
of motor rotation, which in theory corresponded to 
0.0053 mm of lens translation per pulse. This 
apparent accuracy was, however, unjustifiable in 
relation to the manufacturing tolerances in the 
leadscrew and other assembly misalignments. The 
encoder derived lens position data was therefore 

-- rounded to the nearest -0.-lmm which was-felt to be 
more realistic. A more optimized design could have 
made use of cheaper and more compact encoders 
supplying only 6 pulses/revolution. 

Miniature limit switches were installed at each of 
the stops to prevent motor burn-out and re-zero the 
pulse counters described in the preceding section. 

Control Hardware 

The main controller for the rangefmder, as shown 
in figure 6, consisted of an NEC JLPD78PG llE 8-
bit microcomputer with a piggy-back EPROM. This 
device contained the event counter needed to 
accumulate encoder output pulses (after Schmitt 
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smoothing), and the multiplexed 8-bit A/D 
converters used to digitize the photodiode output 
voltages. An output port and programmable timer 
output were used to provide control pulses via opto
isolators to 9V PWM motor drive circuits with 
polarity reversal. Finally, an input port with software 
monitoring scheme were used to monitor the limit 
switch conditions. The circuits were very compact 
since only a 5V regulator and clock crystal were 
required in addition to the microcomputer, 
EPROM, drivers and Schmitt smoothing 
components. The piggy-back EPROM saved the 
need for complex pcb layouts, and enabled all the 
control software to be developed and modified using 
a uv eraser and burner unit. The 256-bytes of RAM 
integrated on chip were ample for the volatile 
storage requirements. 

For the prototype the range information was 
output from the controller as an 8-bit code which 
was translated by a decoder/ driver into the form 
needed to run an alphanumeric display. 

Control Schemes 

Auto-focus systems used on modern cameras use 
a 'Seek & Hold' method of focusing in which the 
controller will drive the lens motor until the lenses 
are placed in a focused configuration, and then 
attempt to maintain that condition. This is obviously 
necessary for photography, but it also has a negative 
effect on battery life since the motor is constantly 
energized while focused conditions are being 
maintained. For a pure rangefmder it is not 
necessary to maintain focus, and so a 'Swept-Focus' 
scheme can be used. Such a scheme uses the 
motor( s) to move the optics in a systematic sweep 
through from minimum range focus to maximum 
range focus, and perhaps back again so as to be 
ready for another sweep if requested. During this 
sweep the accumulated encoder output pulse totals 
are simply read when the sensor outputs indicate a 
focused condition. The resulting object range data 
is thus updated once during each complete sweep. 
The frequency of sweeps, and thus range updates, 
can be set in the rangefinder software or controlled 
externally by a robot master controller with the 
rangefmder interfaced as a slave. 

A 'Swept-Focus' scheme is much easier to control 
than a 'Seek & Hold' method since no closed loop 
feedback is required, and so consequently the 
software is greatly simplified. Battery life can be 
prolonged by energizing the motors (and laser) only 
when a sweep is requested for a range update. The 
time for one sweep with the prototype rangefmder 
was 4.8 seconds with a similar amount of time 
needed for returning the optics to their home 
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positions. This could be speeded up considerably 
for a commercial unit. 

The software also included the means to translate 
the encoder derived lens positions at focus into 
object range. Initially the theoretical governing 
optical physics equations for the lens system were 
used for this, but due to accumulated tolerances 
within the system these did not always give 
satisfactory results. As an alternative the prototype 
was calibrated by placing a highly reflective flat 
sheet of material in a plane perpendicular to the 
laser beam. This was then moved to a large number 
of precisely known distances ahead of the 
rangefmder and the forward lens (or receptor 
assembly) position as indicated by the encoders at 
focus was recorded. The resulting calibration curve 
was fitted with a polynomial which was used by the 
control software to determine object distances given 
the lens positions at focus. 

Laser Source & Optics 

The laser source adopted for the prototype 
rangefmder was a METROLOGIC LASER
POINTER ML811 He-Ne O.SmW gas laser. This 
measured only 181mm long x 47mm high x 33mm 
wide and was able to give continuous output for 30 
minutes on three transistor-radio type 9V batteries. 
Power consumed was relatively constant at about 5 
to 6 watts. 

Although larger than a semi-conductor or solid 
state laser, no special power supplies or cooling 
were required. The light was visible red which 
helped in manually tuning the optics of the 
rangefinder, and the 632.8nm wavelength 
corresponded to 70% of peak sensitivity for the 
silicon photodiode sensors used. 

Initial beam diameter was 0.48mm with a 
divergence of 1.7mRad. A cylindrical lens of 13mm 
focal length was placed in front of the beam to 
convert the point source into a plane of light. This 
focal length was ·chosen so that the image of the 
reflected laser stripe, as projected onto the 
photodiodes, would never extend significantly above 
the photosensitive sites for all focusing conditions. 
In this way the maximum possible amount of light 
from the reflected stripe was delivered to the 
sensors. The cylindrical lens also served to increase 
the beam divergence to 3.4mRad as required to help 
maintain a near constant image stripe width. The 
widest object stripe produced by the projection 
system was 21mm at the maximum range of 6m. 

Testing and Evaluation 

A detailed description of the comprehensive 
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proving and evaluation testing of the prototype 
rangefmder is to be the subject of a forthcoming 
research paper. 

In outline, the testing program involved placing 
objects with various shapes and surface coatings in 
front of the rangefinder at known distances. The 
object shapes considered were: cylinders, spheres, 
wedges, steps and corrugated sheet. The materials, 
or surface coatings, used for these objects included: 
transparent plexiglas, several grades of sand paper, 
cloth, plastic foam, gloss and matt black paint. Two 
ambient lighting conditions were considered, these 
being complete darkness and standard working 
environment fluorescent tube lighting. 

Preliminary test results showed that the prototype 
rangefmder was able to function very well for most 
of the target objects encountered. Exceptions to this 
performance occurred with target objects 
constructed of transparent plexiglas, and for objects 
painted matt black. In the former case the 
rangefmder had a tendency to ignore transparent 
objects when surfaces were placed square-on to the 
laser and focusing optics. Under these conditions 
the rangefmder would often give the range output 
corresponding to the closest non-transparent 
background object. Objects painted matt black were 
similarly ignored under ambient lighting conditions, 
except that in this case the rangefinder was 
generally unable to detect any object at any range, 
resulting in a default distance output of infmity. This 
was due to inadequate laser light being reflected 
back from the target as compared to the level of 
background light passed by the filter. Most matt 
black objects which had been invisible to the 
rangefmder under ambient light could be detected 
under conditions of complete darkness. 

Range accuracy was not as good as the theoretical 
predictions, but for the most part accuracies of 
±0.6m (2ft) were realized at maximum ranges, with 
±25mm (1") being typical at the minimum ranges. 

Conclusions·· 

The prototype rangefmder had overall dimensions 
of approximately 225mm x 75mm (9"x3"), weighed 
3 lbs, ran from three 9V transistor radio type 
batteries, and cost around $500 not including labor. 
This compact system proved to be capable of 
detecting a broad variety of objects at ranges 
between 154mm and 6m (6"-20ft). The system was 
not without its shortcomings especially when faced 
with transparent or highly non-reflective surfaces. 
It is recommended that the rangefmder be used in 
conjunction with an ultrasonic system, since it 
appears that each device would to a large extent 
counteract the deficiencies of the other. This would 



not, of course, be an option if used in a space 
environment. Also for space use the unit would have 
to be sealed and solid lubricants used on the moving 
parts. 

The rangefinder could be further optimized to 
reduce overall size and cost by using a single motor 
and encoder (only 6 pulses/rev). This would also 
reduce the number of circuit components required. 
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It is · well known that in practical multi-axis NC/CNC systems axes mismatch 

is unavoidable and it affects the contour accuracy significantly. A large 

amount of research has been concentrated on solving this problem. One technique 

is to use two-stage actuation control [1,2]. It has been shown that the imple

mentation of second stage can increase the bandwidth of the entire system and 

eliminate steady-state error in the response of individual axes for straight 

line, constant speed contour. In this particular actuation system, the input to 

the second stage is the tracking error of the first stage. Usually, the second 

stage actuator is a microactuator with a limited range of travel, (e.g. a 

piezioelectric actuator has a travel range of lo-6-lo-4m). However, the 

tracking error of the first stage might sometime become so large that it will 

exceed the travel 1 imitation of the second stage. In such a case, the second 

stage wi 11 saturate and the predicted performance cannot be obtai ned. A new 

control strategy which can improve contouring accuracy for a multi-axis position 

control system is presented here. 

II. Configuration 

The proposed control system uses the components of the contour error of the 

first stage as the input for the second stage. Since the contour error of first 

stage is much smaller than its tracking error, the maximum input to the second 

stage will be in the range of the microactuator, and therefore, the controller 
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of the second stage will not saturate. The block diagram of the system is shown 

in figure 1. In this figure the following nomenclatures are used: 

X 
.r 

yr 

Xr, Yr position references 

G1x' G1y - first stage closed-loop transfer functions 

G2x' G2y - second state closed loop transfer functions 

xl r-----, 
E'i 

' contour I 

Glx I f G2x 
error 

'- cal cu ·l a tor I 
yl I E 

Gly 
I y 

G2y I r 

~ L------.J 

Figure 1: Proposed system configuration 
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For a type I contouring system, the closed loop transfer function is given 

by: 

III. Analysis 

Kij 
Gij (s) = -----

tijs2 + s + Kij 
(i = 1,2) 
(j = x,y) 

(1) 

The following analysis is for a two-axis straight contour with a constant 

velocity or a constant acceleration input. 
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desired 

Output of the first 
stage. 

X 

Figure 2: Contour error along a straight line 

The contour error, as shown in Figure 2, is given by 

Eel = (tanS Xl - Y1) cos 8 (2) 

where e is the slope of the straight line being tracked. The contour error com-

ponents in X and Y directions are given by: 

(3) 

{4) 
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Figure 3: System block diagram for straight line contour 

The system block diagram for a straight line contour is shown in Fig. 3. 

The transfer functions of the two-stage system and contour error expression, 

Ec(s), can be deduced: 

X = Xr [Glx + (Gly - Glx) sin2e GzxJ (5) 

where: 

y = Yr [Gly + (Glx - Gly) cos2e Gzy] (6) 

Ec = Pr sine case (G1x - G1y)[l - {Gzx sin2a + Gzy cos2e)] (7) 

Xr = Pr case 

Yr = Pr sine 

and Pr is the input signal to the system. 

For a constant velocity along the contour, V, the input is given by: 

Pr(t) = Vt 

v 
= -

and the steady state contour error, Ec 35 , is: 

X(s) 

( s) 



Ecss = lim s·Ec(s) = o 
s-+o 

90 

(8) 

For a constant acceleration along the contour, A, the input is given by: 

A 
Pr(t) = - t2 

2 

A 
Pr(s) = -

s3 

and the steady state contour error is given by: 

[ 
1 1 sin2a cos2a )] 

Ecss = A sine case (-- -) (-- + --
Ky1 Kx1 Kx2 Ky2 

For a typical system we can assume: 

Substitute Eq. (10) into (9) and use 8 = 45° (worst case) the maximum 

steady state contour error is given by: 

Ecssmax 
AK1 

=t2A---
K12 K2 

where: AK1 = Kx1 - Ky1 

(9) 

{11) 

This result (Eq. 11) means that for a constant acceleration, the error 

becomes a constant which is an improvement compared with the traditional con

touring system where the error grows to infinity. 
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1 ~'. . Conclusion: 

It has been shown that the proposed two-stage contouring system has 

superior performance compared with the traditional contouring system. For 

constant velocity input, no matter how the system is mismatched, the steady

state contour error of the proposed system is zero. For constant acceleration 

input, the contour error is very small and negligible if the mismatch is not 

very 1 arge. Addi tiona 1 study of the dynamic response and the effects of the 

loads on the system are being pursued. 
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The University of Florida is part of a multi-university research effort, sponsored by 

the U.S. Department of Energy, which is underway to develop and deploy an advanced semi

autonomous robotic system for use in nuclear power stations. The robotic system being 

designed by the University of Florida in cooperation with Odetics, Inc. can be described as 

an Articulated Transporter/Manipulator System (ATMS) which has several unique motion 

and transport capabilities. This paper will focus on the development of a closed form 

kinematic algorithm which will be used to control the ATMS when it is operational in a 

manipulator type mode. The algorithm has been implemented and tested via a graphics 
- - - -- -

simulation of the A TMS on a Silicon Graphics 4D-70GT workstation. 

1. INTRODUCTION 

The nuclear industry is actively seeking ways to reduce the radiation exposure of 

workers at nuclear power plants to as low as is reasonably achievable. In addition, the 

operational up-time of nuclear plants must be increased in an effort to reduce the total 

life-cycle costs associated with the plant. The use of advanced robotic technologies can 

directly impact both of these important operational areas. The Advanced Technology 

Development Division of the U.S. Department of Energy (DOE) is currently sponsoring a 

research consortium of four universities (University of Florida, University of Michigan, 

University of Tennessee, and University of Texas) and the Oak Ridge National Laboratory 
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to develop the next generation of robots to service and maintain existing nuclear power 

plants as well as the innovative nuclear reactor plant designs now being developed in 

companion DOE programs. 

The Florida contribution to the DOE research team has primarily been in the areas 

of (1) data base modeling of nuclear power plants, (2) an investigation of the effects of 

radiation on electrical components, and (3) the transportation and mobility of a robotic 

system throughout the plant. The complex obstacle strewn environment of a nuclear power 

plant (numerous pipes, dikes, cables, stairways, etc.) requires that the robotic system be 

capable of crossing or jumping over substantially sized obstacles. Transport mechanisms 

consisting of combinations of wheels, tracks, and legsfl],£21 were considered as candidates, but 

the inherent mobility limitations of these mechanisms led to the selection of a transporter 

comprised of multiple articulated segments. The resulting ATMS design is shown in 

Figure 1. 

The ATMS is comprised of eighteen individual segments which provide both 

maneuverability and locomotionl31. Each segment is 11.5 inches wide, 13 inches high, and 

24 inches in length, and has a pair of motor driven wheels to provide traction for forward 

and backward motion. Segments are connected in series by a pair of revolute joint axes. 

Initial control of the system will be accomplished by an operator who establishes the 
direction and velocity of the lead segment of the system. Subsequent segments of the 

ATMS will follow the path of the segment directly in front of it. 

The significant feature of the design is that the ATMS will be able to cross over 

horizontal gaps of up to twelve feet in length. This is accomplished by guiding the lead 

segment through the air until the twelve foot mark is reached. At this point, torque 

limitations require that the lead segment touch ground again. In a similar fashion, the 

ATMS can cross over obstacles by 'flying' through the air, until operational constraints 

require that the lead segment come in contact with some flat support structure. 

Research in the design and control of articulated, multi-link manipulators has been 

previously conducted in Japan, Germany, and England. The works of Tomizawaf41, 

Wakaharal51, and Hirose and Morishimal61 have shown -that it is possible to control a 

multi-link manipulator by having segments successively follow the path of a lead segment. 

The German concept is being jointly developed by the Princeton Plasma Physics Laboratory 

and Karlsruhe Laboratory and is composed of six links with a total extension of ten meters 

(Bohme, et aiP1). The English at the Marchwood Laboratory of the Central Electricity 

Generating Board (Langfordl81) have been developing a multi-link manipulator for the 

Sizewell Reactor which is comprised of nine links, each about two feet long. The linkage 

is controlled by steering the tip with each pivot point of the mechanism following the same 
path. Each of these programs have shown that it is possible to control the motion of an 

articulated manipulator system. The Florida research aims to further advance these 

developments by achieving an articulated robot device which has true mobility 

characteristics. 
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2. ATMS MANIPULATOR MODE 

Once the A TMS navigates to a goal location, it may be necessary to position the lead 

A TMS segments in space so that end effectors mounted to the lead segment could reach 

some workpiece location. By applying a manipulator mode, the lead ATMS segments will 

be moved much like the head of a snake. An operator will be able to translate or reorient 

the lead A TMS segment throughout its reachable workspace as required. 

The first logical approach to developing a manipulator mode would be to move the 

first three A TMS segments throughout space while the fourth segment remains stationary. 

Six joint angles would thus be calculated in order to position the lead segment at some 

desired position and orientation relative to the fourth segment. The specific geometry of 

the ATMS, however, has not yet been solved in closed form. It should be noted that general 

6R manipulator inverse kinematics have been solvedl9J,(lOJ, but the solutions may degenerate 

for the ATMS geometry. Further, the inverse kinematics for a manipulator comprised of 

three Hooke joints (three pairs of intersecting axes) has also been solvedl11I. The Hooke 

joint manipulator is very similar to the ATMS geometry, but this solution technique has not 

been able to be extended to the A TMS. 

Since a closed form inverse kinematics solution of a manipulator formed by the lead 

three segments of the ATMS has not been yet obtained, the ATMS manipulator was formed 

by utilizing the first four segments. This offered two advantages. First, the resulting 

manipulator had a larger workspace. Second, by specifying two of the eight joint 

parameters, the manipulator geometry could be artificially created so that the inverse 

kinematic problem was readily solved. Shown in Figure 2 is a kinematic diagram of the lead 

four A TMS segments. Two joints are shown which are fixed such that the resulting six axis 

manipulator has axes ~2, ~3, and ~ parallel. Values for the constant mechanism parameters 

for the specific six axis manipulator are also shown in Figure 2. The inverse kinematic 

solution of this six axis manipulator will be developed subsequently. 

3. REVERSE ANALYSIS 

A reverse analysis is developed according to the geometrical configuration of the 

robot as described previously. For a given location of the end effector, it will be shown that 

eight sets of joint angle displacements of the A TMS manipulator can be found. Once the 

general inverse kinematic solution is presented, joint limitations will be taken into account 

(each A TMS joint is constrained to the range of ±60° ). 

The reverse analysis problem statement is as follows: 

Given: Position of end effector, R; 

Directions of orientation vectors ~7 and ~7 . 

(~A..ll expressed in terms of a coordinate system attached to the fifth ATMS segment). 
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Find: Joint angle displacements, 4>1, 82 - 86• 

It should be noted that the angle 4>1 is shown in Figure 2 and the angles 8j, j =2-6 are 

defined as the angle between vectors ~ij and ~jk' measured in a right handed sense with 

respect to axis ~}121. 

3.1 Closing-the-loop. 

In order to perform the reverse analysis, it is necessary to find the values of the 

parameters S11, Sn, a71, a 71, 87 and (81 - 4>1) (see Fig. 3). For a given position (R) and 

orientation (~7 and ~7) of the end effector, these values can be directly calculated. A 

detailed description of this procedure is presented in reference [13]. At this point it can be 

assumed that the six close-the-loop parameters have been determined. The inverse 

kinematic procedure for the six axis manipulator will proceed as if the ATNIS segments were 

a single degree of freedom closed loop spatial mechanism with input angle 87 known. 

3.2 Determination of d>t. 

In section 3.1, the values of S11, Sn, a71, a 71, 87 and (81 - <1>1) are determined. The 

vector loop equation for the closed loop spatial mechanism can now be written as 

This equation can be projected onto the vector ~2 to yield 

where 

c12* = 0 

U 456712 = S38n = 0 

U 56712 = U 43Cz3 - V 43s23 = U 43 = s4s34 = 0 

U 6712 = U 543Cz3 - V 543Sn = U 543 = U 54~ - V 54S34 = U 54 = SsS45 = -s5 

u712 = U71c12- V71s12 = -V71 = sl~ + ClSf=-71 

Zl = ~1Cl2 - SnS12Cl = ·SnCl 

U12 = sls12 = sl 

Equation (2) reduces to 

(3) 

·The terms s .. and c.. reo resent the sines and cosines of a 1·1
· while the terms S; and ci IJ .J l • 

r e:: p re~ent the sine an J ;_: :.)s ine of ei. 
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Upon regrouping, Equation (3) becomes 

(4) 

Because ~' ~3 and ~ are parallel, from the subsidiary law for a spherical pentagon may be 

written, 

where by definition 

Zn = su(X7sl + Y .,Cl) + cuZ7 = X1s1 + Y .,C1 

= s67~sl - (~lc67 + CnS6-M)cl = -~sl + ~1C.,C1· 

From Equations (5) & (6) 

Cs = -~sl + CnC.,CI· 

and s5 = (1 - c/)1/2 = [1 - ( ~s1)2 - ( ~1c.,c1l + 2~1sMs1cJ1f2• 

Substituting this into Equation ( 4 ), we get 

where 

A = (a6M + anl + (as6~? 
B = ( a6M + an)( a61S-M1 - Sn~l) - ~1S-Mas/ 
C = ( a61SM1 - Snsnl + ( as6~1~ )2 

D = -as62 

Dividing by c/, Equation (8) becomes 

(5) 

(6) 

(7) 

(8) 

(9) 

Substituting the expression sec281 = 1 + tan281 into Equation (9) and regrouping yields 

(A+ D) X2 + 2B X+ (C +D) = 0, (10) 

where X = tan81. 

From Equation (10), there are two solutions for X. Since the inverse tangent is 

double valued, there are four solutions for 81. If c1 = 0, Eq. (8) becomes A s/ + D = 0. 
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In this case, four solutions for 81 can also be found. Four values for 4>1 can be found by 

subtracting the close-the-loop parameter (8c4>1) from each value of 81• 

3.3 Determination of 85. 

For each value of 4>1, a unique value of 85 can be computed from equations ( 4) and 

(5). 

3.4 Determination of 86. 

The following subsidiary spherical sine and sine-cosine laws may be written for the 

closed loop mechanism 

X11 = Xsc6- Y5s6, 

-Y 11 = Xss6 + Y5c6. 

From the above equations, we have 

c6 = ---------

X/+ Y/ 

s6 = -----------

X/+ Y/ 

From these two equations, a unique value of 86 is obtained. 

3.5 Determination of 83• 

(11) 

(12) 

(13) 

(14) 

Equation (1), which is the vector loop equation of the equivalent closed loop spatial 

mechanism, was previously projected onto the vector §.2 in order to obtain the input/ output 

equation. The vector loop equation will now be projected on two vectors which are 

perpendicular to ~' i.e. along the vectors (§.2x~12) and £ 12. The first projection can be 

written as 

where 

-u:567u = V 23 = -(s3c; + <;~<:n) = -s2+3 

-u;6712 = -(U 5671 Su + V 5671 Cu) = -U 5671 

-U:1u = -(U6nsu + V6ncu) = -U671 

-u;t2 = -(Unsu + V7tc t2) = -Un = -sn s7 
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and the terms u5671 and u671 are defined in terms of the known parameters e6, e7, and e1 

as 

u 5671 = u 56.,c71 - v 567~1 

u567 = u56c67- Vs6S67 = v56 

v567 = ~(Us6S67+ v56c67)- ~w56 = -~U56- ~w56 

U56 = Ss6S5 = Ss 

V 56 = -( s6cs + c6ssCs6) = -s6cs 

w56 = c6c5 - s6s5c56 = c6c5 

u671 = u6Ml- v67~1 

U 67 = s67s6 = -s6 

V 67 = -( ¥6 + ~s6c67) = -s.,c6 

Equation ( 15) can then be rewritten as follows: 

(16) 

Since 4>1, 85 and 86 are known, only~ and ~+3 are unknown quantities. Equation 

(16) can be rewritten as 

Os6n = -( a23~ + a34s2+3) 

where Os6n = Su + a4sUs6n + a56U6n + a67Un- Sn Y1 

and the notation s2+3 represents the sine of angle (82 + 83). 

where 

Projecting the original vector loop equation along the direction of ~12 yields 

w45671 = w32 = c3~- s3s2~ = ~+3 

W 5671 = S1 (U 56~1 + V 56M1) + C1 W 567 
= -s1( c5s6~1 + ( S5~ + c5c6~ )~J + C1 ( C5C6~ - S5~) 

w671 = sl(U67~1 + v6Ml) + c1W67 = -sl(s6~1 + c6~1) + C1C60 

Wn = cl~ - S1~1 

xl = ~lsl 

Equation (18) can be rewritten as follows: 

(17) 
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Since ~ and ~+3 are the only unknowns, Equation (19) can be rewritten as follows: 

P5671 = -(a23~ + a34C..Z+3) 

where p5671 = au + a45 w5671 + a56 w671 + a67 w71 + s77xl + ans 

From Equations (17) & (20), we have 

P56712 + 056712 
= a23 2 + a34 2 + 2( ~~+3 + ~s2+3)a23a34 

= a232 + a342 + 2a23a34~· 

Hence ~ = ---------------------------------------

Thus, we have two values of 83 which correspond to each set of angles 4>1, 85, and 86. 

3.6 Determination of 82. 

From Equations (17) and (20), we have 

P 5671 = -a23~ - a34( ~~ - s2s3) 
05671 = -a23s2 - a34( s2c3 + ~s3) 

Upon regrouping, these can be expressed as 

P 5671 = -( a23 + a34c3)c..z + ( a34s3)~ 
05671 = -( a23 + a34~)s2 - ( a34s3)~ 

From Equations (25) & (26), a unique value of 62 is computed. 

3. 7 Determination of 84• 

(20) 

(21) 

(22) 

(23) 
(24) 

(25) 
(26) 

The following to subsidiary sine and sine-cosine laws can be written for a spherical 
pentagon: 

X71 = ~C..Z+3+4 - Y5s2+3+4 
Y71 = -(~~+3+4 + Y5C..Z+3+4) 

(27) 
(28) 

From Equations (27) & (28), a unique value for 82+3+4 can be computed. Hence a unique 
value of 84 is found since we have previously determined 82 and 85. 

The complete solution whereby a total of eight solution sets are calculated can be 
represented pictorially as follows: 
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¢1 cp <P <P 
I I I I 
8s 8s 8s 85 
I I I I 

86 86 86 86 
/\ /\ 1\ /\ 

03 83 83 83 83 03 0'J 8'J 
<J <J 

I I I I I I I I 
02 82 82 82 82 02 02 82 
I I I I I I I I 

04 84 84 84 84 84 84 84 

3.8 Joint angle constraints 

It has been shown that a maximum of eight solution sets exist which will position and 
orient the lead A TMS segment with respect to the fifth segment. Due to joint limitations 
and operational constraints, however, the allowable number of solution sets is typically 
reduced. Every joint on the A TMS is constrained to rotate in the range of ±60°. Further, 
since the fifth segment is typically located on a plane, it is not possible to accept any 
configuration which would cause any of the lead four segments to intersect this plane. 
Applying this to the fourth segment leads to the simple operational constrain that the angle 
82 must be greater than zero. 

4. MOTION DETERMINATION 

·A motion determination strategy has been implemented to find the intermediate sets 
of joint angle parameters which will move the lead A TMS segment from some given initial 
pose to some specified final position and orientation. Smooth motions of the ATMS have 
been generated. 

The user specified initial and goal poses are input to the reverse analysis to ensure 
that they are indeed reachable. After this, a straight line path which connects the initial and 
final positions is attempted. Based on the length of the path and net orientation change of 
the lead segment, the number of intermediate points is determined. The position and the 
orientation of the lead segment at each of the intermediate points is readily determined 
according to a user specified translational step size parameter and orientation step change 
parameter. 

Using the reverse analysis, the joint angle displacements at each intermediate 
location are calculated. Since there are eight solution sets of the joint angle displacements, 
the next step is to select which set to be used so that the snake robot will move smoothly. 

There are two major cases for selecting a solution set. 
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Case 1. One of the solution sets exists at all locations. 
This case seldom happens. However, if this occurs, the straight line path can be 

achieved. 
Case 2. No one solution set exists at all locations. 

In this case, a solution set (configuration) which exists at "most" of the locations is 
selected. In addition, this solution set must exist at either the initial or final location. Two 
subcases exist which are subsequently described. 
Case 2.1 One solution set exists at both the initial and final locations, but not at all 

intermediate locations. 
In this case, the discontinuous part will be filled by inserting several sets of joint 

angle displacements. The insertion is calculated by interpolating the angle difference of 
each joint between the sets of two discontinuous locations. The path of the lead segment 
during the joint interpolation process will not lie on the straight line. 
Case 2.2 A common solution set does not exist at the initial and final location. 

In this case, an alternate solution set which exists at the final (or initial) location 
must be selected. The path of the lead segment is determined by the combination of these 
two sets of solutions. The joint angle displacements on the disconnected part of the two 
solution sets can be determined by interpolating the angle difference of each joint between 
the last value of the first set and the first value of the second set. Again, the path of the 
lead segment will not lie on the straight line between the initial and final poses. 

5. COMPUTER GRAPHICS SIMULATION 

The developed algorithm has been verified using a Silicon Graphics 4D-70GT 
workstation. The initial location of the end effector is given with respect to a coordinate 
system attached to the filth segment. The algorithm computes and chooses one solution set 
of joint angle displacements. The computer graphics simulation then uses the set of joint 
angle displacements to display the A TMS in motion. Figure 4 shows the snake robot from 
two different views. 

The Graphics simulation program enables users to change the initial and the final 
locations of the end effector. In Figures 5 and 6 the user utilizes the control panel at the 
right lower corner on the screen to change the initial and final location via the mouse 
device. For each change, the algorithm is able to calculate and check if the new location of 
the end effector lies inside the workspace. 

Figures 7, 8, and 9 show the motion of the snake robot from the new initial location, 
through an intermediate location, to the new final location. -- -

6. CONCLUSION 

A time efficient algorithm has been developed to smoothly simulate the motion of 
the ATMS in a manipulator mode on a Silicon Graphics 4D-70GT workstation. In 
particular, an analytical solution for the inverse kinematics of the ATMS has been developed 
in detail. With this analysis the A TMS joint angle displacements can be efficiently 
determined such that on line control of the A TMS will be feasible. 

For future work, obstacle avoidance and autonomous path planning algorithms are 
being developed for operation of the A TMS throughout a complex obstacle strewn 
environment. The unique design and mobility capabilities of the A TMS make this a 
challenging problem. 
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Figure 1: Articulated Transporter/Manipulator System (ATMS) 
Kinematic Demonstrator ---- --- -- -·-- -- ---
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Figure 3: Completion of the Spatial Loop 
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Figure 5: User Modification of the Initial Position 
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Figure 7: ATMS Manipulator Mode Simulation, Initial position 
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Figure 9: A TMS Manipulator Mode Simulation, Final Position 
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ON THE DEVELOP:rvtENT OF A LEG SYSTEM FOR A BIPED 

ABSTRACT 

Chi-Wook Lee, Carl Crane, Ali Seireg, Joseph Duffy 
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This paper presents recent developments in the area of bipedal locomotion. In particular, a 
leg system to be used for walking and/or running is presented. Legs are the elements that 
exert forces on the body to propel the body forward for transport, and to keep the body in 
an upright posture. Spring and damper components in the legs can improve efficiency, 
reduce maximum loading, and simplify control. Legs can be more easily incorporated with 
spring and damper components than legs with revolute knee joints. This research is aimed 
at investigating leg systems which consist of a leg and a foot with elastic storage elements. 
The nonlinear dynamic chaotic behavior has been found to exist for the two degree-of
freedom leg system. 

INTRODUCTION 

Humans and animals use their legs to transport their bodies from one place to 
another with great mobility. To accomplish this goal, muscles and tendons are used to 
control limb motions such that appropriate forces are generated. In successful locomotion, 
dynamically stable and coordinated progression is obtained. 

Legged machines have been built with one, two, three, four, six, and eight legs. 
The higher number of legs is suitable for heavily loaded, slowly moving vehicles. In 
contrast, bipeds and quadrupeds seem to be the fastest and most agile. In the quadrupedal 
walk, each pair of legs moves in the manner of the bipedal walk with a phase difference 
between the fore and hind legs. In trotting and pacing, each pair of legs perform a bipedal 
run. Therefore, in this paper, a design of the legged machine with two legs, so called 
biped, is considered, not only because of the interest in emulating human locomotion but 
also because of the extendibility of bipedal locomotion to the quadrupedal case. 

The present major obstacle for development of a highly mobile and practical legged 
veliic1es-srems-frotn-the lack of a solid mathematical description of legged locomotion. As 
a result, a deficiency exists in understanding the associated control problems. Lagrangian 
dynamics and modern control theory have been applied to the study of legged locomotion, 
especially biped [1-11]. Although these techniques have been successful in providing an 
understanding of the unstable dynamics associated with bipedal postural stance and optimal 
trajectories for bipedal systems as coupled rigid body systems, the models which were 
used for these studies are far from realistic for human or animal locomotion systems. 
However, for any given motion, certain degrees of freedom are dominant while others 
contribute negligibly. Hence, to study the dynamics of legged locomotion systems, it 
becomes imperative to select mechanical models having few degrees of freedom to keep the 
equations of motion to a manageable level, yet having enough degrees of freedom to 
represent the motions involved. 

Compound inverted pendulums have been employed to study the dynamics of 
postural stance as mechanical models of a biped [ 1-4]. Since practical locomotion controls 
for bipeds should be capable of producing stable locomotion gaits, and of providing 
transitions from one periodic motion to another, those results for the inverted pendulums 
C)u!J bl~ useru l for further development of biped t"ococ lccomorior C':)ntrols . 
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McMahon and Mochon [5,6] described the swing phase of human gait as a ballistic 
motion of a pure pendulum. They assume that the muscles act only to establish an initial 
configuration and velocity of links at the beginning of the swing phase. The swing leg and 
the rest of the body then moves through the remainder of the swing phase entirely under the 
action of gravity. 

Seireg and Townsend [7] presented a decomposition scheme, which separates the 
dynamics and the kinematics, and a numerical algorithm, which provides time optimal 
control functions for the nonlinear dynamic problems of systems of coupled rigid bodies 
with application to a bipedal locomotion system. The time-optimal control functions and 
trajectories may be used for the synthesis of closed-loop controls for the system [8]. 

The first machines that balance actively were automatically controlled inverted 
pendulums. Cannon and Higdon [12] used a cart, on which one or more simple inverted 
pendulums were mounted, as the physical model. The pendulums were to be balanced by a 
controller which moves the cart back and forth. This study of balance for inverted 
pendulums was an important precursor to later work on locomotion. 

In 1983, a hopping machine was built by Raibert [13]. This hopping machine has 
only one leg, and must hop continuously to maintain balance. This important piece of 
research has provided considerable insight into the balancing problems of walking 
machines, and has been extended to a four legged bouncing machine. 

Miura and Shimoyama built the BIPER series [14]. The BIPER3 has knee joints, 
and the foot contacts the ground at a point without an ankle joint. A continuous walking 
gait is required to prevent the BIPER3 from falling. Frusho and Masubuchi developed a 
hierarchical control structure [15]. In the lower level control, a local feedback at each joint 
is used; while in the upper level the reference inputs to the local feedback are corrected by 
using a reduced order model. The results of biped research have been limited as these 
models are constrained in degrees of freedom and/or the investigation has been limited to 
only slow walking gaits. 

This paper presents recent developments of leg systems to be used for walking 
and/or running as motions of a biped. Central to the design of a legged system is the 
mechanical design of the leg itself. Legs are the elements that exert forces on the body to 
propel the body forward for transport, and to keep the body in an upright posture. Most 
legs designed for legged machines are intended to be rigid, yet animals have legs that 
deform substantially under load. Spring and damper components in legs can improve 
efficiency, reduce maximum loading, and simplify control. This research is aimed at 
investigating a design of a leg system which consists of a leg and a foot with elastic storage 
elements. The nonlinear dynamic chaotic behavior has been found to exist for the two 
degree-of-freedom leg system. 

MODELS OF A LEG 

Throughout the short history of legged robots, animal locomotion has been a source 
of inspiration. And many features initially observed in animals have been built into robots. 
However, the locomotion of many animals remains infinitely more advanced and more 
elegant than that of present-day robots. For this reason the structure and the behavior of 
animals should be analyzed to see why they are so efficient. 

The Energetics of Legged Locomotion 

The power used during locomotion is highly variable. The main sources of 
variation are slope, accelerations, and environmental resistance. The man-made vehicles 
must cope with these variations which complicates design. Dissipative losses arise mainly 
from the inefficiency of power transmission and from environmental resistance. The 
obvious way in which energy is diverted into an unprofitable form is the need to repeatedly 
accelerate and decelerate each leg. One attempt to minimize this is reduction of the mass of 
tLe:e~ [l 3] . 
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The most important energy-saving technique is to transfer excess energy to a 
reservoir from which it can be recovered. The obvious example is the interchange between 
kinetic and potential energy which can be found in animal and human locomotion [16]. An 
interchange between the kinetic energy of vertical body motion and energy of compression 
of a pneumatic spring at landing and take-off was used in Raibert's hopping machine [13]. 
The hopping machine is a resonant system, and power consumption can be minimized by 
conforming to the resonance. Similarly energy loss in walking can be minimized by the 
resonant system. 

Another design aspect relevant to energy conservation is the balancing of one limb 
movement against another. For example swinging one leg forward while another moves 
backward. The net effect is to minimize the disturbance to the booy. Even when this does 
not directly affect power consumption it may give a smoother ride, which may result in less 
power being used for correcting body speed or attitude. Some animals use the head and 
neck or the tail to balance the torques and thrusts produced by the legs. In the process, the 
head or tail becomes a temporary storage of kinetic energy, thus combining the functions of 
balance and energy conservation. Additional mechanisms other than legs, such as arms, 
tail or head and neck, can be used to assist locomotion by levering against the ground, 
acting as inertia paddles or moving the center of gravity to improve balance. Such 
mechanisms are especially important if a legged robot is required to sit-up, or recover from 
falling over as a desirable attribute in a rough-terrain vehicle. 

Leg Design 

[17]: 
Among the components of a leg, a foot (with ankle joint) can have several functions 

1) It must provide adequate traction by friction or gripping. 
2) It may provide a resilient suspension by spring or compressible sole. 
3) If generated torque against the ground is large enough, it may be used to 

balance and orient the body. 
4) The foot profile may be designed to govern body height during stance phase. 

For example, if the sole is shaped as a circular arc centered at the knee or hip, 
the foot can roll like a segment of a wheel, keeping body height constant. 

For legged vehicles gravity may provide the main force of adhesion, via friction 
between the foot and the surface. Elastic deformation is used by biological systems to 
recover a portion of energy expended during a stride. Another function of compliance in 
legs is to reduce the impact forces that are experienced by the leg, the body and the support 
surface. In order to ens-tire the static stability, very large feet have been used [ 15]. Also, a 
point contact between a foot and surface is assumed for simplicity [13,14]. Thus, use of 
gravity and spring elements of foot will be considered for the leg design. 

It is often possible to regard the main function of leg geometry as providing two 
dimensions of motion: fore and aft, up and down. Thus it can be assumed that motions of 
the leg are constrained in sagittal plane. 

It has been argued that tendon elasticity is exploited to save energy, in the legged 
locomotion. Kinetic and gravitational potential energy lost by the body at certain stages of 
the stride is stored temporarily as elastic strain energy in stretched tendon, and restored in 
an elastic storage recoil. To reduce impact loading when the foot touches the ground and to 
store the energy, springs are implemented for the models of leg system. 

Spring -Mass Leg Svstems For Bouncing Motion 

Consider the spring-mass system which is dropped from a height and which is free 
falling (Figure 1 (a)). This model represents the sin1ple bouncing motion of a leg system. 
\Vhe:1 ~he s~rte:t~ hits the ground, the porenri ;..tl energy of this system is conve:-ted to the 
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elastic strain energy in the compressed spring. This stored energy will be used for rebound 
when the spring loses contact with the ground. Raibert's hopping machines used the 
exchange of energy among its various forms which is important in understanding the 
dynamics of legged locomotion. If a leg system is modeled with a foot for bouncing 
motion, another spring-mass system with damper element can be added to the free falling 
spring-mass system (Figure l(b) & (c)). 

M M M 

K 
m ._____ _ _ __, 

kQc 
ezzzzzzzzzzzzzzzzzzza VZ?ZZ?ZZ?ZZ?ZZZZZZZJ k?Z??Z?ZZZZZ?c 222221 

(a) (b) (c) 

Figure 1. Spring Mass Systems for Bouncing Motion 
(a) Without Foot (b) With Foot and Spring (c) With Foot, Spring, and Damper 

The spring-mass-damper systems as models for a leg system have two different 
phases. One phase is a linear vibratory system with an assumption of viscous damper 
(Phase I), and the other is a ballistic motion system (Phase II). If the displacement of the 
mass is measured from the position at the instant when the tip of spring contacts with the 
ground for the first time, then the equations of motions become: 

1) Without Foot (Figure l(a)) 

(Phase I) 
00 

Mx+Kx=-Mg 

00 

(Phase II) Mx = -Mg 

2)With Foot (Figure l(b) & (c)) 
00 

00 0 

M2x2-K1x1+(K1+K2)+Cx2 = -M2g 

00 

00 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
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where Mi (i = 1, 2) = Mass 

Ki (i = 1, 2) = Spring Constant 

C = Viscous Damping Constant 

For the single degree-of-freedom mass-spring system (Figure 1(a)), M = lOKg and 
K = 1 OOON/m were used to demonstrate the bouncing motion. It was assumed that the 
system was dropped from the height H = 0.5m. For stable bouncing motion, there must be 
steady state limit cycles in the phase plane as in Figure 2. Without dissipative energy loss 
due to damping, the elastic strain energy stored in the spring element must be used for 
rebound up to the original height. The mass with spring element is added to the bottom of 
the single mass-spring leg system as a foot. Again to see the feasibility of the bouncing 
motion for a two degree-of-freedom, lKg of mass and various spring constants along with 
the same elements as the single mass-spring system (Figure 1(b)). For the case of K = 
lOON/m, the system shows a stable bouncing motion for the upper mass (Figure 3(a)), 
which can be considered as hip of body for the legged system. However, the parameters 
for the system are not practical since the deflection of the system reaches up to 2.7m. As 
the stiffness of the foot spring increases, the system becomes more unstable as in Figure 3 
(e.g. 500N/m for (b), lOOON/m for (c), lOOOON/m for (d)). By adding damping element 
to the foot (C = 75Ns/m for the case of K2 = lOOOON/m), the steady state limit cycles for 
bouncing motion can be obtained (Figure 4). 
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Figure 2. Single Degree-of-Freedom Spring-Mass Leg System 
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Figure 4. Two Degree-of-Freedom Spring-Mass Leg System with Foot 
For Bouncing Motion (With Damping) 

SUMMARY AND CONCLUSIONS 

The various spring constants for the spring-mass leg system with foot were selected 
for the steady state limit cycles in the phase plane. However, the systems (without 
damping element) do not have the desired behavior with chosen system parameters. 
Generally, the leg systems with foot are not always stable with arbitrarily selected 
parameters, even though addition of a proper damping element to the system provided the 
stable bouncing motion for the steady state. This kind of system behavior is called 
Nonlinear Dynamic Chaos. For example, the stability condition XI = X2, which can be 
derived from Equations (3)-(6) (without damping element), may be used to determine the 
system parameters for the systems. In Figure 3(a), the stable bouncing motion is displayed 
for the case of KI = IOOON/m and K2= IOON/m, in which this stability condition of XI= 
X2 is satisfied (Figure 5). However, even with such a stability condition, it is difficult to 
obtain the desired system behavior without experiment 

The goal of this paper is to show, by example, that in the design of leg systems for 
dynamically stable locomotion, one should strive to obtain configurations that are relatively 
simple, thus making their control easier. As an example, spring-mass systems as models 
of leg system have been studied for the bouncing motion. Furthermore; Nonlinear 
Dynamic Chaotic behavior has been found to exist for two degree-of-freedom spring-mass 
leg systems. The analysis for this chaotic behavior is under consideration to obtain the 
criteria for system parameter selection. Completion of this ongoing analysis of chaotic 
behavior should enable one to determine the system parameters as design configurations of 
the practical leg systems. 
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(a) Time Response of the Upper Mass (MI) 
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(b) Time Response of the Lower Mass (Mz) 

Figure s ~ ·Disptacements for the Spring-Mass System (Without Damping) 
(Ml = lOKg, M2 = lKg, K1 = lOOON/m, and K2 = lOON/m) 
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REDUNDANCY RESOLUTION OF ROBOT MANIPULAORS: AN OVERVIEW 

Abstract 

Hareendra Vanna and Ming Z. Huang 
Dept. of Mechanical Engineering 

Florida Atlantic University 
Boca Raton, FL 33431 

This paper provides a review of literature on the various aspects on the coordination of 

robot manipulators with kinematic redundancy. Different approaches based on the concepts of 

Generalized Inverses, Extended Jacobian, Variable Elimination and Geometry Based Rate 

Allocation are surveyed. Commonly used performance criteria for resolving redundancy, such as 

singularity and/or obstacle avoidance, are discussed in detail. Finally, a new approach is 

introduced which can provide the minimum norm solution efficiently. 

1. Introduction 

A spacial robot manipulator needs at least six and a planar manipulator needs at least three 

degrees of freedom to position and orient the end effector freely. But, it has been shown 

(Hollerbach[l]) that the theoretical minimum given above, does not always provide a fully covered 

task space and is plagued with the problem of singularity. For example, Paul and Stevenson[2] 

have shown that a spacial rotary manipulator with six degrees of freedom have only an effective 

performance level of five d.o.f. manipulator since large percentage of task space fall under 

singularity region. This has necessitated the requirements for the use of additional degrees of 

freedom. Furthermore, additional d.o.f. provides the manipulator higher flexibility and versatility. 

When more d.o.f. than the theoretical minimum are added, the manipulator becomes 

redundant. That is, to position and orient the end effector in a specific point within the boundary of 

the task space, there exist an infinite number of solutions in the joint space. This particular property 

called "redundancy", has been a much focussed topic of current research interest. This is due to the 

fact that redundancy can be utilized in achieving some other objectives within the task space: for 

example, singularity avoidance and obstacle avoidance; or in optimizing some subtask criteria in 

addition to performing the main task of end effector state. 

Due to the very nature of redundancy, ie, providing infinite solutions in joint space for a 

unique point in task space, additional information is required to arrive at a unique solution in joint 

space. This problem generally known as redundancy resolution, has been tackled by means of 

methods based on ( 1) the concept of Generalized Inverse (2) Extended Jacobian (3) Variable 

elimination Method ( 4) Rate allocation. These methods can be further categorized into resolving 

redundancy at (a) Displacement (Joint Angle) Level (b) Velocity (Joint Rate) Level, and (c) 

Acceleration Level. In addition, since the problem is often formulated as an optimization one, 

another classi fic::nion of the work could be based on whether th e optimization scheme being used is 
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'local' or 'global'. A local scheme computes an instantaneous optimum solution, whereas the 

global scheme seeks to obtain an optimum solution for the entire time history over the task 

execution. 

In this paper, we present a review of some of the research work done in the above context. 

The objective here is to provide an overview of the various techniques developed to date, not to 

offer a complete survey. The remainder of this paper is organized as follows. Section 2 provides 

the definition of redundancy and then explains it in the context of robot kinematics. A review of the 

various methods utilized in resolving redundancy is given in section 3. Section 4 is devoted to a 

brief review of the different performance criteria and constraints. Finally, in section 5 we propose 

a new approach for obtaining the 'Minimum Norm' solution for the manipulator rate allocation 

problem. It is noted that the same approach may be utilized for any under-determined set of linear 

equations in general. The work is concluded in section 6. 

2. Definition of Redundancy 

Redundancy occurs as a result of the mapping of an 'n' dimensional space into an 'm' 

dimensional space (n>m). In that process, an infinite number of points in the n-D space collapse 

into a single point in the m-D space. Inversely, when we have a unique point in the m-D space say 

X, there are correspondingly an infinite number of solutions in the n-D space. Additional 

information needs to be supplied in order to retrieve one solution from these points. 

The above situation can be explained in the context of robot manipulators as follows. Let 

J (mxn matrix) be the Jacobian of an n d.o.f. manipulator, e (nxl vector) the joint rate vector 

and X (mxl vector) the end effector velocity vector. Then, 

(2.1) 

holds. This is the mapping of e, a vector in n-D space, into X, a vector in m-D space by means 

of a transformation matrix J . In the process of this transformation, for infinite sets of S , we 

obtain a single end-effector state x. Or, to obtain a desired unique end-effe_ctor state, we have 

infinite solutions of joint rates. Now, in order to get back one of these solutions, we need to 

provide additional information which may in a way extend the m-D space of the end effector 

solution into n-D space. This is possible only by means of adding information to extend task space 

ton-D. 

The extension of the end effector task space, using additional information can be generally 

tackled in two ways. (1) Project the n-D solution vector into the real space of the joint space to 

obtain the particular solution and then using a performance criterion obtain a homogeneous solution 

The vector addition of the two solutions give the joint rates satisfying both the end effector state 

and the performance criterion. (2) By means of a performance criterion, extend the task space ton

D space and hence solve for the joint ra tes. A variety of methods Ltlling into these categories have 

be-"':1 (1c"'!,-"] "'Dt ~r 11 'lf.., ri "'~-'\' 'll""' , !i ...: ,. ,, .. -.o. . i ir; 
- - f _.., \) • ...1 ~ 1.... :,.._ l,t. Li lt ..... ., \. .. \.... .......... L ...... "\\_. •._ L .1: 
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3.1 Generalized Inverse Based Solution 

This method basically belongs to category (1) given in the preceding paragraph. For a 

system defined by (2.1), it has been shown by Liegeois[3] that there exists a solution in the form, 

• + ( + ) 8=Jx+ 1-J J <l> 

where, J+ is a generalized inverse characterized by 
J = J J+ J 

(3 .1) 

(3.2) 

The term (I - J+ J) is a matrix operator which projects an arbitrary n-D vector <l> onto the null 

space of J. 
The first right-hand term in (3.1) corresponds to the particular solution of the problem and 

hence the component which satisfies the end-effector state. The second component, usually known 

as the homogeneous solution (since it gives the solution for Je = 0 ) deals only with the internal 

joint motions. Since the second (homogeneous) part does not affect the overall motion of the end

effector (output), it can be manipulated in obtaining solutions which satisfy additional performance 

criteria, such as avoidance of singularity and obstacle. 

Liegeois[3] proposed a form of generalized inverse which satisfies (3.2) as: 

' J m • = l J o~' J (3.3) 

where J m is a mxm square matrix which is obtained from decomposing J into two mxm and 

mx(n-m) blocks as: J = [ J m I J n -mJ · 
Another form of generalized inverse, which is the most widely used one and is known as 

Moore-Penrose generalized inverse or Pseudo Inverse[4], is given by 

- 1 

J+ = JT (JJ T) (3.4) 

In addition to satisfying (3.2), this G. I. also satisfies the following properties, 
J+ JJ+ = J+ (3.5) 

T 

(J+ J) = J+ J 
T 

(JJ+) = JJ+ 

(3.6) 

(3.7) 

It can be shown that, using the above Moore-Penrose generalized inverse, the solution 8 = J+ x 

provides the minimum norm solution satisfying the minimization of sum of the squares of joint 

rates. Since, in general, kinetic energy is proportional to the square of joint rates, this solution can 

be considered to optimize the 'kinetic energy' of the system. Also, since the joint rates near 

singularities exhibit excessively large, minimization of joint rates tends to avoid singularities. 

A varient to this method is the case suggested by Whitney[5] in which a 'weighted' 

minimum norm criterion is used. Let W be an nxn weighting matrix, then the corresponding 

solution becomes: 
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- 1 e = w-1JT(Jw- 1JT) x (3.8) 

In [6], Chevallereau and Khalil give a different formulation of pseudo-inverse as follows: 

J = J m C (3.9) 

where J m is defined as before and C = l1 I J -
1 
J J. m n-m 

So, 

(3.10) 

All the above formulations give generalized inverses, which can be used to compute the 

particular solution as well as the null space projection operator. Now, by a suitable choice of 

performance criteria (to be discussed), we can arrive at the solution using (3.1). 

3.2 Extended Jacobian Technique 

Baillieul[7] describes a method called the 'Extended Jacobian Nlethod', in which he 

proposes providing an (n-m)xm vector, which serves as the performance criteria or constraints, 

thus extending the task space from m-D space into an n-D space. Therefore this falls into the case 

(2) mentioned in the last paragraph of Section 2. The method is described below. Let the joint 

space to task space transformation of displacement be 

F(e) =X (3.11) 

Let g (8) be a performance criterion (e.g. manipulability) chosen for optimization. Baillieul 

suggests that at the extreme point, 

(~~). J" = 0 (3.12) 

in which J" is the null space matrix of the Jacobian of system given by (3.11). If a new function 

is defined as: 

~e) = (~~). J" (3.13) 

then at the extreme point, we have 

l~~)J=l~ (3.14) 

Differentiating with respect to time, one obtains 

(3 .1 5) 

which can be written as 

(3. 16) 
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where 

J. = l~~J (3.17) 

This formulation of J e is called "Extended Jacobian" and is a means of extending the task 

space to obtain a unique solution. This technique has been used in obstacle avoidance, singularity 

avoidance etc. However this method requires more computations to obtain the null space matrix as 

the number of redundancy increase. Hence, in cases with a large degrees of redundancy this 

method may not prove to be efficient. 

Another varient of adding extra constraints is given by Chang [8] in which he suggests a 

closed form solution for manipulator inverse kinematics problem. The proposition is as follows. 

Let the kinematic equation be 

F(S) = f (8) - X= 0 (3.18) 

The solution is optimized using a criterion function H(S) which has first order continuous partial 

derivatives in e Formulating the Lagrangian function as 

L(e) = A.T F(e) + H(e) 

then, at the stationary point, the following holds: 

aL ='AT aF aH = 0 
ae ae + ae 

Define 

where, 

i=1,2, ... ,n 

From the above, we get a set of equations: 

and, 

f (8) =X 
Zh= 0 

Z= lJn-mJ~1 j-l n-miJ 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

Eqn(3.22) provides (n-m) additional equations and hence a unique solution can be obtained. This 

method has been used in [8], in simulating a cyclic path using manipulability (see section 4) as the 

performance criterion. 

3.3 Variable Elimination 

An entirely different approach from all the above was proposed by Ghosal and Roth[9]. 

They demonstrated that when the joint space has 'n' dimensions and the task space has 'm' 

dirne1 sicns, bv iuJic ious n1ani r; uLl cinn df the matrices 'Ne can ~et 'm' indeDendent v::triables and 
.. .J I. '- l 



123 

'n-m' dependent variables. By utilizing these partitions, and a specific (n-m)-dimensional objective 

function, a unique solution can be obtained. Available literature on this method is very scarce; 

however, it shows good prospects for further research work towards obtaining closed form 

solutions in cases of different objective functions. In such a case, the computational efficiency can 

be improved dramatically in contrast to the existing iterative numerical algorithms. The method is 

described in the following. 

Let us consider the motion of the end effector in 3-dimensional space to be along the 

trajectory 

(3.23) 

Then the velocity at a point P 0 along this trajectory may be given as 

(3.24) 

0\V 
where 'Vi= ae. evaluted at p 0; i=1,2,3, .... ,n 

I 

Since the motion is in a three dimensional space, the set of equations may be considered to consist 

of three independent terms and (n-3) dependent tern1s exist. Let the first three terms in (3 .24) (ie, 

i=1,2, and 3) be the three independent terms. Then one may express the remaining dependent 

terms to be of the form, 

3 

'V j + 3 e j + 3 = I a j i 'Vi e i ; i = 1, 2, ... , n - 3 (3.25) 
i = 1 

Now in order to compute e, additional (m-3) equations are necessary. These equations can be 

obtained by setting constraints on, say, the velocity destribution. Rewriting eqn.(3.24) in terms of 

(3.25), we have 

(3.26) 

Now (3.26) represents the velocity in terms of only three joint variables given by 

T e= [ e1 , e 2 , e·3 ] 

n- 3 

And J1 is a (3x3) matrix with its ith column given by 1+ I a i i 'Vi 
j = 1 

3 
"".2 2 

Now, for a normalized condition of L 8 i = k , the tip velocity vector lies on the surface of an 
i = 1 
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(3.27) 

This means that the shape of the ellipsoid depends on the values of the redundant joint rates. 

Hence, by imposing constraints on them we can resolve the joint rates. The paper goes on 

explaining how a spherical velocity distribution ie, the special case when the ellipsoid become 

spheroidal, can be obtained by keeping all the eigenvalues of g' to be equal. It also gives an 

example to obtain additional equations using a so-called 'transmission ratio' given by the square 

root of the determinant of g'. 

3.4 Geometry Based Rate Allocation Algorithm 

Another novel approach addressing the decomposition of the end effector velocity state of 

series manipulator chain into the joint rates based on the manipulator geometry is given by Huang 

and Waldron[lO]. They have utilized the velocity force duality in the series parallel chains[ll] in 

extending a canonical decomposition method developed for solving force distribution problem for 

indeterminate parallel systems. 

Here, the manipulator links are first treated to be interconnected by three d.o.f. spherical 

(ball) joints. They then showed that the velocity system associated with such a ball-jointed series 

chain is the 'dual' of the force system of parallel chain with multiple contacts (such as that of a 

walking machine). The decomposition method developed for the force system stipulates that if 

there is no interaction forces between the contacts ie, if the component forces along the line joining 

the two points of contact are equal; then the force system forms an axial field which is similar to the 

velocity field associated with a rigid body. Then, based on the duality, the velocity vectors at the 

intersection of links (at which the ball joints are located) also form an axial field, and are given by: 

(3.28) 

where 'I' i is the joint velocity vector at ith ball joint, S is the direction vector of the field axis, P 

is the position vector of any point on the axis and H is the pitch of the vector field. s can be 

obtained by 

(3.29) 

in which W and ~ are, respectively, angular velocity and translational velocity of end effector, P 
is the centroid of the system of ball joints and I is the centroidal inertia matrix of the ball joint 

system. 

Having found out 'Vi, they are decomposed along the joint axes and link common 

nonnals. Then applying suitable adjustment procedure and performance criteria, we can come up 

with joint rates. In this method, it has been shown thu.t the algorithm works with no performance 

criteria fo r a non-redundant manipu b tor, and J. 1-D vector for a seven degrees of freedom spacial 
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resolve the joint rates. The method given here offer an efficient means of rate coordination and is 

very useful in control of manipulators with a high degree of redundancy. This method has been 

demonstrated to yield a closed form solution for the 'minimum norm' condition with much less 

computational requirements compared to the pseudo-inverse method. It also has the potential of 

obtaining closed form solutions for other performance criteria as well. Research in this direction is 

underway. 

4. Performance Criteria 

The earlier sections have indicated the necessity of incorporating performance criteria 

and/or constraints to find a unique solution. This has led to utilizing redundancy for specific 

requirements like singularity avoidance, obstacle avoidance etc. or optimizing criteria like minimum 

kinetic energy, minimum torque etc. Also in cases of repetitive actions where a cyclic path is 

needed both in the joint space and task space, additional constraints could be included to meet such 

criteria. Though most of the research work has been concentrated on local optimization, ie, finding 

the instantaneous optimum, there have been efforts in optimizing globally, ie, throughout the time 

history of the task. 

The majority of the work is based on Pseudo Inverse based solutions given by 

(4.1) 

(Jg 
where E is given by (JS , a vector with g(8) referred to as the performance criterion. The first 

term is readily available (from generalized inverse) and the second term can be utilized in 

optimizing a suitable performance criterion given by g(e) . A few commonly adopted performance 

criteria are reviewed in this section. 

4.1 Manipulability 

Yoshikawa[12] proposed-a qu-antitative measure of manipulating ability in positioning and 

orienting the end effector as, 

w = J det(JJr) 

= det J 

for mxn matrix. 

for nxn matrix (4.2) 

The physical meaning of the quantitative measure, which he defined as the the 'manipulability', 

was explained using Singular Value Decomposition[13] as follows. 

J = UL VT (4.3) 

where U (mxn) and V (nxn) are orthogonal matrices, and 
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Then 

W = (J1 . (J 2 ..•.. (J m 

The subset of realizable velocity e such that 

n • 2 

Lei ~ 1.0 
I= 1 

is an ellipsoid with axes given by a 1u1' a 2u 2' · · · ' am U m , where U i is the ith column vector of 

the U matrix. The measure of manipulability is the volume of ellipsoid. Singularity occurs when 

this volume become zero. Manipulation becon1es difficult as the posture gets closer to the singular 

configuration. Hence maximizing the volun1e of this ellipsoid can be a good measure of avoiding 

singularity. 

In the same reference, a concept called 'subtasks with order of priority' was introduced. 

The end effector task may in many cases be divided into subtasks with priorities. For example, the 

first priority will always be to trace the desired trajectory. Where redundancy exist, the same can be 

utilized in performing a second subtask say, avoiding any obstacle in the task space or avoiding 

singularities in the task space. If more redundancy exist, then a third subtask may be performed 

using this and so on till redundancy is fully utilized. In other words, the first term of eqn. (3.1) 

fulfills the end effector position requirements and the second term may be used for the subtask 

performance. Based on this concept, Nakamura and Hanafusa [14] developed a criterion to avoid 

singularity globally as 

x2 = 'If J ( T) + e T e] dt 
~L del JJ 

(4.4) 

where X2 represents the second task and the end effector trajectory given by X represents the first 

subtask. 

4.2 Obstacle A voidance 

Obstacle avoidance in the task space has been another concern of research in the area of 

kinematic redundancy resolution. Yoshikawa[12] has, within the frame work of his task priority 

concept, proposed the performance criteria for the above as, 

(4.5) 
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where H2 is a diagonal matrix (having elements h, with all h 2i > 0 constants). 9 r is a taught 

posture for the manipulator which avoids the known obstacles. As the joint rates tend to move 

away from the taught posture, this performance criterion gets bigger and bigger. So, in a 

minimization problem, the joint rates get dragged towards the taught posture thus avoiding the 

obstacle position. However here also, the first priority is on traversing the required trajectory and 

the left out redundancy is utilized to avoid the obstacle. The control law for the solution is given 

by: 

S=J+X-(I-J+J)H
2

[e -er]k (4.6) 
Another scheme proposed by Nakamura[15] and later studied by Chang[8] is, 

r n 

H= k 0 2:,11 [c 0 (X;)- 1]+ ki 2:,11 [e~max -e~J (4.7) 
i = 1 i = 1 

where 

k o' k i are scaling factors; 

T 
Xi= (X

1
i, X

2
i, X

3
i) position of the ith joint affected by obstacle; 

3 
X -X 

C 0 {X) = I { kl r k kc ) s 

k = 1 

r k & X kc are the radius and the centre of obstacle; 

e jmax is the joint angle limit for the jth joint. 

In this case, as a set of 'r' pre-determined points on the manipulator get nearer to the obstacle, the 

first term in the r.h.s. increases drastically, thus inflicting a penalty for getting closer to the 

obstacle. In a similar way, the second term prevents the individual joint rates from coming closer to 

the joint limits. Thus this criterion may be used to avoid obstacles as well as to push the joint 

angles away fr<?.m the respective joint limits. 

Klein[16] proposed another control law based on a tapered obstacle avoidance velocity, 

which also works in a similar manner as the one described above. 

4.3 Global Optimization 

Local optimization does not guarantee that the resulting motions are the optimum globally. 

Also in repetitive tasks, local optimization may produce non-conservative joint rates. Hence a 

global optimization based on the additional constraint for conservation of path is usually desirable. 

However, the heavy computational requirements for such a formulation makes it difficult for real 

time implementation. 

A general formulation for global optimization in kinematic level for task priority is given by 

Nakamura and Hanafusa r1-+1 :ts. 
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r
1 

(t) = f(e) (4.8) 
t1 

r
2
(t)= fp(e,t)dt 

tO 
(4.9) 

where r1 and r 2 are the desired end effector state and subtask performance criteria respectively. 

Baillieul and Brockett[ 17] utilized this approach for 'Extended Jacobian' Technique. 

Kazerounian and Wang also used similar formulation to develop least square joint rates and kinetic 

energy globally[l8], and to develop an optimal conservative system which provide a cyclic joint 

space for a cyclic task space[l9] 

5. A New Algorithm to Compute 'Minimum Norm' Solution 

In the following, a computationally efficient method to obtain minimum norm solution at 

the joint rate level, is explained. The basis for the approach may be explained as follows. A linear 

matrix equation can be described as the transformation of an n-D space to a m-D space (where n is 

the number of variables and m is the number of equations.). In case where n=m, the mapping is 

unique. When m<n, there can be an infinite number of mapping. Now the minimum norm solution 

means, the transformation from the current space to the new space is subject to the constraint that 

this particular mapping is the one that gets displaced through the least distance out of the infinite 

available mappings. Now consider the origin of the n-D space, which will be mapped into the 

origin of the new space. The origin of the new space will have to lie in the intersection of all the m 

equations as well as that surface which is orthogonal to these equations and which is passing 

through the origin of the current space. In other words, the shortest distance from the origin of the 

current space to the new space is when the origin is mapped along the orthogonal surface to the 

surface formed by the set of equations. The procedure for the proposed approach is as follows. 

Let's consider again, 

- Je =x 
It is possible to decompose J as, 

J= [JmjJn-mJ (5.1) 

then 

(5.2) 

Using Gaussian elimination, we can transform (5.2) into the following form: 

(5.3) 

I 

It can be shown that an interesting property of J n _ m is that, 

l(J~~m) J 
(5.4) 
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is orthogonal to J . Now let us consider a set of equations given by 

(5.5) 

This will give (n-m) equations which are orthogonal to the m equations given by (2.1) and also 

passing through the origin of the joint space. In other words, (5.5) represents the surface passing 

through the origin and orthogonal to the surface given by (2.1). So based on the discussions in the 

first paragraph of this section, the minimum norm solution for (2.1) also satisfies (5.5). That is, 

l J J [8] - [x] 
(J'n-m)T 1-1 - 0 

(5.6) 

which is the same as, 

(5 .7) 

Thus from (5.7), we get n equations in n unknown joint rates. By Guassian Elimination, we can 

easily obtain joint rates since part of the process is already con1pleted. The above theory was 

applied to cases of 3 and 4 d.o.f. planar mechanisms, and has shown to obtain the 'minimum 

norm' solutions for the cases studied. It is being extended to a 7 d.o.f. manipulator. The theory 

provides an efficient means of computing the '1\;loore Penrose' G.I. as well as the null space 

projection vector. More results and detailed proof of this method will be presented in a future 

paper. 

6. Conclusions 

The Generalized Inverse based solution in general, have been the most widely researched 

method. It seems to be a very useful tool for resolving redundancy. The particular solution based 

on this method gives the minimum norm solution which in a way could -be considered as 

'minimum kinetic energy' case. However, since we are unable to obtain closed form solutions 

where both the particular and homogeneous parts are to be considered, iterative numerical 

computations are involved. The approach given in Section 3.3 has the advantage of obtaining 

closed form solutions which reduces computational time; however, more work is still necessary. 

In case of the approach given in section 3.4, it has been shown that closed form solution is 

possible in case of 'minimum norm' solution.From the point of view of computational efficiency, 

this method has been proved to be advantageous to the 'Generalized Inverse' based solution. 

Further work is under way to utilize this aspect for a variety of performance criteria. The widely 

investigated performance criteria (Section 4,) are singularity avoidance, obstacle avoidance, torque 

or kinetic energy minimization etc. Section 5, brings for.vard a new approach to obtain 'minimum 

norm' solution fo r redundant systems. The vi:1b il ity of the n;odei has been tes ted and confom1ing 
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results are obtained. The formulation also provides an efficient tool to obtain the pseudo-inverse 

and the Jacobian null space projection vector. 
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We propose a general model for the fusion of sensor 
data from the various sensors of a multi-sensor system. This 
model adopts a knowledge-based approach to the fusion 
problem encompassing all levels of knowledge abstraction 
from the signal level (lowest level) where the raw response 
of the sensor is present, to the symbolic level (highest 
level) where symbolic descriptions of the environment exist. 
The model employs a flexible reasoning approach that 
includes bottom-up 1 top-down or a combination of the two 
reasoning schemes. We claim that the fusion technique of 
choice depends on the level of abstraction and the type of 
sensor data interaction. Thusr we first define the 
interaction of sensor data as either competitive, 
complementary, cooperative, or independent. Next we 
generalize levels of abstraction into three levels; the 
signal, th.e fe::3.ture, and the symbolic level. We also discuss 
fusion techniques appropriate to the level of abstraction 
and type of data interaction. 
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. IN.T.OD.U..C.T..I.O:N 

The increasing demand for robot systems to perform 
complex tasks such as autonomous operation, and flexible 
manufacturing has spurred research aimed at upgrading robot 
intelligence and capabilities. These complex tasks are often 
associated with unstructured environments where information 
is often uncertain, incomplete, or in error. This problem 
calls for the development of a robot system capable of using 
many different sources of sensory information in order to 
overcome the limitations of single sensory robot systems. 
Single sensory robot systems are limited in their ability to 
resolve and interpret unknown environments, since they are 
only capable of supplying partial information. The need for 
multi-sensor robot systems is evident in the literature: 
[Giralt 86], [Durrant-Whyte 86a], [Henderson 84], [Ruokangas 
86], [Flynn 88], [Luo 88], [Mitiche 86], [Shafer 86]. The 
motiva~ion is to obtain from a set of several different 
and/or similar sensors, information that would be impossible 
or impractical to obtain from any one of the sensors alone. 
This is often possible since different sensors are sensitive 
to different properties of the environment. Thus, each 
sensor type offers unique attributes and contextual 
information in interpreting the environment. The goal of a 
multi-sensor system is to combine information from the 
various sensors, with a priori knowledge about the 
environment, the sensors, the task, etc .. into a meaningful 
and consistent interpretation of the environment. so, the 
system maintains an internal description of the world which 
represents its "best guess" about the external world. 

A variety of important research issues are associated 
with the design and implementation of a multi-sensor robot 
system intended to perform complex tasks. These issues 
include hardware/software architecture [Chiu 86], [Shafer 

---8·6 ]-,---[-Hende-rs-on 8-8] ,· communication and coordination of the 
planning, control, and sensory subsystems [Harmon 88], 
[Brooks 86], world model representation [Kent 87], modeling 
of sensors [Durrant-Whyte 88], problem solving or reasoning 
model [Nii 86], and sensor data fusion [Flynn 88], 
[Ricardson 88], [Luo 88], [Parrill 88], [Bolle 86]. sensor 
data fusion is the combining of information from various 
sensors into one representative set of data that provides a 
more accurate description of the observed environment (an 
improved world model) than the description provided by any 
of the sensors acting alone. The objective is to reduce 
uncertainty about the observed environment. However, in 
addition to the fusion of information from multiple sensory 
sources, the problem of generating an accurate world model 
representation involves the fusion of sensory data with 
object models and a priori knowledge about the environment. 
rtie :propose a c;ene ::- 2l fr2m2r,-1or:<: fer b o ·t':'"'l t:-~~s cf fusicn 
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used interchangably. However, some researchers [Luo 88] 
refer to Multi-sensor Integration as the methods or 
techniques for integrating sensors at the system 
architecture level, while Sensor Fusion refers to the 
combination or fusion algorithms or techniques at the sensor 
data level. 

In this paper we examine these issues within the 
context of the proposed general framework for sensor data 
fusion. We start in . the next section by defining the sensing 
process and listing some of the robotic sensors available. 
This is followed by a section that classifies sensor data 
according to its interaction with other sensor data. This 
classification is a major factor in determining how the 
sensor data is to be used or combined. Another factor for 
determining the fusion technique of choice is the levels of 
abstraction of the sensor data which are discussed in a 
following section. Next we discuss the organization of a 
multi-sensor robot system and its division into sensory, 
control, and planning subsystems. We then describe the 
various components of a sensory subsystem with the sensory 
knowledge integrator at its heart. This is followed by a 
section on a proposed model for the integrator. At this 
point, a section on sensor data fusion techniques is 
presented. Finally, conclusions and future work are 
discussed . 

.S.EN.S.OR.S._AND __ THK_.SENSING PROCE.S..S 

The field of robotic sensors design is rapidly growing 
and undergoing a great deal of research activity. A variety 
of sensors are available for robotic applications. These 
include TV cameras, infrared cameras, ranging devices such. 
as acoustic, infrared, and laser rangefinders, touch 
sensors, proximity sensors, force/torque sensors, 
temperature sensor, etc .. An assessment of robotic sensors 
is presented in [Nitzan 81]. Nitzan defines sensing as "the 
translation of relevant physical properties of surface and 
volume elements into the information required for a given 
application." Thus, physical properties such as optical, 
mechanical, electrical, magnetic, and temperature properties 
are translated by the sensing process into the information 
required for the specific application. For example, a parts 
inspection application might require information about 
dimensions, weights, defects labeling, etc .. The basic steps 
of sensing are shown in the block diagram of figure 1 (from 
[Nitzan 81]). 
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Physical 
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Application 

Figure 1. Block Diagram of Sensing Steps {from Nitzan) 

In our paper we are concerned with the sensing process 
where information from a variety of sensors is combined and 
analyzed to form a consistent interpretation of the observed 
environment. As we will discuss later, the interpretation 
process is complex and involves processing of sensor data at 
various levels of abstraction using domain specific 
knowledge . 

. CLAS SIFICATI.QN._ __ QE.._S.E.N.S.QR._.DATA 

The fusion technique of choice depends on the level of 
abstraction, and on the classification of the sensor data. 
In this section we consider the classification issue. In 
multi-sensor systems, data from the various sensors is 
dynamically exchanged. The use of this data in the fusion or 
integration process falls under one of the following 
classes: 

1. Competitive: In this case the sensors' information is 
redundant. This occurs when the observations of the 
sensor(s) intersect, that is, they supply the same type of 
information about the same feature or property of the same 
ob j ect . The foll owing sensor configurations and scenarios 
p r oduce cornp e ti~~ v e informatio n int 2~~c ~ io n: 
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a. Two or more sensors of the same type measuring the 
value of the same feature of an object. For example, two 
sonar sensors measuring the depth of an object from a fixed 
frame of reference. 

b. Different sensors measuring the value of a specific 
feature. For example, depth information could also be 
provided using stereo vision as well as a sonar range 
finder. Another example is edge features of an object could 
be generated from intensity images or from range images. 

c. A single sensor measuring the same feature at 
different times. For example, a sonar sensor continuously 
acquiring depth measurements from the same position and 
viewpoint. 

d. A single sensor measuring the same feature from a 
different viewpoint or operating configuration or state. 

e. Sensors measuring different features but, when 
transformed to a common description, the information becomes 
competitive. For example, the speed of a mobile robot could 
be measured by using a shaft encoder, or it could be deduced 
from dead-reckoning information from position encoders. 

2. Complementary: In this case the observations of the 
sensors are not overlapping, i.e., the sensors supply 
different information about the same or different feature. 
The measurements are added (set union) to the total 
environment description without concern for conflict. A good 
example of complementary sensor data fusion is Flynn's 
combining of sonar and IR sensor data [Flynn 88]. The sonar 
can measure the distance to an object but has poor angular 
resolution, while the IR sensor has good angular resolution 
but is not able to measure the distance accurately. By using 
both sensors to scan a room, and combining their information 
in a complementary manner where the advantages of one sensor 
compensates for the disadvantages of the other, the robot 
was able to build a better map of the room. 

- -- --- -- . - - -- -- ~ ~ 

3. Cooperative: This occurs when one sensor's information is 
used to guide the search for another's new observations. In 
other words, one sensor relies on another for information 
prior to observations. For example: the guiding of a tactile 
sensor by initial visual inspection [Allen 88]. 

4. Independent: In this case one sensor or another is used 
independently for a particular task. Here fusion is not 
performed, but the system as a whole employs more than one 
sensor for a particular task and uses one particular sensor 
type at a time while the others are completely ignored, even 
though they may be functional. For example, in an 
environment where the lighting conditions are very poor, a 
mobile robot may depend solely on a sonar sensor for 
obstacle avoidance, while in good lighting conditions both 
vision and sonar sensing modalities could be employed. 
=~~epe~d~~~ sens c r ~2t2 ~ ~t 2~ 2c ~~ ~n Gcs·2 ~ s i ~ the natural 
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·pigeons have more than four independent orientation sensing 
systems, that do not seem to be combined but rather, 
depending on the environmental conditions, the data from one 
sensor tends to dominate [Kriethen 1983] . 

. L.E.V.ELS_~_OE._AB.S~TRACTI ON __ Q..E_SEN.S.OR.~ .. DATA 

Levels of abstraction of sensor data are application 
and task dependent. These levels of abstraction vary from 
the signal level (lowest level) where the raw response of 
the sensor is present, to the symbolic level (highest level) 
where symbolic descriptions of the environment exist for use 
by the planning subsystem. This model is based upon 
psychological theories of human perceptual system that 
suggest a collection of processors that are hierarchically 
structured and modular [Fodor 1983]. These processors create 
a series of successively more abstract representations of 
the world ranging from the low-level transducer outputs to 
the highly abstract representations available to the 
cognitive system. Thus, in order to bridge the wide gap 
between raw sensory data and understanding of what that data 
means, a variety of intermediate representations are used. 
These representations make various kinds of knowledge 
explicit and expose various kinds of constraints [Winston 
84]. For complicated problem domains such as the problem of 
understanding and interpreting a robot's environment based 
mainly on data from its sensors, it becomes important to be 
able to work on small pieces of the problem separately, and 
then combine the partial solutions at the end into a 
complete problem solution. This task of understanding the 
environment is thus accomplished at various levels of 
analysis or abstraction. Thus, sensor data exists at the 
various levels of knowledge abstraction in the solution 
space and appropriate fusion techniques are applied at the 

--- ·----v-a-riou-s- --:l-e-ve-1-s- f-or -an-- improved solution. Though the specific 
abstraction levels are task dependent, they could be 
generalized as follows: 

1. Signal Level: This level contains data that is close to 
the signal or unprocessed physical data level. At this level 
data is usually contaminated with random noise and is 
generally probabilistic in nature. Therefore statistical 
inferencing techniques are appropriate for data fusion on 
this level. 

2. Features Level: Data at this level consists of 
environmental/object features derived from the signal. The 
various features describe the object or solution. Often, 
incomplete descriptions of the features must be used. This 
calls f o :- a type of reasoning t h at is subj e c tive and based 
on the bed? a ~ evide~ce ass o ci~ted wi~~ eac~ ~2ature. This 



137 

3. Symbolic Level: At this level symbolic descriptions of 
the environment exist and propositions about the environment 
are either true or false. Therefore, logical (Boolean) 
reasoning about these descriptions is most appropriate. 

Fusion techniques at the various levels are discussed 
in more detail in a later section. These techniques are 
basically methods for representing and reasoning with 
uncertain information . 

. ORGANIZATION OE.._.A_MULTI- SENSOR._ROB.OT __ ...s_y_sn:M 

For a multi-sensor robot system working in an uncertain 
environment and solving complex tasks, processing may be 
advantageously distributed among the various devices and 
resources needed to accomplish the task. A distributed 
architecture may be necessary for the simple reason that 
there is a limit to the amount of processing or reasoning 
provided by a single device. Based on a distribut~d 
processing model, a multi-sensor robot system could be 
divided into three subsystems: sensory, Control, and 
Planning. Figure 2 is a block diagram for such a system. 

I I I 
Sensory control Planning 
Subsystem Subsystem Subsystem 

Figure 2. Block diagram of a distributed robot system. 

The sensory subsystem processes sensor data and 
provides the planning subsystem with a high level (symbolic) 
description of the environment. The control subsystem 
translates the high level plans and commands of the planning 
subsystem into control signals to drive the actuators in 
order to perform the desired coordinated action. The 
planning subsystem coordinates the information received from 
the sensory and control subsystems and formulates and 
distributes tasks to the other subsytems in order to achieve 
the desired goal in an efficient and reliable manner. 
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.THlLSEN.S_O.RL.S.UB_SY.S.TEM 

The sensory subsystem maintains an internal description 
of the world which represents its "best guess" about the 
external world. This world model is built using sensory 
input and a priori knowledge about the environment, the 
sensors, and the task. Thus, the problem of constructing a 
world model representation involves two types of information 
fusion: 1) Fusion of information from multiple sensory 
sources, and 2) Fusion of sensory data with a priori 
knowledge and object models [Kent 87]. This representation 
of the world consists of both a spacial and an object or 
feature-based representation. The spacial representation 
classifies the world space as occupied, empty, or unknown, 
and explicitly represents spacial relationships between 
objects. The feature-based representation associates each 
object with the set of features that verifies the identity 
of the object. In the next section we propose a general 
framework for building this internal representation. The 
representation is constructed in the component of the 
sensory subsystem called the Sensory Knowledge Integrator, 
figure 3. 

To other subsystems 

Sensor 
System 1 

SENSORY KNOWLEDGE 
INTEGRATOR 

sensor 
System n 

Figure 3. Components of the sensory subsystem 

The sensory subsystem of a multi-sensor robot consists 
of a sensory knowledge integrator collecting and processing 
sensor data from the various sensor systems, figure 3. The 
sensor systems vary in modality, complexity, and level of 
abstraction and representation of the output sensor data. 
Typical examples of sensor systems are: Vision, touch, 
laser rangefinder , and sonar systems. Desp i te t heir 
diff ere nc es mo s t of these sensor systems shcr~ 2 gene~~l 
functional model sjcwn i~ r~;~r2 4. 
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At the transducer level, in figure 4, the raw response 
of the sensor is represented by a signal, such as, an analog 
video signal from a camera, or a reflected echo signal from 
a sonar sensor. These signals are typically analog in nature 
and contaminated with noise. The degree of contamination 
depends on the environment and the operating conditions. 

To/from sensory Knowledge Integrator 

noise 

-~ , 

... ,. 

~~ Low-1 
feaur 

evel 
es 

Feature 
Processer 

~· Digiti 
(sharp 

Signal 
Conditioning 

Signal 

,.Transducer 
~. 

zed signal 
ened) 

Phys1cal Property 

Figure 4. Block diagram of a sensor system 

-At the signal conditioning level, the incoming signal 
-is filtered - (--low--pas-s, band-pass, etc .. ) and c-on-v-er-t -e-d to 
digital form. Here the signal may be subjected to more low 
level filtering before it passes to the next stage as a 
digitized signal. In the case of a sonar sensor system, the 
output of the signal conditioning stage might be a digital 
number representing the distance to an observed object, or, 
in the case of a vision system, the digitized signal 
represents a grey level digitized video frame. 

The feature processing stage applies estimation, low 
level feature extraction, and other types of algorithms to 
the digitized signal in order to produce meaningful features 
or properties of the observed environment. For example, in 
the case of the sonar measurements, a Kalman filter 
algorithm could be applied to the digitized signal producing 
a minimum mean squared error estimate of the distance fr om 
the s onar to t he t arget ob ject , or an estimate of the 
t ~ ajectc~y cf 2 moviug object . ? s r the case of dig~t~=2d 
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contour analysis, object isolation, texture analysis, and 
other image processing algorithms may be applied producing 
edges, lines, blobs, surfaces, etc .. to be analyzed at the 
next level. In figure 5 we propose a model for a feature 
processor suitable for multi-sensory systems. This model 
allows for data from a variety of sensors to be fused (if 
necessary) at this lower level of abstraction before 
advancing to the Sensory Knowledge Integrator. The 
motivation is to distribute the processing load and relieve 
the Sensory Knowledge Integrator of some of its 
computational load. The Information Processing block of 
figure 5 produces, depending on the sensor used, low-level 
features such as lines, edges, etc .. from sensor data. 

To explain the operation of this model, suppose for 
example, a line parameter vector Pl is generated at the 
output of the Information Processing block or the input of 
the Correlation and Error Checking block in figure 5. The 
other input to the correlation and Error Checking block 
represents, when available, the same feature, say the 
parameter vector pz of the same line, generated by another 
sensor, acquired from the Sensory Knowledge Integrator by 
the Intelligent Interface block, and transformed to a common 
frame of reference by the Transformation block. The features 
Pl and pz in our example are redundant, and are thus 
subjected to some correlation or distance measures in the 
correlation and Error Checking block in order to determine 
if these features should be fused in the Low-Level Fusion 
block, or if one of the sensors is in error. If Pl and P2 
pass the correlation test they are fused in the Low-Level 
Fusion block producing an improved estimate p of the line 
parameter according to some optimality criterion (minimum 
mean-squared error for example). This estimate is forwarded 
by the Intelligent Interface block to the appropriate level 
of the sensory Knowledge Integrator. In case the correlation 
measure __ is not_ sat~sfied, error checking procedures -are 
invoked to determine if any of the sensors is faulty. For 
the case when no other sensor provides a redundant feature, 
i.e., pz is not available in our example, the Correlation 
and Error Checking block merely passes the feature Pl to the 
Low Level Fusion block which performs, if applicable, 
sequential estimation (using a Kalman filter for example) to 
fuse this feature with previously acquired values of the 
same feature by the same sensor. That is, fuse Pl(k), Pl(k-
1), ... in order to obtain p(k/k-1) the optimum estimate of 
the value of the feature. 
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Information 
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Figure 5. A block diagram of the feature processor 

- At the Sensory Knowledge Integrator level the various 
sensor observations are integrated into a consistent 
consensus view of the environment. This view will be used by 
the planning subsystem to plan and formulate the next task·. 
I_n the .integrator_ the data is subjected to -- furth-er -analysis 
and interpretation at various levels of abstraction. The 
problem solving model of the integrator is an active 
research issue. In the next section we introduce a general 
model of the sensory knowledge integrator . 

. A GENERAL_.M.QDE.L_Q.F_T.HE SENSORY KNQHLE.D.G.E...-IN.TE..GRATOR 

The sensory Knowledge Integrator organizes the domain 
knowledge and provides a strategy for applying that 
knowledge. This knowledge includes sensor observations, a 
priori knowledge about the environment, the sensors, the 
controllers, the task, etc .. As we will see later the 
strategy employed allows for both data-driven or model
driven reasoning or a combination of the two whenever 
appropriate. The components of t h e Se n s ory Knowl 9d~e 

Int e g r atc r are s hown in ~~gur e S and they i nclude the sensor 
Cammunic~t ~ ~n s In t erface, = ~e ? ~ c~3 / E~~ot~2Sls J 2 ~ 2~~s2 , the 
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Domain Knowledge Base, the Control Module, and the subsystem 
Interface. 

To other Subsystems 

I 
Subsystem Interface 

I I 
Control 

Facts/ Module Domain 
Hypothesis Knowledge 

Database I Base 

I 
Sensor communications Interface 

Sensor 1 Sensor n 
System . . . . System 

Figure 6. Sensory Knowledge Integrator Model 

The Sensor Communications Interface (SCI) connects to . 
the various sensor systems attached to the integrator. It 
collects and organiz-es sensor observations to be added to 
the facts database. The SCI adopts a simple communications 
protocol common to all sensor systems. This protocol could 
for example, transfer data to and from the sensors via a 
packet specifying the identity of the sensor, the acquired 
data, the uncertainty in the data, and the time frame of 
acquisition. The SCI asserts the sensor data as facts in the 
facts database. These facts are represented as attribute
value pairs. For example, data from a sonar sensor measuring 
the depth of an object in its range, could be represented in 
the facts database by the following facts: 
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Abstraction Level 
Sensor_Type 
Sensor No. 
Field of View 
Depth-Estimate 
Measurement Uncertainty 
Acquisition=Time 

Signal 
Sonar 
3 
[-20,20] degrees 
9.53 meters 
0.121 
77 

The facts/hypothesis database consists of two parts: 
the facts database to which data-driven reasoning is 
applied, and the hypothesis database where model-driven 
reasoning occurs. Similarly, the domain knowledge base is 
divided into data-driven and model-driven knowledge sources. 
Facts in the facts database cause the execution of the data
driven knowledge sources while hypothesis in the hypothesis 
database cause the execution of model-driven knowledge 
sources. The facts database holds sensor data at various 
abstraction levels, data from other subsystems like the 
planning subsystem, and computational and solution-state 
data generated by applying the knowledge in the knowledge 
base to the facts. These facts range from intensity and 
depth arrays at lower levels of abstraction, to lines, 
edges, regions, surfaces, at intermediate levels, to objects 
and their relationships at higher levels of abstraction. 
Facts are required to cause the application or execution of 
the knowledge in the knowledge base. This execution produces 
new facts that are added to the facts database, and these 
facts in turn cause the execution of new knowledge and the 
production of new facts until a high level description of 
the environment under observation is incrementally reached. 
These high level descriptions comprise the robot's local 
world model that is continually updated by new sensor 
observations and_ high-level reports from the planning 
subsystem. The facts database is partitioned into 
application dependent hierarchies or levels of abstraction. 
This partitioning is essential in complicated problem 
domains because it makes it easy to modularize the knowledge 
base. Thus, certain knowledge sources become associated with 
a certain level of data abstraction and could only be 
triggered by facts on that level of abstraction. This 
eliminates the need to match all the knowledge sources to 
all the facts. The hypothesis database contains hypothesized 
high level goals with hypothesized subgoals derived from 
these goals in a backward (top-down) reasoning scheme. The 
subgoals are matched to facts at lower levels of abstraction 
to assert the validity of the hypothesis. 

The domain knowledae base contains all the knowledge 
and tools needed to des~ribe the environment being observed 
in a meaningful manne r . Th is knowledge c onsists of modular 
2n~ i~dependent k~cwl~~~3 ~odules tja~ t~~nsf s z~ i~for~at~ cn 
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information at the same or other levels. A typical knowledge 
module could, for example, represent the simple heuristic 
that an edge feature generated from an intensity image, if 
not supported by an edge feature at the same location 
generated from a range image, does not correspond to a true 
object edge but is due either to shading or to variations in 
texture. These modules or knowledge sources could be further 
specialized into data-driven or model-driven knowledge 
sources. The knowledge sources use algorithmic procedures or 
heuristic rules to perform the transformation. For example, 
consider a situation where two identical sonar sensors with 
overlapping fields of view are used, and their data 
transfered to the facts database at lower levels of 
abstraction. A knowledge source for fusing or combining the 
data from the two sensors could be represented by the 
following condition/action rule: 

IF Abstraction Level Signal 
Sensor Type Sonar 
sensor-No ?x 
Sensor-View ?y 
Depth Estimate ?dl 
Measurement Uncertainty ?el 
Acquisition-Time ?tl) 

AND ( Abstraction-Level Signal 

THEN 

Sensor Type- Sonar 
sensor-No ?z <> x 
Sensor-View y 
Depth Estimate ?d2 
Measurement uncertainty ?e2 
Acquisition-Time ?t2 such that tl-5<t2<t1+5 

( (d, e) =Opt Est(dl, el, d2, e2)} 
( Abstraction Level Feature 

Sen$ or Type- sonar __ ___ _ _ _____________ _ 
Sensor-View y 
Depth Estimate d 
Measurement Uncertainty e 
Acquisition-Time (tl+t2)/2 

The precondition part of this rule is satisfied when the 
facts database contains data (dl, el, t, d2, e2, t2) from 
two different sonar sensors (x and z) with the same field of 
view (y). The action part of the rule uses an optimal 
estimation algorithm, Opt-Est{dl, el, d2, e2), to find the 
optimal estimate (d) of the two depth measurements, and its 
associated uncertainty (e). These new results are placed in 
the facts database on a higher level of abstraction. In case 
the precondition parts of more than one knowledge source are 
satisfied, the control modul e handles the c onflict 
re s oluti on and det e r mines wh2t knowledg~ source o r g~ou~ cf 
knowl edge sou r ces t~ apply ~ex~. 



145 

The control module monitors the changes in the 
facts/hypothesis database along with the potential 
contributions of the related knowledge sources in the 
knowledge base and determines the next processing steps or 
actions to persue. In other words, the control module 
determines the focus of attention of the system. It contains 
knowledge about the "big picture" of the solution space and 
hence can resolve conflict among knowledge sources triggered 
by the current situ~tion facts. 

The Subsystem Interface handles communications between 
the sensory subsystem and the control and planning 
subsystems. The most common request handled by the subsystem 
interface is to send a copy of the internal representation 
of the environment (local world model) maintained in the 
facts database. In addition, the subsytem interface receives 
high-level reports from the planning subsystem containing 
information or expectations about the global world model. 
This information is transformed to a local representation 
and placed in the facts/hypothesis database as either simple 
facts or as hypothesis to be verified. An additional 
function of the subsystem interface is to provide an 
interface for initial setup and organization of the domain 
knowledge base by the planning subsytem or the user . 

. SENSOR DATAJJISI.O.N._T.ECHNI.QIIE.S 

A variety of techniques for combining sensor data have 
been proposed. Most approaches concentrate on Bayesian or 
statistical combination techniques [Richardson 88], [Luo 
88], [Parrill 88], [Ayache 88], [Durrant-Whyte 86]. some 
researchers followed a heuristic approach [Flynn 88], [Allen 
88]. Garvey et al, [Garvey 82] proposed evidential reasoning 
as a combination technique and claims it is more general 

-·- ·- _ .t .han __ e_i the.r _Ba¥.-e..sian or Boolean approaches_. __ The fusion 
technique of choice depends on the classification of the 
sensor data involved, and on the level of abstraction of the 
data. For example, at the signal level, data is generally 
random in nature and hence a probabilistic approach is most 
appropriate. At higher levels such as the symbolic feature 
level, a logical approach is generally appropriate. Sensor 
data classification and levels of abstraction have been 
discussed in the previous sections. For complementary data 
the sensors are not overlapping and there is no concern for 
conflict. In this case, at any level of abstraction, the 
technique of choice is to simply add the sensor descriptions 
to the total environment description. Similarly, for 
cooperative sensor data there is no concern for conflict 
since the data of one sensor guides the observations of the 
oth er. In the case of competitive sensor data when two or 
mo r e sensors prov ide i n fo rm a tion about t~e s ame property 
~1 .3.l ~-1~ o f t h e same object, a f ;J s=.. ~~:: t2c~::i~ ~.1 ~=: -~ c: ,~ll:=d f :.: .~. 
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_.x · 

The choice of fusion technique in this case depends on the 
level of abstraction of the data. For example, at the raw 
data level the problem becomes that of estimating a 
parameter x from the observations of the sensors involved. 
For a one sensor system, this problem is briefly stated as 
follows: Given a system of interest (e.g. the environment of 
a robot) represented by an n-dimentional state vector x, and 
the measured quantities (output of sensor system) 
represented by the m-dimentional measurement vector z, how 
to estimate the value of x given z according to some 
specified optimality criterion, i.e., find Xopt(z). For two 
sensor systems producing two sets of measurements zl and z2 
of the state x we are interested in computing Xopt(zl, z2). 
This could be resolved by either using a deterministic or 
non-random approach (like the least-squares method for 
example), or by using a probabilistic or random approach 
(like the minimum mean squared error method). 

Dealing with uncertain information is still a problem 
at higher levels of abstraction and a variety of methods 
have been proposed. At intermediate and high levels of 
abstraction, features derived from lower level sensory data 
are present. These features are normally associated with 
some degree of uncertainty. It is the task of the multi
sensor system to apply domain knowledge to these features in 
order to produce valid interpretations about the 
environment. Thus, the basic methodology involves the 
application of symbolic reasoning and artificial 
intelligence techniques to aid the interpretation task. 
Moreover, because "knowledge is power", a powerful multi
sensor perception system must rely on extensive amounts of 
knowledge about both the domain and the problem solving 
strategy effective in that domain [Feigenbaum 77]. 

Uncertainty results from the use of inadequate 
--know-ledge- --a-s-- we-l -l - -as from attempts to reason with missing or 

unreliable data. For example, in a speech understanding 
system, the two sources of uncertainty are: 1) noise in the 
speech waveform (sensor noise and variability}, and 2) the 
application of incomplete and imprecise theories of speech 
[Newell 75]. Several methods for managing uncertainty have 
been proposed. These include the use of Bayesian probability 
theory, certainty theory (developed at stanford and employed 
in the MYCIN system [Buchannan 84]), fuzzy set theory [Zadeh 
83], the Dempster/Shafer theory of evidence, and 
nonmonotonic reasoning. 

The details, advantages, and disadvantages of the above 
mentioned methods are outside the intended subject matter of 
this paper. However, we are currently critically evaluating 
these approaches, and intend to publish our results in the 
ne e.r fut:ur2. 
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We have present~d an overview of multi-sensor 
integration issues and a general knowledge-based model or 
structure for the fusion problem in a multi-sensor robot. 
Even though our model encompasses all levels of sensor data 
abstractions, we are mainly interested in fusion at the 
feature and symbolic levels. At these levels we believe that 
a knowledge-based approach is more appropriate to the 
representation of and reasoning with a priori knowledge 
about the environment, the sensors, the task, etc .. We have 
also discussed a variety of fusion techniques which are 
methods for representing and reasoning with uncertain 
information. our future work will focus on two major issues: 

1. Implementation of our generalized model. We are 
considering implementation of the framework in CLIPS within 
the context of integrating vision and sonar sensor 
modalities. 

2. Further study of and experimentation with both symbolic 
and numeric fusion techniques in the hopes of combining 
these techniques into an optimal method that uses the strong 
points of each at various levels of abstraction. 
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BALANCED STRUCTURES OF UNS~rABLJ~ SYSrl'El\-lS 

Abstract 

A. ZILOUCHIAN 
Department of Electrical Engineering 
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Boca Raton, Florida 33431 

In this paper model reduction of unstable systerns is investigated. It. is shown 
that Moore's balancing model [1] can be extended to unstable syslerns b:1scd on twu 
weighted Grammian matrices. Two numerical examples are given to illustrntc the 
results. 

Introduction 

The incentive to obtain a reduced model (approximation) arises when one is 

confronted with a complex high order system. Since a model is a nlnlheinaticnl 

representation ·of a physical system or the characteristic of the system frorn input

output data inform~tion, the simplification of such a n1odel is highly desirable in 

various synthesis and analysis problems. However, such a sirnplification can not 

always be obtained. The purpose, motivation and error criterion between the full 

order model and the reduced order model should be specified before a true 

justification and conclusion can be reached \vith regard to replncen1enl of Lhe reduced 

model with the original one. In other words, the reduced order rnodel rnust 

characterize the physical system with sufficient fidelity such that the perfonnance 

objective of the physical system can be met by using a reduced model instead of the 

original one. For example, the design of a compensator based on the reduced plan 

may create instability in a closed-loop sense although the error between the output of 

the original and reduced model can be very small in the open-loop sense. Therefore, 

the justification for a ttgood" reduced model depends on the particular objective for 

which the reduced model is used. 

A wide variety of methods for model reduction have been proposed over the last 

twenty years for both single-input single-output (SISO) and 1nulti-input nnd rnulLi

output (11IMO) systems . that may be described in the time-do1n8.in or frequency

domian. In the opinion of many investigators of Inodel reduction, two rece nt 

developments have dramatica lly changed the status of n1od el r eductio n thcur·y. 
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These are the theories of balanced realization [1]-[ 4] and optimal Hankel norm 

approximation [5]-[7]. The main advantages of these methods are that they address 

the problem of Kalman realization theory. Specifically, since the rank of a matrix is 

a relative number, by observation of singular values of Grammians or Hankel 

matrices the minimality degree of the system can be determined. This concept can be 

used to approach the model reduction problem. By these schemes the error for the 

reduction model can be judged from the singular values of the Hankel matrix without 

actual calculati8on of the reduced model. In addition, it is possible to obtain a bound 

on the norm error measurement between the impulse response of the orginal and 

reduced model [2],[ 4],[7]. 

On the other hand, there appears to be a few investigation on the model 

reduction of unstable systems. In this paper the extension of the balanced structure 

to unstable systems is addressed. Furthermore, the justification for such a scheme is 

discussed. Two nominal examples are given to illustrate the proposed scheme. 

II. Balanced Approach and Model Reduction 

Consider a high order controllable and observable model of the form: 

x(t) = Ax(t) + B u(t) (1-a) 

y(t) = C x(t) . {1-b) 

where x E Rn is state, u ERP is the input, andy ERq is the output. 

The controllability and observability Grammians of the system are, 

respectively, given by: 

(2-a) 

I
T T 

W = eA t CT C eAt dt 
0 0 

(2-a) 
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for an asymptotically stable system the Grammian matrices satisfy the following 

Lyapunov equations [1]: 

A W + W AT= -BBT (3-a) 
c c 

(3-b) 

In [1] a similarity transformation was found such that the matrices W c and Wo are 

both equal and diagonal (i.e., balanced): 

- - 2 
W =W =~ =diag[a . ] 

c 0 ' 
i=1,2, . .. ,n 

(4) 

Therefore, a balanced system can be represented as: 

x(t) = A x(t) + B u(t) (5-a) 

y(t)= C x(t) (5-b) 

Therefore (3) is transferred to the following equations: 

(6-a) 

T - ~-
A~+~A=-CC 

(6-b) 

The second order modes (ai) can provide a quanlity measurement for the model to be 

considered as two interconnected ((dominant" and ttweak" subsystems. 

(7-a) 

y(l)= [ C
1 

(7-b) 

with 

where 

~ = [ ~11 0 l 
0 ~22 

(8) 
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II ~ 11 11 ~II ~ 22 11 
(9) 

Matrices A11, B1, C1 describe the approximation and reduced model of the system. It 

is also possible to obtain a bound on the error measurement as it is given in [2] , [ 4] 

and [7]. 

Unstable Systems and Model Reductions 

Enns has discussed the use of balancing techniques for unstable systems [3]. 

His method is to separate the unstable modes from the stable ones by partial fraction 

expansion of the full-order transfer function described as: 

G(s)=G (s)+G (s) 
unst st 

(10) 

where Gunst.Cs) represents a transfer function with unstable modes and CstCs) 

represents a transfer function with stable modes. After performing this separation, 

the balancing technique was applied to the stable part of the system. 

In this work it is proposed to utilize the pole shifting for generalization of a 

balanced system structure. Such shifting should be such that Equations (2) converge 

for any unstable system. The following weighting Grammian matrices are proposed. 

(11-a) 

J
oo T 

W A t T -2at At dt 
0 = e e e e 

0 

(11 -b) 

where a is larger than the real part of the largest unstable eigenvalue of a given 

system. By utilization of such Grammian matrices all the poles and zeros of a system 

are shifted by a value. Therefore two Lyapunov equations can be written as: 

T (A -an w + w (A -an= -BB 
c c 

T T 
(A -an W + W ( A -an= - C C . 0 0 

(12-a) 

(12-b) 
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In sequel a balanced structure can be constructed . 

The model reduction algorithm for an unstable system can be described as 

follows: 

(1) Shift the system matrix A by a such that (A-ai) is asymptotically 

stable. 

(2) Solve equations (12). 

(3) Perform the similarity transformation on the shifted system. 

(4) Partition the system appropriately in accordance with Moore's second order 

modes. 

(5) Obtain the reduced model by proper shifting procedures. 

It should be mentioned that the selection of the shifting value a is critical for 

the proposed model reduction scheme. Frequency response of the original system can 

be utilized to select a proper shifting value such that the error bound between the 

original and the reduced model is satisfactory for a given frequency range. The 

simulation results of the proposed technique for various unstable and large scale 

systems will be presented to demonstrate the effectiveness of the proposed technique. 
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STATE-SPACE STRUCTURE OF MARKOV CHAINS 
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In this paper we study the dynamics of time-homogeneous Markov chain 
models from a state-space point of view. It is shown· that a Markov chain 
model can be embedded in a 2-D realization theory which leads to an exact 
representation of the higher-order transition probabilities. The implica
tions of formulating a Markov chain model in this state-space domain is 
that many equivalent representations may exist, some of which may have 
better robustness properties. A modified Hankel approximation algorithm 
is presented which exactly matches all the Markov parameters. The algo
rithm is an extension of the 2-D harmonic retrieval algorithm introduced in 
[6]. 

I. INTRODUCTION 

Markov chain models have been used extensively to model random 
phenomena with a particular type of dependence; the Markov dependence. 
A finite state Markov chain is defined as a stochastic process having a finite 
number of states, the Markovian dependence, stationary transition proba
bilities, and a set of probabilities associated with the initial state vector. 
Such a process is said to be memoryless; the future behavior depends only 
on its present state and not on its past history. Hence, only a limited 
amount of information is required to propagate the conditional distribution 

- of a Markov .process. -- Such Markov structure arises in connection with de
cision making under uncertainty [1], queueing theory [2], hidden Markov 
models [3], stochastic dynamic programming [ 4], and the solution of linear 
algebraic, integral, and differential equations [5], to name only a few. 

Although Markov chains have the concept of state and Markov prop
agation property embedded in it, there does not seem to be any connection 
with the state-space formulation of linear dynamical systems. Having an 
equivalent linear systems theory for Markov chain models, one can select a 
canonical representation that is best suited for implementation or perhaps 
is less sensitive to word length effects, limit cycles, etc. Our main concern 
here is to develop a 2-D realization theory that yields a set of equivalent 
state-space representations for a given Markov chain model. The 2-D state
space model corresponds to a pair of row/column state equations which 
propagate the transition probabilities in space and a temporal state equa
tion that propagates them in time. In addition, t he temporal transition n12.-
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trix has the same eigenvalues as the Markov chain transition matrix. The 
observations correspond to the higher order transition probabilities and 
thus can be seen as lower level Markov parameters. Finally, the parame
ters of the Markov model are unique modulo a similarity transformation of 
the state-space. 

A modified Hankel approximation algorithm is presented which ex
actly matches the upper level Markov parameters defined as the higher 
order transition probability matrices. The algorithm is an extension of the 
2-D harmonic retrieval algorithm introduced in [6]. 

II. A 2-D REALIZATION THEORY FOR MARKOV CHAINS 

Consider a 2-D state-space model such as 

Xi+ Ij(k) = A I Xij(k) ( la) 

(lb) 

( lc) 

where Xij(k) is an (Nxl) state vector, AI and A2 are (NxN) constant matri

ces, cis a (lxN) vector, and Pij(k) is a scalar measurement corresponding to 
the (ij)th element of the kth-order transition matrix. The dynamics of the 
Markov chain can be incorporated by allowing the state vector to vary with 
time, i.e, 

(2) 

where W is an (NxN) transition matrix. In addition we assume that 

AI and A2 are st?.bi~ity matrices and the pairs (AI, c) and CA2, Xo,o(O)) are 
observable and controllable, respectively. If we recursively solve the state 
equations (la), (2), and (lb), and substitute them in (lc), we find that 

Pij(k)=cAi WkA~Xo,o(O) (3) 

corresponds to the Markov parameters of the 2-D model (1)-(2). However, it 
should be clear from our 2-D model that the matrices AI, A2, and W must 
commute with each other. As we will see later, the constraints imposed by 

Pij(Q) = ~j, does not allow this commutativity property to hold. This imposes 
a constraint on the order in which the state equations can be updated. In 
order to avoid any confusion with this partial ordering, we re-write state 
equations (lb) and (2) as 
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(1b') 

(2') 

Notice that (2') also implies Xo,j(k+s) = wk~Xo,o(s). Also the order of state 
updates is j-k-i (column, time, row), which leads to the Markov parameters 
(3). 

The solution to the Chapman-Kolmogorov equations yield the higher
order transition probabilities, i.e., 

N-1 
Pij(k+s) = L, Pi,rn(k)Prnj(S) 

rn=O 

N-1 . 
= L, cAiA~xo,oCk)cAT A~xo,o(s) 

rn=O 

(4) 

where 

N-1 
Wco(O) = L, Afxo,o(O)cAf (5) 

m=O 
can be thought of being a cross Grammian [10] having joint observability 
and controllability properties and satisfying the following Grammian equa
tion 

(6) 

We remark that (6) requires N to be large or Af = AP =[OJ V m ~ N. Given 

an Nth-order 2-D realization (A1,A2,W,c,xo,oCO))N, the following properties 
have to be satisfied in order for it to characterize a Markov chain [7]: 

a-i) Xo,0 (0) E N5p(A1) and cT E N5p(A~) such that CXo,o(O) = 1 

a-ii) Ar =A~= [0] 
a-iii) A2A1 =IN - Xo,o(O)c 

a-iv) pCA1) = pCA2) = pCA1A2) = N-1 

a-v) Ak(...:\ 1) = AkCA2) = 0 ; k = 1, 2, · · ·, N and )JA2P..q) = (1, 1, · · · , 1, 0} 
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a-vi) A1A2A1 = A1 and A2A1A2 = A2 
a-vii) A1, A2, and W cannot commute with each other 

where N spC.) denotes the null space of the term inside the parenthesis, p(.), 

denotes rank, and A.(.) denotes eigenvalues. 

A Markov chain defined by [7t(O), P(1)]N (here P(k) = [Pij(k)] corre
sponds to the k-th order transition matrix) is equivalent to a 2-D state-space 

realization [A1, A2, W, c, Xo,o(O)]N provided this one satisfies properties (a-i)
(a-vii) above [7]. To prove this statement, we know that P(k) = P(l)k, thus, 
we can use these as Markov parameters. Let us now form the Hankel ma
trix from these higher-order transition matrices, i.e., 

P(O) 
P(l) 

H = P(2) [ P(O) P(l) P(2) ... P(K-1)] = 0 C 

P(K-1) 

(7) 

i 
Then 0 = P(O), C(O) = P(O), W = P(l), c = [1, 0, 0, ... ,0], X 0 , 0 (0) = cT, A1 = IN, 

and A2 =IN (shifted identity matrix) can be shown to satisfy properties (a-i)
(a-vii). Suppose there is another Nth dimensional realization that satisfies 

properties (a-i)-(a-vii), i.e., [A1, A2, W, c, x0 0 (0)]N, then it can be brought to 
' ....... 

the above canonical form by a similarity transformation, i.e., T = C(O)O. 
Hence, the two realizations are equivalent in the sense of 

[A1, A2, W, c, Xo,o(O)]N = [TA1T-1, TA2T-1, TWT-1, cr-1, TXo,oCO)]N. If we recall 
from basic Markov chain analysis, the initial probabilities are used in a 
state equation such as · · 

7t(k) = 7t(O)P(k) = 7t(o)6Wcco) (8) 

(9) 

where z(k) = 7t(k)O. Then if we apply the similarity transformation to (9), 

i.e., Wk =~-I, we get z(k)T-1 = z(k) = 7t(k)O = 7t(k). This shows that the 

two type of systems [7t(O), P(1)]N and [A1, A2, W, c, Xo,o(O)]N carry the same 
information. Finally, if we are given an Nth order 2-D realization 

[.A.1, A2, W, c, x0 , 0 (0)]N satisfying properties (a-i)-(a-vii) above, then the fol
lowing properties are equivalent [7]: 
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b-i) CAt, Az, c) and CAt, Az, Xo,0 (0)) are observable and controllable 

b-ii) p(H) = p(P(O)) = N 

b-iii) p(O(At, A2, c))= p(O(At, c))= Nand 

p(O(At, A2, Xo,o(O))) = p(C(A2, Xo,o(O))) = N 

IV. MARKOV CHAIN REALIZATION ALGORITHM 

Here we assume that P(1) is given and that the higher-order transi

tion probabilities can be obtained from P(k) = OWkC(O) = OC(k). We now 
form the Hankel matrix using 2K-1 Markov parameters, i.e., 

P(O) P(1) P(2) P(K-1) 
P(1) P(2) P(3) P(K) 

H= P(2) P(3) P(4) P(K+1) 

P(K-1) P(K) P(K+1) P(2K-1) 

OC(O) OWC(O) OW2C(O) · · · owK-tC(O) 

OWC(O) ow2cco) OW3C(O) · · · OWKC(O) 

= OW2C(O) OW3C(O) OW4C(O) ... owK+1c(o) 

owK-tC(O) OWKc(O) owK+tc(O) · · · ow2K-2C(O) 

where, in terms if the realization parameters, P(k) is given by 

cAtWkXo,o(O) cAtWkA2x0 , 0 (0) ··· cA1WkA~-1xo,oCO) 

P(k) = cAtW~,0(0) cAtWkA2x0 , 0 (0) · · · cAtWkA~-1xo,oCO) 

=OC (10) 

- -

= OC(k) (11) 

and represents a lower level set of Markov parameters. Similarly, the up
per level observability and controllability matrices are 



0 

ow 

0= ow2 

owK-I 
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C = [ C(O) WC(O) W2C(O)· .. wK-IC(O)] (12) 

The Markov chain realization algorithm consists of two steps; an 
upper level step two determine [0, C(O), W], and a lower level step to 

determine [AI, A2, c, Xo,o(O)J. Both steps can be achieved through a 
singular value decomposition (svd) of H. That is, 

( 13a) 

( 13b) 

( 13c) 

where U is a (KNxN) orthonormal matrix, L is an (NxN) diagonal matrix 
containing the Hankel singular values, and V is a (KNxN) orthonormal 
matrix. The parameters are obtained from 

Upper Level Parameters: [0, C(O), W] 

0 =first (NxN) block ofO 
C(O) =first (NxN) block ofC 

w = [OiOrlioi~ = ciCJ[ctC;yi 
( 14) 

where Of consists of the first N(K-1) rows ofO and Or of the last N(K-1) rows 

ofo;-and .Cr consists of the first N(K-1) columns ofC and c1 of the last N(K-1) 
columns of C. 

Lower Level Parameters: [AI, A2, c, Xo,o(O)] 

c =first (l:xN) row ofO 
Xo o(O) =first (Nx1) column of C(O) 

' 

AI= C(O)Oi (15) 

r 
A2 = C(O)O 
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where 0 i is equal to 0 shifted upwards by one row, the last one being a 

(1xN) row of zeros since Af = [0]; and C(O) is C(O) shifted to the left by one 
column. 

We should point out that since p(H) = N, OC has Hankel structure, 
therefore, the following Hankel norm property is satisfied 

( 16) 

which is of the order of 2-16 or machine precision. In the following section 
we present a numerical example to illustrate the use of the algorithm. 

V. NUMERICAL EXAMPLE 

Consider a Markov chain with the following first-step transition rna-
trix 

P(l) = [ 

0.5558 0.4354 0.0087 0.0001 0 l 
0.0484 0.6679 0.2518 0.0312 0.0007 
0.0015 0.2320 0.4769 0.2606 0.0290 

0 0.0347 0.2622 0.4934 0.2097 
0 0.0005 0.0224 0.2332 0.7439 

Then by applying the Markov chain realization algorithm we get the upper 
level parameters 

[ 

0.3654 -0.4766 0.7086 -0.6041 0.1359] 
0.5161 -0.4833 0.0108 0.5148 -0.2795 

0 - 0.4837 -0.0616 -0.4702 -0.2210 0.6809 
- 0.4537 0.3162 -0.2470 -0.4730 -0.6282 

0.4204 0.6685 0.4805 0.3327 0.2126 . 

[ 

0.2007 0.6000 0.4961 0.4524 0.4087] 
-0.3572 -0.5551 -0.0467 0.3465 0.6717 

C(O) = -8:~~§3 -8:~~~ ~8:~~~~ =8:~~~ 8:~~~~ 
0.0947 -0.3110 0.6756 -0.6318 0.2038 

[ 

1.0069 0.0256 -0.0528 0.0360 -0.0069] 
-0.0067 0.8404 0.0630 -0.0720 0.0098 

w - 0.0476 -0.0527 0.5801 0.0878 -0.0408 
- -0.0427 0.0752 -0.0473 0.3698 0.0386 

0.0101 -0.0135 0.0303 0.0010 0.1406 

and the Hankel singular values are 



l: = 

5.3470 
0 
0 
0 
0 

0 
2.8999 

0 
0 
0 
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0 
0 

1.5423 
0 
0 

0 
0 
0 

1.2069 
0 1.025 

0 
0 
0 
0 

with Hankel norm O'N+l = 3.180115e-16. The lower level parameters as ob
tained from the above matrices are then 

0.8091 0.3253 -0.1851 -0.1134 0.1370] 
-0.3284 0.4237 0.4352 0.0761 -0.1751 
-0.0781 -0.6578 0.0429 0.5072 0.0701 
-0.2110 -0.1619 -0.4957 -0.4787 0.5867 
-0.0607 -0.2353 -0.3232 -0.4123 -0.7970 

0.8795 -0.4244 0.1168 -0.4004 -0.0058] 
0.2454 0.4782 -0.7227 -0.0830 -0.2485 

-0.2286 0.4680 -0.0413 -0.4098 -0.3409 
0.0753 -0.1020 0.5999 -0.5271 -0.3848 
0.0219 -0.0750 0.0337 0.5789 -0.7893 

c = [ 0.3654 -0.4766 0.7086 -0.6041 0.1359] 

[ 

0.2007] -0.3572 
- 0.6245 

Xo,o(O) - -0.4983 
0.0947 

One can easily show that these parameters satisfy all the properties of the 
Theorems and thus exactly characterize the Markov chain P(1). 

V. CONCLUSIONS 

We have presented a 2-D realization theory for Markov chains which 
yields -an exact. representation. It was shown that the Markov parameters 
of the 2-D realization exactly match the higher-order transition probability 
matrices of the Markov chain. Since the model is obtained from a 
"balanced" type (in this case optimal) realization algorithm, one should ex
pect the robustness properties inherent in these algorithms. Moreover, a 
parametrization of the 2-D realizations presented here may lead to canoni
cal structures for for certain probability matrices, i.e., birth-death chains, 
queuing chains, etc.. Another potential application is in the identification 
of Markov chains from given data. These issues and other extensions are 
currently being investigated and will be presented elsewhere. 
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Summary 

The design and calibration of a laser tracking machine with 3D passive 

pose measurement capability are reported in this paper. 

Systems that combine laser interferometers, optics and electro

mechanical mirror-positioning devices to perform coordinate measuring 

have been developed by several researchers [ 1]. Methods include single-beam 

and multiple-beam target tracking. The former uses both length and angle 

measurements to determine the target location. The latter uses only length 

measurements to obtain the target position. In this paper, both the single and 

multiple-beam techniques are employed to design a laser tracking system 

with 3-D position and orientation measurement capacity. 

The laser system - ·is · composed of four laser trackers, namely Trackers A , B, 

C and D. Tracker A has a radial distance and two angle measurement capacity 

while the other three trackers can only measure distances. It can be shown 

that for measuring both the position and orientation of a target, six 

measurement variables are required, among which at least three should be 

distance measurements. Fig. 1 shows the structure of the proposed system 

with four distance measurements z1 , z2 , z3 and z4 , and two angle measurements 

cr: and f3. Tracker A provides the measurements l1, cr: and {3. Trackers B, C and D 

provide the measurements l2, £3 and l4 , respectively. Define the orientation 
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of the triangle P 1 P 2 P 3 to be the direction of the unit vector n which is 

perpendicular to the plane defined by the three points, P 1, P 2 and P 3. Define 

the position of the triangle P 1 P 2P 3 to be its geometric center P with its 

coordinates rp. For simplicity, assume that the triangle P 1P 2P 3 is equilateral, 

therefore s 1 = s2 = s 3 (these are given). If the coordinates of P 1, P 2 and P 3, 

denoted by r P 1, r P 2 and r P 3, are known in the world frame, then n and r P 

can be found in a straightforward manner. This can be explained as follows. 

z 

~2 

I 
/3~ 

n 

y 

Fig. 1 Structure of a complete laser tracking measurement system 

From Fig. 1, r PI can be found applying simple trigonometry [2]. Then P 1 

is treated as the location of an imaginary tracker. The distances, l2, l3 and s 3, 

between the point P 2 and each of the three "trackers", B, C and PI are known, 

therefore the coordinates of P 2 in the world frame can be obtained. In the 

same way, after r PI and r P 2 become known, these can be treated as imaginary 

trackers, and r P3 can be computed from l4, s2 and s I · 
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Since intereferometer reading is incremental and provides only relative 

displacement and angle information of a moving target, there must exist 

reference points from which relative displacements are measured. When the 

coordinates of such points are not explicitly available, measurements need to 

be taken from which such coordinates may be deduced. Furthermore, in the 

case of multiple trackers the relative distances of the tracking mirrors should 

be determined very accurately in advance. These tasks are referred to as the 

"calibration of the laser tracking system" [2, 3]. In the absence of a second 

well-calibrated laser tracking system or other coordinate measuring 

machines with comparable accuracy, the calibration must be done by the 

system itself. Two full scale optimization methods were reported in [2, 3] for 

self-calibration of a multi-beam laser tracking system. While these methods 

are attractive theoretically, large residuals are produced when measurements 

are not perfect. This is because the statistical properties of the measurement 

noise are very complicated to model thus their effects on the estimation of 

system parameters are hard to be eliminated. In this paper, methods which do 

not use nonlinear optimization are devised to calibrate the geometric 

parameters of both the three-tracker system and the six-tracker system as 

well as the coordinates of the reference points. Another issue vital to the 

system accuracy involves the centering of the laser beams to the mirror 

centers. A method of solving the problem is also proposed in this paper. By 

avoiding numerical solutions to algebraic equations the applicability of these 

calibration procedures are enhanced due to their speed and reliability. 
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Artificial Neural Networks (ANN) have recently attracted attention in several fields of 
engineering and computer science. It seems that ANNs may play a role in shop floor 
automation and control in the anticipation of near-future events. This paper investigates 
the possibility of ANN s as a forecasting tool, and presents the results of a foretasting 
study comparing a ANN model to two traditional forecasting techniques, linear regres-

. sion analysis and exponential smoothing. The performance of the ANN approach as a 
function of system parameters such as the network learning rate and momentum cceffi-

. cients is studied. The ANN model tested was found to forecast "better" than the linear 
regression and exponential smoothing methods as long as a sufficient number of neurons 
are used. 

INTRODUCTION . 
Artificial Neural Networks (ANN) show promise in solving a wide variety of problems 
in such diverse fields as optimization, computer vision, and pattern recognition. 
Forecasting has been mentioned as one of the most promising applications of ANNs [2], 
[5]. Forecasting is an important part of decision making. The inspiration for ANNs fol
low the functioning of the brain. Artificial neurons, also called units or cells, receive sig
nals from other neurons. The link between two neurons is · callep. a connection. The 
output of a neuron is a function. · of the weighted inputs. This function has two c6m
ponents. The input signals are combined using the weights on the associated connection. 
The output is then deterinined by a threshold function. If the weighted sum is above a 
certain threshold value, then the neuron is activated producing an output. The threshold 
function also determines the strength of the output The input signals can be excitatory 
or inhibitory. The connections associated with excitatory inputs have positive weights, 
and the inhibitory, negative weights. The knowledge stored in an ANN is in the form of 
weights, acquired through a learning process. The network is taught by a series of adjust
ments to the weights. Each adjustment follows comparing the ANN's output to the tar
get values and determining the size and direction of the errors. The learning process is 

··-repeated until the error is below a predetermined limit. 

In the early 1940's McCullock and Pitts [8] proposed the first model of an ANN. The 
neurons in their model did not have any threshold value but fired only when the total 
number of active excitatory inputs exceeded the number of inhibitory inputs~ producing a 
output of unity . 
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Rosenblatt [10] in 1959 proposed combining a layer of artificial neurons. This arrange
ment, called a perceptron, is shown to have elementary learning abilities. A decade later, 
Minsky and Papert [9] studied the limitations of the simple perceptron and criticized the 
viability of such networks. Recent studies by Hop field [ 4] and Rumelhart and Mc
Clelland [11] revived interest in ANN by showing that multilayered ANNs overcome the 
limitations of the simpler perceptrons. Accompanied by the advances in computer tech
nologies, current ANN models have found a wide range of applications. 

Several researchers have applied ANNs to prediction and forecasting. Lapedes and Far
ber [5] studied a chaotic nonlinear dynamic system and predicted its behavior using a 
multilayered ANN. Their results indicate that their ANN approach was a superior 
forecasting tool. Fazzoard et al (2] claim that the performance of an ANN-based expert 
system is superior to human experts in forecasting solar flare activity. Contrarily, Fish
wick [1] reports that simple linear regression and surface response methods are superior 
to ANN methods in forecasting. 

This paper reports results of competition between an ANN forecaster with two tradition
al forecasting methods, regression analysis and exponential smoothing. The ANN learns 
from given input-output pairs. The effects of the number of hidden layers, of learning 
rate and of the momentum coefficient are examined. 

LEARNING BY BACKPROPAGATION 
.A multilayer ANN architecture is shown is Figure 1. Every ANN has an input layer and 
an output layer of neurons. The inner layers, also called hidden layers, are placed be
tween the input and the output layers. The output of each neuron of the input layer or of 
the hidden layers is transmitted to neurons in the next layer through connections. Back
propagation is a supervised learning paradigm and uses the gradient descent method for 
updating the weights starting from the output layer and propagating backwards to the 
input layer. 

As shown in Figure 1, the inputs to the neurons or nodes, in the input layer consist of 
input patterns~ Each input pattern is given by a vector I. The output of node i of the 
input layer is written as the sum of the weighted inputs to that node. Since node i 
belongs to the input layer, its inputs are elements of the vector I. The output of node i, 
denoted by neti is obtained by adding a constant bias ei to the input. 

(1) 

Now consider node j belonging to a hidden layer. The input to node j is from the nodes 
i, i=l,2, ... ,n of the preceding layer. The output of node j is obtained by first computing 
the cumulative strength of the input signals, netj. The output of nodej, Oj, is the 
threshold function value at netj, that is, 

Oj = f(netj) (2) 

where f() is the threshold function. The value netj is computed as a weighted sum of the 
input signals plus a constant bias term Sj . 
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wUi) 

i INPUT LAYER 

Figure 1. The Structure of Artificial Neural Networks. 

·.netj =9j + L Wij Oi 
i 

(3) 

Three common threshold functions are shown in Figure 2. This study uses the sigmoidal 
function whose explicit form is. 

f(t) = 1 
1 + e-t 

fh (a) 
+1 t---

0 

-1 

HARD LIMITER 

(4) 

Ee (a) !h (Ct) 

THRESHOLD LOGIC SIGMOID 

Figure 2. Commonly Used Threshold Functions. 
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Finally, for the node k belonging to the output layer, 

netk = L,WjkOj 
j 

Notice that the bias term is not used for the output layer. 

(5) 

The above equations define the procedure of computing an output vector 0 from an 
input vector I given the weights W uv. The learning process uses known input vectors I 
and the associated target vectors T. The backpropagation procedure seeks appropriate 
weights which produce ~he target vector T for the input vector I for all given input-target 
vector pairs. 

Initially the weights are chosen in a random fashion. The backpropagation procedure 
works as follows. The input-target vector pairs are used in sequence. For the input-tar
get vector pair (I,T), vector I is presented to the ANN. The ANN produces an output 0 
for the input I. The output 0 is a function of the current weights Wuv. The discrepancy 
between output vector 0 and the target vector T is referred to as the error. This error 
provides the information as to how the weights may be modified to reduce the discrepan
cy between 0 and T. This is an iterative procedure where the output vectors converge to 
the target values. Convergence is not assured in the general case. If there are many 
input-target vector pairs, for instance, it may be necessary to add more nodes to the hid
den layers. This is due to the fact that knowledge is stored by weights, and that the 
model has a greater capacity to store knowledge when there are more nodes. 

Consider output node k. The output Ok as an element of vector 0 is compared to the tar
geted value Tk. The error is compu~ as, . 

and the weight Wjk is updated as, 

The correction term~ Wjk is given by, 

aE 
~ WJ·k = -11 -awjk 

(6) 

(7) 

(8) 

where parameter 11 is called learning rate. The partial derivative is calculated using the 
chain rule as, 

dE -dE dnetk 
dWjk = 2Jnet.k d~Vjk 

(9) 
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The second term on the right-hand-side is readily evaluated from equation (5). 

dnetk j 
awjk = -=--aw--

1
-k- = Oj (10) 

Now consider the first term on the right-hand-side of equation (9). 

(11) 

The quantity ;g follows from the definition of the error term given by equation ( 6) as, 
. k 

(12) 

Since the threshold function f() maps netic to Ok, we have 

d0k , 
-a-=!k (netk) (13) 

netk . 
The correction term for the weights associated with the output node k is now written as, 

(14) 

Ingeneral, correction terms are obtained from the error between the output values and the 
target values. The target values for the nodes .in hidden layer are not known. Thus, 
equation (14).needs modification. Consider the connection from node ito node j, where 

_ ·- __ node j_ is not_in ..the_ output lay..er._ The definition of Oi differs from that given in equation 
(11). 

Oi = f{ (neti) L OjW ij 

i 

(15) 

Notice that node j is in the layer immediately following the layer of node i. Equation 
(15) allows computing Oi from Oj. Thus, the procedure propagates backwards from the 
layer containing node j to the layer containing node i. The backpropagati.on procedure 
starts at the output layer and terminates when the input layer is reached. The procedure 
is repeated for each input -target pair until the error terms fall below a predetermined 
limit 

An extension to the procedure is obtained by modifying equation (14) as 
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~ Wjk (n+l) =11 Ok Oj +a~ Wjk (n) (16) 

where~ Wjk (n) denotes the correction term at iteration n. The parameter a is referred to 
as the momentum coefficient. Empirical work suggests that using equation ( 16) with a 
positive momentum coefficient may improve the speed of convergence. 

NEURAL NETWORK IMPLEMENTATION 
The data selected represents the hourly production rate from 12-workhour days over 10 
days (Table 1). The data chosen exhibits trends and some seasonality. Two traditional 
forecasting techniques provide the comparison . 

. Vector P(n) for n=1,2, .. ,10, of size 12 gives the production rate per hour for day n. Input
target vector pairs used for the learning process are vector pairs {P(n),P(n+ 1)} for 
n=1,2, .. ,8. The ANN, thus, has 12 input nodes and 12 output nodes. Once the learning 
process is completed, the ANN is given vector P(9). The output is the forecast for day 
10. This forecast is compared to the forecast obtained by other methods as well as to 
P(10), the known production rate for day 10. 

DayjHours 1 2 3 4 5 6 7 8 9 10 11 12 

1 112 118 132 129 121 135 148 148 136 119 104 118 
2 115 126 141 135 125 149 170 170 158 133 114 140 
3 145 150 178 163 172 178 199- 199 184 162 146 166 
4 171 180 193 181 183 218 230 242 209 191 172 194 
5 196 196 236 235 229 243 264 272 237 211 180 201 
6 204 188 235 227 234 264 302 293 259 229 203 229 
7 242 233 267 269 270 315 364 347 312 274 237 278 
8 284 277 317 313 318 374 413 405 355 306 271 306 
9 315 301 356 348 355 422 465 467 404 347 305 336 

10 340 318 362 348 363 435 491 505 404 359 310 337 

TABLE 1. Hourly Production Rates. 

The backpropagation algorithm was implemented in the language C. Since sigmoidal 
threshold function is used, the raw data is scaled and transformed to values between 0 
and 1. The scaling expression by Hajela and Sharma [ 12] is used. 

Fs = 0.8(Fu- Fumin)/(Fumax- Fumin) +0.1 

where Fs and Fu are scaled and unsealed data, Fumax and Fumim are the maximum and 
minimum values considered over the range of unsealed set of data. 
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The learning process continues until the system error is below the prescribed value of 
0.01. The estimation of number of nodes in the hidden layer is based on Kolmogorov's 
theorem [5], and is taken to be equal to (2n+ 1), where n is the number of nodes in the 
input layer. Three different type of architecture (12,25,12), (12,25,13,12), and 
(12,25,25,25, 12) were used to train the network, where the numbers 12-25-... denote the 
number of nodes in each successive layer. The results are summarized in Table 2. 

ANN Convergence Momentum Learning Number of 
Architecture Factor Coefficient Rate Cycles 

(A) (a) ( '7) (C) 

(12,25,12) 0.01 0.9 0.9 590 
(12,25,12) 0.01 0.9 0.7 1593 
(12,25,12) 0.01 0.9 0.5 2523 
(12,25,12) 0.01 0.7 0.9 783 
(12,25,12) 0.01 0.7 0.7 1908 
(12,25,12) 0.01 0.7 0.5 3076 

(12,25,13,12) 0.01 0.9 0.9 1120 
(12,25,13,12) 0.01 0.9 0.7 1022 
(12,25,13,12) 0.01 0.9 0.5 1792 
(12,25,13,12) 0.01 0.7 0.9 1988 
(12,25,13,12) 0.01 0.7 0.7 1328 
(12,25,13,12) 0.01 0.7 0.5 2318 
(12,25,25,25,12) 0.01 0.9 0.9 379 
(12,25,25,25,12) 0.01 0.9 0.7 976 
(12,25,25,25,12) O.Ol 0.9 0.5 1962 
(12,25,25,25,12) 0.01 0.7 0.9 415 

TABLE2 
Comparison of the Neural Network Forecasting Method with Linear Regression 

Method. Case: 591 Iterations, 1 Hidden Layer. 

The learning procedure is tracked by observing the system error, the sum of all error 
terms associated with the output nodes. Figure 3 shows the system percentage error as a 
function of the number of iterations for various system parameters. The learning process 
is terminated when the system error is reduces to 0.01. 

. . One Hidden Layers Two Hidden Layers 
-.....~7.1...,.;,.g~ 

~~-----------------------------------~--------------------~ 
-...., R-..o.ll,t.e.ming~ll 

~~~------------------------------~-------------------------~ 

Q.35 ~~ 
i lj 

cu I 

i 
0.1 \ 

' a.as "'-........_ 

I : I ' 
~ 0.15 : I 
~ : 1 

l 1\ !\ 
\__)u·~--

0.1 

0.05 

1110 1110 a.z 

Figure 3. Percentage Error as a Function of the Number of Iterations. 
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Table 3 show the actual values observed for the production rate on day 10 and the values 
forecasted by the ANN. It can be seen that for network architecture (12,25,25,25, 12), 
learning rate of 0.9, and momentum coefficient of 0.9, the network requires the least 
number of cycles to converge, but the network with architecture (12,25,25,25,12), learn
ing rate of 0. 7, momentum coefficient of 0.9 yields a better forecast. 

ANN Architecture 

A-(12,25,12) 
a-0 . 9, ~-0.9, C-590 

A-(12,25,12) 
o-0.9, ~-0.7, C-1593 

A-(12,25,12) 
o-0 . 9 • '7-o. 5 

A-(12,25,12) 
a-0 . 7, f7-o.9, C-783 

A-(12,25,12} 
a-0.7, f7-o.7, C-1908 

A-(12,25,12) 
a-0.7, f7-o.5, c-3076 

A-(12,25,13,12) 
a-0.9, f7-o.9, c-1120 

A-(12,25,13,12) 
a-o.9, f7-o.7, c-1022 

A-(12,25,13,12) 
a-o.9, '7-o.s, c-1792 

A-(12,25,13,12) 
a-Q.7, f7-o.9, c-1988 

A-(12,25,13,12) 
a-0.7, f7-o.7, c-1328 

A-(12,25,13,12) 
a-0.1, f7-o.5, c-2318 

A-(12,25,25,25,12) 
a-0.9, f7-o.9, C-379 

A-(12,25,25,25,12) 
a-0.9, f7-o.7, c-976 

A-(12,25,25,25,12) 
a-o.9, ~-o.5, c-1962 

A-(12,25,25,25,12) 
a-0.7, f7-o.9, c-415 

Actual Data 

Hourly Production Forecast 
1 2 3 . 4 5 6 7 8 9 10 11 12 

342 331 383 372 380 451 485 482 434 372 333 365 

342 333 385 375 383 452 486 482 438 374 333 364 

343 334 386 376 384 452 486 482 438 375 333 366 

341 331 381 374 382 449 484 480 434 372 331 365 

342 333 385 375 383 452 486 482 438 374 333 364 

344 334 385 377 384 450 484 480 437 375 333 3.67 

336 313 395 378 388 452 482 489 431 369 321 342 

341 330 389 373 386 447 473 482 425 368 325 344 

346 337 393 377 389 452 477 484 . 430 373 329 350 

343 328 380 373 383 445 480 476 431 374 332 366 

343 332 390 374 387 449 476 483 428 371 326 348 

349 339 392 378 389 454 422 485 434 376 332 358 

326 312 376 366 350 442 476 483 421 362 317 343 

341 346 404 389 396 459 483 490 434 386 346 355 

352 346 404 389 396 459 483 490 434 386 346 355 

332 319 381 368 376 442 474 481 420 362 320 344 

340 318 362 348 363 435 491 505 404 359 310 337 

TABLE3 
The Performance of Various ANN Architectures. 
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Table 4 through Table 7 show the actual values observed, the values obtained by neural 
networks, regression analysis/exponential smoothing, and the percentage error of both 
methods with respect to the actual values observed. The results of near-future event 
forecasting by neural networks with three hidden layers are better than those obtained by 
regression analysis and exponential smoothing. 

Neural Networks Regression Analysis 
Months Actual 

Values Forecast Percentage Forecast Percentage 
Values Error Values Error 

1 340 342 0.5882 327 3.8235 
2 318 331 4.0880 310 2.5157 
3 362 383 5.8011 365 0.8287 
4 348 372 6.8966 361 3.4482 
5 363 '380 4.6832 370 1. 9283 
6 435 451 3.6782 434 0.2298 
7 491 485 1.2220 484 1.4256 
8 505 482 4.5544 476 5.7425 
9 404 434 8.4158 444 9.9009 

10 359 372 3.6212 360 0.2785 
11 310 333 7.4194 316 1. 9354 
12 337 365 8.0118 354 5.0445 

Average 381 394 4.3'572 383 3.0918 

TABLE4 
Comparison of the ANN Forecasting Method with the Linear Regression Method. 

Case: 591 Iterations, 1 Hidden Layer. 

Neural Networks Exponential Smo~t:hing 
Months Actual 

Values Forecast Percentage Forecast Percentage 
Values Error · Values Error 

1 340 336 1.1764 336 1.1764 
2 318 313 1.5723 338 6.2893 
3 362 395 6.3535 326 9.9447 
4 348 378 8.6206 348 0.0000 
5 363 388 6.8870 348 4.1322 ~ 

6 435 452 3.9080 357 17.9310 
7 491 482 1. 8323 404 17.7189 
8 505 489 3.1683 456 9.7029 
9 404 431 6.6831 485 20.0495 

10 359 369 2.7855 436 21.4484 
11 310 321 3 . 5484 390 25.8064 
12 337 342 1.4837 342 1.4836 

AverageJ 381 391 4.0015 380 11.3069 

TABLES 
Comparison of the ANN Forecasting Method with the Exponential Smoothing 

Method Case: 1120 Iterations, 2 Hidden Layers. 
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Neural Networks Regression Analysis 
Months Actual 

Values Forecast Percentage Forecast Percentage 
Values Error Values Error 

1 340 326 4.1176 327 3.8235 
2 318 312 1.8868 310 2.5157 
3 362 376 3.8674 365 0.8287 
4 348 366 5.1724 361 3.4482 
5 363 350 3.5812 370 1.9283 
6 435 442 1.6092 434 0.2298 
7 491 476 3.0549 484 1.4256 
8 505 483 4.3564 476 5.7425 
9 404 421 4.2079 444 9.9009 

10 359 362 0.8356 360 0.2785 
11 310 317 2.2580 316 1.9354 
12 337 343 1.7804 354 5.0445 

Averagel 381 . 381 3.0104 383 3.0918 

TABLE6 
Comparison of the ANN Forecasting Method with the Linear Regression Method. 

Case: 379 Iterations, 3 Hidden Layers. 

Neural Networks Regression Analysis 
Months Actual 

Values Forecast Percentage Forecast Percentage 
Values Error Values Error 

1 340 332 2.4096 327 3.8235 
2 318 319 0.3134 310 2.5157 
3 362 381 5.2480 365 0. 8287. 
4 348 368 5.7471 361 . 3.4482 
5 363 376 3.5872 370 1.9283 
6 435 442 1.6091 434 0.2298 
7 491 474 3.4623 484 1.4256 
8 505 481 4.7524 476 5.7425 
9 404 420 3.9603 444 9.9009 

10 359 362 0.8356 360 0.2785 
11 310 320 0.0312 316 1.9354 
12 337 344 2.0771 354 5.0445 

Average! 381 385 2.8356 383 3.0918 

TABLE 7 
Comparison of the ANN Forecasting Method with the Linear Regression Method. 

Case: 415 Iterations, 3 Hidden Layers. 
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CONCLUSION 
The ability and applicability of ANN as an alternate tool to near-future events forecast
ing has been examined. It was observed that for larger value of momentum coefficient 
and learning rates the network converged at a faster rate for a three hidden layer architec
ture. For the three hidden layer architecture with lower learning rate, the ANN gave supe
rior values but took longer time to converge. Hence it was observed that there is trade 
off between superior results and the time taken for the ANN to converge. Network ar
chitectures with number of nodes in the hidden layer obtained on the basis of 
Kolmogorov's theorem yielded superior results in comparison to those with random 
numbers of hidden layer nodes. 

The significance of ANN as a forecaster is that it requires no formal model. The regres
sion model, for example, attempts to fit data onto a line. It estimates the slope and the in
tercept point of the line by minimizing the sum of squared errors. The exponential 
smoothing model is sensitive to the choice of the smoothing parameter. The ANN, on 
the other hand, adapts to the data presented. Provided that a sizable network is used, the 
ANN is insensitive to the parameters selected. The only drawback is that in order to as
sure this insensitivity, a relatively large network must be constructed. This property of 
adaptability makes ANNs ideally suited for manufacturing environments. 
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