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ABSTRACT 

This dissertation presents and analyzes an object-

oriented design of a fully decentralized computer-integrated 

manufacturing system. The intelligence of the system is 

dispersed among the cells of the system allowing greater 

ability to adapt to changes in system configuration. A 

necessary component of the design is a scheduling strategy 

for the movement of physical and logical objects through the 

system. This research proposes and compares two potential 

scheduling strategies for such a system. 

The system consists of a set of nodes which serve as 

temporary hosts for mobile "objects." Each mobile object is 

responsible for finding its own way through the system based 

on a process program contained in the object. Each mobile 

object contains its own copy of a process program and a full 

description of the path for the object through the system is 

contained in the process program. 

A resident attendant object, which serves mobile objects, 

commands the node to perform a required set of actions based 

on the mobile object's process program. The attendant object 

then locates and transfers the mobile object to an available 

node at the next level to perform the next set of functions 

of the process program. 

VI 



The potential robustness of this type of system stems 

from the redistribution of coordinating intelligence from a 

central controller to the mobile objects. Addition or 

removal of nodes is completely dynamic as all scheduling and 

negotiations take place only as needed and without the 

services of a central controller. Therefore, no single 

failure can completely and immediately halt such a system 

except for failures of unique nodes and global network media 

failures. 

vii 



TABLES 

1. Communication and Computation Requirements for 
Selected Scheduling Strategies 26 

2. Worst Case Network Message Requirements of a DOOCIMS 
System 67 

3. Worst Case and Actual Network Message Demand for 
Example in Figure 14 69 

4. Data from Various Simulated Configurations 75 

Vlll 



FIGURES 

1. Spectrum of Control Distribution 2 

2. Structure of the Galaxy Distributed Control System 8 

3. Layers of a CIM System 10 

4. A Fully Functional System 21 

5. A System Roughly Halved by a Failure 22 

6. A System Hindered by a Failure 23 

7. Spectrum of Information Requirements for Selected 

Scheduling Strategies 27 

8. Steps in Object-Oriented Design 28 

9. The DOOCIMS Cell-Level Architecture 30 

10. Illustration of the Electron/Holes Theory 

in Semiconductors 42 

11. The DOOCIMS A&C Node Architecture 4 9 

12. Model of the DOOCIMS Cell 52 

13. Organization of Objects and Tasks 

in the DOOCIMS Model 53 

14. Example System Configuration 57 

15. Utilizations of Source Cells Using the First Come, 

First Served Strategy 58 
16. Utilization of Source Cells Using the Pressure 

Differential Strategy 59 
17. Pressure Exerted by Service Requests on Cell Type J 

in the Example Using the Pressure Differential 
Strategy 60 

18. Finite State Diagram of Competition for FCFS 61 

19. Example of a DOOCIMS Configuration with a Failure 62 

IX 



20. Pressure Diagram Including a Failure from Example 
in Figure 14 63 

21. Utilization Diagram Including a Failure from Example 
in Figure 14 64 

22. Graph of Charge Potential Versus Utilization Change 
for Sample Configurations 7 6 

23. Small Example of a Configuration with a Negative 
Charge Potential '̂'7 



CHAPTER I 

BACKGROUND 

Introduction 

The purpose of this research is to present and analyze an 

object-oriented design of a fully decentralized computer-

integrated manufacturing system. The intelligence of the 

system is dispersed among a single l&yer of processing cells 

allowing the system a greater ability to adapt to changes in 

system configuration. A necessary component of the design is 

a scheduling strategy for the movement of physical and 

logical objects through the system. This research proposes 

and compares two potential scheduling strategies for such a 

system. 

Statement of Problem 

Increased power in less expensive microcomputer controls 

have allowed a migration of intelligence from a central 

controller to controllers closer to CIM equipment [DUFF87]. 

Originally, CIM systems consisted of a central computer which 

controlled all inputs and outputs and made all scheduling 

decisions for the system. Eventually, a hierarchical 

structure evolved with a central controller in a master-slave 

relationship with cell controllers. The current trend is to 

place an increasing amount of intelligence closer to the 



actual hardware in a CIM system. Figure 1 shows the spectrum 

of control distribution. 

Localized 
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Figure 1: Spectrum of Control 
Distribution [DUFF88] 

Future designs are tending toward a single-layered 

"contract net" in which the coordinating intelligence of the 

system is fully decentralized [JOHN90]. Duffie presents a 

"heterarchical" design for single-layer, decentralized 

control of a CIM system [DUFF87] [DUFF88]. However, the 

heterarchlcal design does not address all of the requirements 

of a CIM system presented in Chapter II. It is also based on 

some assumptions different than those made in this research. 

Migrating the coordinating intelligence of a CIM system 

inherently results in a system which can adapt to a 



dynamically structured environment [DUFF87]. However, a 

major problem with a single-layered design is determining the 

best scheduling strategy which uses the least amount of 

global information. Collection and use of global information 

rapidly increases the complexity of the scheduling strategy. 

This research applies the object-oriented paradigm to this 

problem in order to design a complete CIM system implemented 

with a single-layered architecture. 

Outline of Dissertation 

Chapter II describes the requirements for a CIM design. 

Chapter III presents a design for a decentralized object-

oriented computer integrated manufacturing system herein 

referred to as DOOCIMS. Chapter IV describes a model for key 

components of DOOCIMS including scheduling strategies. 

Chapter V presents an analysis of the model described in 

Chapter IV. Finally, Chapter VI presents some suggestions 

for future research in this area. 



CHAPTER II 

REQUIREMENTS OF A CIM SYSTEM 

Introdurtinn 

This chapter surveys the history and functional 

requirements of existing CIM systems. It is logical to 

assume that the same types of demands will be placed on the 

DOOCIMS paradigm or any other future design. 

. Evolution of Distributed CIM Architectures 

The first computer integrated manufacturing systems 

consisted of a mainframe which directly controlled all inputs 

and outputs [DUFF88]. This simple organization allowed full 

knowledge of every aspect of the system for any decision 

being made. As microcomputers became sufficiently powerful 

to accomplish control tasks, more and more responsibilities 

have been moved to increasingly autonomous cell controllers. 

Distributed I/O Strategy 

The first "distributed" architectures were little more 

than distributed I/O systems. Rather than requiring a 

mainframe class computer to drive all analog and digital I/O 

from a central control room, the mainframe would send I/O 

instructions via a local area network (LAN) to a remotely 

located, second level of controllers. These controllers 



would carry out I/O instructions on behalf of the mainframe 

and report the results to the mainframe via the LAN. For 

example, the mainframe may request that the second level 

controller set (and perhaps monitor) a particular analog 

output to 4.3 volts. In the same request, the mainframe may 

request a particular digital input. The second level 

controller carries out the I/O request and responds to the 

mainframe accordingly. Dartt describes several systems which 

follow the distributed I/O strategy [DART89] [DART90]. 

The distributed I/O strategy offers two advantages over 

its predecessor. First, the cost of cabling for a LAN can be 

very inexpensive compared to the cost of cabling for several 

thousand I/O lines as may be required on a sprawling 

manufacturing floor [DART89]. Second, the responsibility for 

monitoring and adjusting an output is moved to the second 

level controller [ROSE89] thereby relieving some of the load 

on the mainframe. 

Hierarchical Control Systems 

The next generation of distributed control systems moved 

more intelligence to the lowest level controllers. These 

"cells" possessed the ability to react to external stimuli in 

the form of digital and analog I/O and carry out a set of 

time dependent steps based on those I/O [BAIL89]. In this 

configuration, the cluster controller directs the lower level 



controllers to execute a sequence of steps. The low-level 

controller reports to the cluster controller upon completion 

of the batch. The advantages of placing a "batch" step 

capability at the lowest level include faster reaction time 

to I/O stimuli [BART89] and the incorporation of additional 

levels of safety management [RAY89]. In addition, the cell 

controller can continue processing and monitoring safety 

conditions in the event of a network or cluster controller 

failure. 

Rose describes the DCS in use at the Midwest Division of 

National Steel which uses a multi-layered system with 

increasing system-wide responsibility and decreasing cell 

control responsibility toward the top of the architecture 

[ROSE89]. By pushing more responsibility to the cell 

controllers, less computing power is required at the highest 

level thereby dramatically decreasing the initial and 

maintenance costs of the system by eliminating the need for a 

mainframe computer. 

Generic Intelligent Cell Controllers 

The Galaxy Distributed Control System developed by Texas 

Tech University for FSI Corporation employs a generic 

intelligence to cell control [CARR91] [M0RR91]. This system 

uses "decision tables" to define the behavior of a cell. 

Because the decision tables are interpreted by the Decision 



Table Processor as opposed to a compiled control system, 

process engineers can write new tables as needed with no 

modification to the software [CARR91]. The nodes are managed 

by a cluster controller which allows the process engineer to 

define process programs as sequences of decision tables to be 

run [M0RR91]. The cluster controller then directs the cell 

controllers to execute decision tables with a set of 

parameters. Figure 2 illustrates the structure of the Galaxy 

Distributed Control System. A description of the functions 

listed in the figure are discussed later in this chapter. 

The Decision Table Processor (DTP) allows the cell 

controller to operate heterogeneous modules with virtually no 

modification to the software. Two design approaches are 

responsible for this flexibility. First, the intelligence of 

the controller is moved into the decision tables which can be 

created and modified with the Decision Table Editor [FRIE91]. 

In addition, the DTP uses "plug-in" I/O functions which must 

follow a prescribed parameter format. These separately 

compiled functions are made known to the DTP only with a 

header file and therefore require only that the DTP code be 

recompiled [CARR91]. Because the operation of the I/O 

function is transparent to the DTP, the same software can 

control many different types of modules provided that the 

required I/O functions are available. 
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Figure 2: Structure of the Galaxy 
Distributed Control System 

The flexibility of the Decision Table Processor answers 

the need expressed by Greenwood and Shimano to quit writing 

specialized control software for each new piece of hardware 

in favor of a generic control system [GREE88] [SHIM88]. In 

addition, the cluster controller software allows both man-in-

the-loop and automatic operation [M0RR91] answering the need 

posed by NASA [NASA88]. 



Components of a CIM System 

Although there appears to be no universally accepted 

required components which constitute a CIM system, the more 

common components are listed below. Figure 3 shows a typical 

layering of a CIM or distributed control system and is a 

composite of systems described in the literature review 

[BOUD87] [DART89] [DART90] [EGAL84] [JONE86] [MOLL89] 

[ROSES9]. 

Scheduling 

A distributed control system schedules use of its 

resources with the goals of maximum machine utilization and 

minimum throughput times [HEND88]. Such scheduling can be 

done in two ways depending on the typical task behavior and 

the number of tasks. If the tasks are reasonably 

predictable, then an optimum batching algorithm such as the 

one presented by De Luca [DELU84] can be used. Such 

algorithms tend to be too slow in systems with a large number 

of components, and a greedy method such as the earliest 

deadline or least slack algorithm may be used instead 

[LEVI90]. The scheduler should then either suggest an 

optimal solution or be given the power to make the task 

assignments itself [DITT90]. 
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Figure 3: Layers of a CIM System 

Hardware Interface 

A CIM system should provide a method for incorporating 

new hardware interface drivers without modification to the 

rest of the system. The hardware drivers should be viewed as 
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an abstract device by higher layers [BOUD87]. Unfortunately, 

much of the intended flexibility of a CIM system is lost when 

CIM system designers allow the hardware interface to dictate 

the structure of the rest of the system rather than only 

serving to interface the CIM system to the hardware [BART8 9]. 

Cell-Level Control 

The cell-level controller usually resides on a computer 

which is physically close to the device being controlled. 

The close proximity facilitates faster reaction time to 

hardware stimuli and provides higher functions an atomic view 

of the device's actions. Ideally, a cell-level controller 

should be completely generic and flexible enough to allow the 

user to perform the vast majority of the reconfigurations. 

However, Dartt observes that such controllers are not 

available because of the large number of vendors each 

supplying many different types of hardware [DART90]. 

The cell controller software should consider three 

independent aspects: what should be done, how to do it, and 

data describing the workcell and object locations [SHIM88]. 

"What should be done" corresponds to a process program step 

as described later; "How to do it" can be hard-coded but 

preferably consists of a set of generic steps; and data 

describing the workcell and object locations is information 

dictated by the hardware and physical object being handled. 
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Modifying one aspect of the controller should not require 

modification to the others. Boudreaux [BOUD87] describes a 

method for viewing the components of a cell controller as 

being devices which: (1) have finitely many components each 

of which is itself a device, (2) have the capability to 

perform a finite, but extensible set of operations, and (3) 

occupy a finite number of states. 

Sometimes, cell-level control alone satisfies the need of 

a user with the simplest systems being similar to the system 

described by Dhamija [DHAM89]. It is essentially a 

preprocessor for a numerical control machine which allows the 

process engineer to create word-based control algorithms 

which are converted into a numerical control language. 

Single cell controllers such as this can offer a bottom-up, 

low-cost and low-risk entry into CIM for smaller 

manufacturing systems [BART89]. 

User Interface 

Although the actual user interface is an integral part of 

most of the components described here, there are two 

considerations which apply system-wide. First, there must be 

at least one station from which an operator can perform any 

of the higher level functions [DITT90]. Of course, this 

requirement may be infeasible in partially or fully failed 

systems. Second, information must be displayed in such a way 
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that the user can quickly grasp the overall structure of the 

data or get more detailed information by studying the same 

screen [BOUD87]. 

The design of the user interface must cater to three 

types of users: the system operator, the process engineer, 

and the system customizer [SHIM88]. The system operator is 

primarily concerned with the day-to-day system functionality 

such as batch start/stop, system monitoring, and alarm 

management. The process engineer creates and modifies the 

system's process programs without low-level knowledge of the 

system implementation. The system customizer adds algorithms 

and drivers for new hardware as needed. 

Process Program Management 

A process program is the description of steps that the 

elements of a batch follow during their interaction with a 

CIM. Process programs are generally made up of three 

components. The first component is the unit file which 

describes what hardware is to be used. The second is the 

parameters file which contains the process program 

parameters. Finally, the process program description 

requires a procedures file which lists the sequence of steps 

in high-level form [DITT90]. These files not only define the 

steps prescribed by a process engineer, but are also used in 

scheduling, system configuration to determine which drivers 
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are to be downloaded to the cell-level controllers, and 

system performance evaluations and forecasting. 

Process program management encompasses the creation, 

maintenance, and daily usage of process programs. Nelson 

presents a system in which creation and maintenance of 

process programs is done graphically with Petri-nets 

[NELS83]. The Petri-net is converted into a collection of 

arithmetic and control statements to be interpreted by lower 

layers to carry out the process program. Morris [M0RR91] 

describes a similar method in the Galaxy Project which 

follows the SEMI Communications Committee [SEMI90] 

prescription for the structure and use of process programs in 

real-time control systems. The process program manager in 

the Galaxy Project implements process program "trees" 

graphically in which the process engineer edits individual 

nodes of the tree while still retaining the overall structure 

of the tree. 

Database Management 

Distributed Control Systems require a database management 

system for storage of trace data, hardware use tracking, 

production histories, process program files, and cell 

controller routines [EGAL84]. Cell controllers will request 

portions of process program files and cell controller 

routines at start-up in anticipation of need rather than 



15 

waiting for the actual need. This relaxes some of the 

response time requirements on the Database Manager during 

normal system operation but tends to strain most systems 

during start-up and recovery phases. The Database Manager 

also keeps information concerning the progress and status of 

the system as a whole. The amount of information must be 

current enough and complete enough for a complete system 

recovery from failure. Most of the remaining use of the 

database results from raw and processed trace data. 

The Database Manager can either be implemented as a 

centralized or decentralized system with each having 

advantages over the other. Maintaining integrity and system 

recovery are much simpler to achieve with centralized 

databases. However, decentralized databases are inherently 

more reliable and less susceptible to catastrophic failure. 

In addition, they provide each component system a higher 

degree of autonomy [BARKS6]. 

Trace Data Collection and Analysis 

Trace Data Collection is necessary for overall monitoring 

of the system. Some types of data collected are raw data 

directly from the hardware, process parameters, energy 

economics, operating efficiency, quality, and system alarms 

[BAIL89]. This information is then used for process 
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simulation, statistical process control, statistical quality 

control, and overall plant-wide coordination [DART90]. 

Trace Data Collection is usually not as time critical as 

are other components of a DCS. Research from NASA describes 

a system in which trace data collection is done on cell-level 

controllers from central memory while the data conversions 

are being performed on I/O equipment [NASA83]. Such a scheme 

combines well with a "heartbeat" paradigm in which trace data 

collection follows a two-stroke synchronization [ANDR91]. In 

the first stroke, the algorithm collects data from the 

hardware or from other cells. In the second stroke, the 

algorithm "pumps" the acquired data to the appropriate 

destinations. 

Safety and Alarm Management 

Not only is safety management crucial to a control system 

for protecting against hazards due to hardware failure, but 

also for protecting from failures due to software or process 

program bugs. Safety management code should be as physically 

small as possible and execute independently of the control 

software at the cell level [PARN90]. If possible, the safety 

manager should also preempt potential safety violations as in 

the Galaxy Control System [CARR91]. 

Personal experience has shown that safety management 

should give the highest priority of protection to life, 
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followed by protecting the facility and environment, then to 

protecting the control hardware, and finally to protecting 

the product. The safety manager should be located as close 

to the hardware as possible in order to minimize the number 

of potential failures which could prevent the safety manager 

from functioning [BERN89]. Higher levels should also be 

given safety management capabilities by allowing them to 

directly address inputs and outputs and bypassing the cell-

level control software. Such ability allows the higher 

levels to recognize and correct multi-cell safety violations 

[TEMM88]. 

Preventing safety violations or other errors may be as 

simple as recognizing failures in hardware or as complex as 

recognizing logical or multi-step errors. Although, most 

hardware failures can be recognized at the hardware interface 

level, some errors can only be recognized by examining the 

I/O behavior over time. This examination may be as simple as 

bound-checking or as complex as monitoring rate-of-change of 

an input [NASA83]. Upon recognition of an error, the 

affected cell should cease execution, signal a higher 

authority of the error and invoke corrective action [LEVI90] . 

Failure Recovery 

Typically, distributed systems can overcome failures in 

one of two ways. First, the system can recover a failed 
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object as soon as possible. The other possibility is to 

maintain a duplicate of the object on another node and use 

the duplicate if the original becomes inactive [CHIN91]. The 

latter solution is impractical in a DCS because the product 

associated with the failed object typically is on the same 

node and is a victim of the same failure. Therefore, objects 

should maintain adequate roll-back data on permanent media to 

recover from a failure [BIRM85]. In any case, the system as 

a whole should continue to operate if at all possible in a 

degraded mode [RAY8 9]. 

Maintenance 

The maintenance system should, if possible, perform all 

diagnostic procedures without interrupting the target cell. 

If human maintenance or the diagnostic procedure requires a 

monopoly of the cell, the cell should be reserved by 

notifying the appropriate scheduler(s). Therefore, the 

remainder of the system can continue to operate in a degraded 

mode [DART90]. 

Trend Analysis and Forecasting 

Trend analysis and forecasting are usually part of the 

upper-level management layers which usually are run 

infrequently and off-line. The actual software is often 

composed of off-the-shelf analysis packages customized to the 
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particular need [DART90]. The database manager discussed 

earlier is the principal source for most data used in this 

portion of a DCS. 

Network Considerations 

Three network requirements distinguish CIM systems from 

other applications. First, the network must be efficient 

enough to accommodate the demands of real-time multi-process 

communications which often cannot tolerate delays even on the 

order of tens of milliseconds. Second, the network must be 

sufficiently flexible to allow it to work with heterogeneous 

equipment. Finally, the network system should offer network 

management and control facilities [RAY89]. 



CHAPTER III 

THE DESIGN OF DOOCIMS 

Introdnrtion 

This chapter presents the design of a decentralized 

object-oriented computer-integrated manufacturing system 

called DOOCIMS. It applies the object-oriented paradigm to 

the single-layered control system concept described by Duffie 

and Johnson [DUFF87] [DUFF88] [JOHN90]. It also extends the 

single-layered concept to address the components of a CIM 

system set forth in Chapter II. 

Overview of the Design of DOOCIMS 

The DOOCIMS architecture consists of a set of cells which 

serve as temporary hosts for mobile "objects." Each mobile 

object, which may represent a physical object, is responsible 

for finding its own way through the system based on a process 

program contained in the mobile object. Figure 4 shows an 

example of a fully functioning generic system. In the 

figure, each square represents a processing cell in the 

manufacturing system. The thin lines represent the network 

or physical communication links between nodes. The thicker 

lines with arrows represent possible logical flow paths of 

the objects through the system. 

20 
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Figure 4: A Fully Functional System 

In a possible scenario using this system, objects may 

enter from the node on the left followed by a required visit 

to one node at each of the four levels from left to right in 

the system. In the fully functional system, a mobile object 

at any given node may advance to any free node at the next 

level. Objects exit the system from any of the three nodes 

at the rightmost level. 

Each mobile object contains a full description of the 

path for the object through the system. When at any given 

node, a resident attendant object, which serves mobile 

objects, will "command" the node to perform a required set of 

actions based on the process program in the mobile object. 

The attendant object will then locate and reserve an 

available node at the next level to perform the next set of 

functions. The attendant object is also responsible for any 

negotiations needed to transfer the mobile object to the 
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reserved node. Of course, the actual negotiations will be 

performed by the attendant object using a networking services 

object in the node as described later. 

The robustness of DOOCIMS stems from the redistribution 

of the coordinating intelligence from a central controller to 

the mobile and attendant objects. The system's behavior 

resembles cars on a freeway in that each mobile object is 

concerned only with getting to its destination. If the car 

encounters a blockage, it will seek an alternate route. 

Should a cell or communication link fail, as represented 

in Figures 5 and 6, the surviving subsets of the failure can 

independently continue operating in a degraded mode. Of 

course, if one of the remaining subsets lacks some vital 

component for the mobile objects resident in the subset to be 

completed, the subset will eventually discontinue processing. 

6—failure 

Figure 5: A System Roughly Halved by a Failure 
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Figure 6: A System Hindered by a Failure 

A.c^sumptions nf the Design 

Six assumptions have been made concerning process program 

path definitions. These assumptions are as follows. 

(1) At most only one mobile object may exist at any cell 

at any time. Source nodes will only create a single 

mobile object at a time. However, there may be a 

queue of creation requests such that as soon as the 

resident mobile object leaves the cell, the next 

mobile object is created. 

(2) All cells of a given type are considered to be 

equally able to perform corresponding functions. 

(3) If cell type A appears in a path before cell type B 

in process program I, then cell type A will appear 

before cell type B in all process programs which use 

both cell types. This assumption assures that no 
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process program paths may contain loops thereby 

risking deadlock. 

(4) Process program definitions will group all 

sequentially time-critical steps to the same cell. 

This ensures that damage cannot occur to a product 

due to delay of service. 

(5) The scheduling strategy may not cause starvation of 

any mobile object. Hence, the condition should 

never arise such that a waiting mobile object has 

zero chance of ever advancing in a fault-free 

system. 

(6) Once service begins on a mobile object at a given 

cell, it may not be preempted in favor of another 

mobile object. 

Requirements of a Scheduling Strategy 

Effectiveness of a Strategy 

The most visible metric for effectiveness of a CIM system 

is machine utilization [KROL89]. Machine utilization is 

defined as the percentage of time a machine is busy 

performing a service. The metric used for measuring the 

effectiveness of scheduling strategies in this research is 

system utilization. System utilization is computed as 
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N 

ZBi 
SYSTEM UTILIZATION = Si 

N-TE 

where N is the number of cells in the configuration, 
TE is the elapsed time in consideration, and 
Bi is the amount of time the considered cell has 

been busy. 

Complexity of a Strategy 

It is crucial to examine information requirements when 

choosing a potential scheduling strategy. Table 1 shows some 

common scheduling strategies from Kleinrock and Cooper 

[KLEI76] [COOP72]. It also includes an entry for a 

scheduling strategy, called the pressure differential 

strategy, developed in this research. These strategies have 

been modified to give a probabilistic advancement in order to 

satisfy the no starvation requirement above. Strategies 

which are based on time-sliced sharing of a service, such as 

Round Robin, were not considered due to the no preemption 

requirement. Hence, once service begins on a mobile object, 

it must be completed and that mobile object must move on to 

its next step before service can begin on another mobile 

object at that cell. Figure 7 shows the spectrum of 

information requirements of the strategies in Table 1 using 

the parenthesized abbreviations. 
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Table 1: Communication and Computation Requirements 
for Selected Scheduling Strategies 

Strategy 

First Come, 
First Served 
(FCFS) 

Shortest 
Processing 
Time 
(SPT) 

Becpiired Global 
Communication and 

Information 

Negotiation only with 
receiving c e l l . 

Negotiation with 
receiving c e l l . 

Service time of 
requesting object. 

A d d i t i o n a l 
Computation 

None 

Compute process time 
for requesting object 

Probabilistic choice 
based on remaining 
service time. 

Shortest 
Remaining 
Processing 
Time 
(SRPT) 

Negotiation with 
receiving cell. 

Remaining service time 
of requesting object. 

Compute remaining time 
for requesting object 

Probabilistic choice 
based on remaining 
service time. 

Pressure 
Differential 
(PD) 

Negotiation with 
receiving cell. 

Percent occupation of 
each cell. 

Compute pressure of 
each request. 

Probabilistic choice 
based on computed 
pressure. 

Shortest 
Expected 
Processing 
Time 
(SEPT) 

Negotiation with 
receiving cell. 
Status of all cells in 
the system. 

Process program status 
of each mobile object 
in the system. 

Project expected 
processing time of all 
mobile objects and of 
requesting object. 

Probabilistic choice 
based on remaining 
service time. 

Shortest 
Expected 
Remaining 
Processing 
Time 
(SERPT) 

Negotiation with 
receiving cell. 
Status of all cells in 
the system. 

Process program status 
of each mobile object 
in the system. 

Project expected 
processing time of all 
mobile objects and 
remaining processing 
time of requesting 
object. 

Probabilistic choice 
based on remaining 
service time. 



27 

Completely Complete 
Local Global 

Information Information 
Decreased 
"Complexity 

r n 1 — I — 
FCFS SRPT 

Increased_ 
Complexity" 

—I 
SERPT 

SPT PD SEPT 

Figure 7: Spectrum of Information Requirements 
for Selected Scheduling Strategies 

Although the placement of the strategies in Figure 7 is 

not exact, it is clear that there is a definite trade-off 

between simplicity and confidence of optimal usage. Better 

decisions concerning the movement of mobile objects can be 

made by algorithms having access to more information, but at 

a definite cost in communication and computational 

complexity. This research uses the first come, first served 

strategy (FCFS) as a benchmark for comparison to the more 

complex pressure differential strategy. The FCFS strategy 

was chosen because it is inherently the strategy which 

requires the least amount of global information. Strategies 

which require increasing amounts of global information 

represent a degrees of return to the completely centralized 

system which is counter to the fully autonomous cell design 

exploited by decentralized systems. 
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The Design nf DOOCTM5; 

The design of DOOCIMS uses the object-oriented paradigm 

to classify objects based on the functions described in 

Chapter II. Figure 8 shows the steps for object-oriented 

design as stated by Booch [BOOC86]. This section applies 

these steps in varying degrees for each object in the system. 

1. Identify the objects and their attributes. 

2. Identify operations that affect each object and 
the operations that each object must initiate. 

3. Establish the visibility of each object in relation 
to other objects. 

4. Establish the interface of each object. 

5. Implement each object. 

Figure 8: Steps in Object-Oriented 
Design [BOOC86] 

Object Classes in DOOCIMS 

The design of DOOCIMS includes two types of nodes. Most, 

if not all, nodes in a DOOCIMS system at any given time are 

cell nodes. Cell nodes carry out all necessary functions in 

day-to-day manufacturing. This research will define and 

analyze the interaction of some of the objects residing in 
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the cell nodes. A major advantage of the DOOCIMS 

architecture over the heterarchlcal system described by 

Duffie [DUFF87] [DUFF88] is the reuse of code. All cell 

nodes in the DOOCIMS architecture possess the same objects 

with only minor modifications to the DTP object [CARR91]. 

This reuse of code decrease software development and 

maintenance costs over the life of the software [BOOC86] and 

meets Greenwood and Shimano's requirement to not write 

customized software for each component in a CIM system as is 

currently prevalent [GREE88] [SHIM88]. 

The second type of node, the analysis and configuration 

(A&C) node, is responsible for functions which are typically 

performed off-line or without critical time requirements. 

The A&C node need not be permanently on-line although most 

users may prefer that it is always active. 

DOOCIMS Cell Node Architecture 

Each cell node in DOOCIMS is composed of seven object 

classes. These seven classes define mobile objects, the 

attendant object, the user interface object, the trace data 

collection object, the cell database management object, the 

DTP object and the network services object. This research 

describes the responsibilities of each of the major objects 

in the DOOCIMS architecture. In addition, it further 

develops and analyzes the mobile objects and attendant object 
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definitions and behavior as these objects are responsible for 

the duties previously performed by a central coordinating 

computer. Figure 9 illustrates the organization and 

interaction between the objects of a cell node. 
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Safety 
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Hardware 
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Attendant 
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Figure 9: The DOOCIMS Cell-Level 
Architecture 
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Mobile objects are the only non-permanent resident of a 

DOOCIMS cell and are entirely passive. A passive object is 

one which is made up only of data [BOOC86]. Mobile objects 

are made passive for two reasons. First, passive objects do 

not have to be "linked" to the available services of a cell 

upon arrival. Instead, the mobile object acts as a liaison 

between the needs of the mobile object and the cell's 

services. Second, cells in a system may not be homogeneous 

and therefore linking to system services can be quite 

complex. 

The mobile object contains all the information required 

to allow attendant objects to service it and move it through 

the system. Each mobile object contains a unique 

identification number. This number is used to verify the 

intent of messages such as granting a request for services to 

a mobile object. The mobile object also contains a process 

program containing the information described in [DITT90]. 

Specifically, it contains a description of the path of the 

mobile object by listing the steps of the process program. 

Each step in the process program states the type of service 

cell required for the step along with the commands and 

parameters required to allow the attendant object to interact 

with the DTP object. A generalized type declaration for the 

mobile object is as follows. 
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type process_program_step_t is record 
required_cell : cell_type; 
required_action : action_type; 

end record; 

type mobile_object_type is record 
object_id 
process_program 
current_step 

end record; 

mobile_object_id_type; 
(list of) process_program_step_t; 
step_index_type; 

The following chapter describes a model for testing 

mobile object and attendant object interaction. The reader 

is referred to that description for further detail of the 

content of mobile objects. 

Attendant Objects 

Attendant objects are responsible for acting on behalf of 

mobile objects. All actions of attendant objects are based 

on the process program descriptions contained in mobile 

objects. Attendant objects have three main responsibilities. 

First, they negotiate the movement of mobile objects via the 

network services object. Two strategies for such 

negotiations are discussed below. Second, they must interact 

with the DTP object based on the mobile object's process 

program. Finally, they inform the database management object 

of the progress of the mobile object. 



33 

Transporting Mobile Objects 

Transporting mobile objects consists of three steps. 

First, the attendant object broadcasts a service request to 

all cells providing the required service. Attendant objects 

of the receiving cells respond if they currently are not 

servicing a mobile object. The originating attendant object 

will choose from among granted service requests and negotiate 

the transportation of the mobile object to the new attendant. 

This negotiation assumes the physical hand-off of the product 

to the destination cell to be atomic and externally sensed in 

order that the mobile object and the product remain together. 

All negotiations are on a peer-to-peer basis and with 

each attendant having the right to refuse or accept service 

requests. The right to refuse requests is defined by Enslow 

to be a necessary component of a truly distributed system 

[ENSL78] . This research defines the communication protocols 

necessary for attendant object interaction. In addition, two 

operation strategies for attendant objects have been 

developed to resolve competition for resources between mobile 

objects. 

Attendant Object Communication Protocol 

Attendant objects communicate via a predefined set of 

messages via the network services object. These messages are 

used in moving mobile objects and in informing other 
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attendant objects of the resident cell's status. The format 

of messages used by attendant objects is as follows. 

MESSAGE_TYPE is 

SOURCE_CELL — Network identifier of the cell sending 

the message. 

DESTINATION_CELL — Network identifier of the cell 

receiving the message. 

SOURCE_CELL_TYPE — Source cell's service type 

identifier. 

DEST_CELL_TyPE — Destination cell's service type 

identifier. 

RESIDENT_OBJECT — Identifies which resident objects are 

communicating (default: ATTENDANT). 

MESSAGE_COMMAND — Identifies the purpose of the message 

as described below. 

PRESSURE — Used with service requests in the Pressure 

Differential system as described 

later. 

MOBILE_OBJECT_ID — Identification of the mobile object 

concerned with the communication. 

MOBILE_OBJECT — Used only in messages which transfer 

mobile objects, 

end MESSAGE TYPE; 
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The message command determines the attendant's potential 

response to a given message. A generic type definition of 

the attendant's message commands is as follows. 

MESSAGE_COMMAND_TYPE is 

STATUS — This message type is used only in the Pressure 

Differential strategy and includes the 

source cell's occupation percentage in 

the PRESSURE field of the message. 

GRANT — The source cell is granting a previous request 

for services. The GRANT message is 

only for a specific mobile object 

identified in the MOBILE_OBJECT_ID 

field of the message. 

SERVICE_UNNEEDED — The source cell is informing the 

destination cell that a previously 

granted service request is no longer 

needed. 

OBJECT RECEIVED_OK — The source cell successfully 

received the mobile object previously 

sent by the destination cell. 

OBJECT NOT_RECEIVED — The source cell either did not 

receive the mobile object previously 

sent by the destination cell or the 

source cell can no longer service the 

mobile object. 
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MOBILE_OBJECT — The message contains a mobile object. 

SERVICE_REQUEST — The source cell is requesting service 

in a broadcast to all cells of the 

correct DEST_CELL_TYPE. In the 

Pressure Differential strategy, the 

PRESSURE field contains the pressure 

exerted by the mobile object for whom 

the request is being made. 

CANCEL_REQUEST — The source cell is cancelling a 

previous service request in a 

broadcast to all cells of the involved 

DEST_CELL_TYPE. 

START_OBJECT — The user interface object is instructing 

the attendant to enter a mobile object 

into the object creation queue. 

end MESSAGE COMMAND TYPE; 

Attendant Object Data Structures 

Attendant objects must maintain two major data structures 

regardless of the scheduling strategy being used. First, all 

attendant objects must maintain a queue of pending service 

requests. When the host cell becomes idle, the attendant 

object will grant a service request from this queue. Second, 

attendant objects must maintain a queue of pending mobile 

objects to be created. This queue will only be used by 
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attendant objects whose host cell is a source for a process 

program. 

Scheduling Strategiec^ 

The scheduling strategies considered in this research use 

the message types presented previously. Attendant objects 

simply treat reception of these message types along with 

potential timer expirations as a "case" statement. Each 

entry in the case statement employs a generically declared 

strategy with a common interface to service the set of 

messages and timer events. Naturally, some message types or 

timers may not make sense for a given strategy and may be 

ignored. The pseudo-code structure of the attendant object 

is as follows. 

loop 
wait until a message is received or a timer expires. 

if (Message_Pending_From_Network_Object) then 
case Message_Command of 
STATUS => Process_Status_Report(Message); 
GRANT => Process_Grant_Request(Message); 
REJECT => Process_Reject_Request(Message); 
MOBILE_OBJECT => Process_Receive_Object(Message); 
SERVICE_REQUEST => 

Process_Service_Request(Message); 
CANCEL_REQUEST => Process_Cancel_Request(Message); 
SERVICE_UNNEEDED => 

Process_Service_Unneeded(Message); 
OBJECT_RECEIVED_OK => 

Process_Object_Received(Message); 
OBJECT_NOT_RECEIVED => Process_Object_Nak(Message); 
START_OBJECT => Process_Start_Object(Message); 

end case; 
end if; 
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i f (Message_Pending_From_DTP_Object) t h e n 
Process_DTP_Message(DTP_Message); 

end i f ; 

i f (Message_Timeout) t hen 
Process_Message_Timeout ; 

end i f ; 

if (Cell_Is_Idle) then 
if (Object_Creation_Queue is not empty) then 
Start_New_Mobile_Object; 

else if (Service_Request_Queue is not empty) then 
Grant_Service_Request; 

end if; 
end if; 

end loop; 

First Come, First Served Strategy 

The first scheduling strategy considered in this research 

is the first come, first served (FCFS). Attendant objects 

operating with this strategy simply grant pending requests 

for services in the order received. It serves as a basis for 

a "proof of concept" of the design of DOOCIMS in that it is 

the simplest strategy in the spectrum in Figure 7. It also 

serves as a benchmark for performance comparisons with other 

strategies. 

pf^havior Rules 

Attendant objects employing the FCFS strategy treat the 

calls in the pseudo-code above as follows. 

Process Status_Report — is not used by the FCFS 

strategy. 
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Process_Grant_Request — If the mobile object has not 

been sent, send the mobile object and wait for an 

OBJECT_RECEIVED_OK. If the mobile object has been 

sent or the grant message specifies a mobile object 

other than the resident mobile object, send a 

SERVICE_UNNEEDED message to the granting cell. 

Process_Service_Unneeded — If the mobile object 

identification matches that of the granted 

SERVICE_REQUEST, grant the next SERVICE_REQUEST in 

the request queue, if any. Otherwise, discard the 

SERVICE_UNNEEDED message. 

Process_Object_Received — If the mobile object 

identification matches that of the sent object, 

grant the next SERVICE_REQUEST in the request 

queue, if any. Otherwise, discard the 

OBJECT_RECEIVED_OK message. 

Process_Object_Nak — If the mobile object 

identification matches that of the sent object, 

rebroadcast a SERVICE_REQUEST for the resident 

mobile object. Otherwise, discard the 

OBJECT_NOT_RECEIVED message. 

Process_Receive_Object — If the mobile object 

identification matches that of the currently 

granted request, acknowledge reception of the 

mobile object and instruct the DTP object to begin 
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service. Otherwise, return a rejection of the 

mobile object. 

Process_Service_Request — Add the service request to 

the queue of pending requests. 

Process_Cancel_Request — Remove all service requests 

from the pending request queue which match both the 

mobile object and source cell identification in the 

CANCEL_REQUEST message. 

Process_Start_Object — Add the object contained in the 

message to the pending objects queue. 

Start_New_Mobile_Object — If there are mobile objects 

waiting in the pending objects queue, activate the 

next one and begin servicing it. 

Grant_Service_Request — If there are service requests 

pending, grant the next service request waiting in the 

service request queue. 

Process_DTP_Message — Only one type of DTP object 

message is defined for this level of the design as 

given below. 

DTP complete — If the DTP object completes service of 

a mobile object and the mobile object has not 

completed its process program, broadcast a service 

request to all nodes of the next required cell 

type. Continue broadcasting service requests at 

regular intervals until the service request is 
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granted via the message timer. If the DTP object 

completes service of a mobile object and the mobile 

object has completed its process program, destroy 

the mobile object. 

Process_Message_Timeout — There are three types of 

message time-outs for the FCFS strategy. Each is 

listed with appropriate actions as follows. 

(A) No acknowledge to object message — It is assumed 

that the DTP object can recognize the physical 

presence of a product. If the physical product is 

not present, assume the mobile object was received 

and destroy the current copy of the mobile object. 

Otherwise, send a SERVICE_REQUEST message on behalf 

of the mobile object. 

(B) Time-out waiting on object to be sent — If the 

accepted mobile object is not received, return to 

the idle state. 

(C) No Grant to SERVICE_REQUEST in allotted time — 

Rebroadcast SERVICE_REQUEST and reset message 

timer. 

Pressure Differential Strategy 

Rafionale 

The basis for the pressure differential strategy is an 

analogy to the electron/holes theory in semiconductors 
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[SCHW84]. If mobile objects are viewed as electrons and the 

cells in a DOOCIMS system are viewed as potential residences 

for electrons or holes, the system can be thought of as 

supplying electrons at source cells and holes at sink cells. 

The attraction between electrons and holes and repelling of 

electrons from one another creates a "pressure." The 

intensity of the attractive force between a hole and an 

electron and the repelling force between two electrons is 

directly related to the proximity of the electrons and holes 

to one another. Figure 10 illustrates the electron/holes 

theory. 

n-type p-type 

l:l! ^ D^O^O^O^OSD^C 

electrons 
(-) flOWBI^ 

holes 
(+) flow 

CURRENT 

Figure 10: Illustration of the Electron/Holes 
Theory in Semiconductors [SCHW84] 

In applying the electron/holes theory to DOOCIMS, mobile 

objects are analogous to electrons while cell vacancies are 

analogous to holes. Process program flow then becomes 

analogous to electrical current. However, the analogy does 
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not completely describe the behavior of mobile objects. 

Mobile objects must follow a prescribed path and cannot move 

to a hole if it is not included in the process program 

regardless of the attraction. 

Description 

Attendant objects operating with this strategy grant 

service requests randomly with the probability of a grant 

being issued to a mobile object being proportional to the 

mobile object's "pressure differential." The pressure 

differential is included in the PRESSURE field of the 

SERVICE_REQUEST message. For example, if an attendant were 

considering two service requests with pressures of 2 and 8, 

it would grant the service request of the first attendant 20% 

of the time and to the second attendant 80% of the time. The 

granting attendant uses a uniformly distributed random number 

generator to decide which service request to grant. 

Because each SERVICE_REQUEST requires the percentage 

occupied time of each cell in the system, attendant objects 

using the pressure differential strategy must regularly 

broadcast their status. In this design, the attendant 

objects broadcast STATUS messages each time a mobile object 

enters or leaves the cell. Broadcasts are also made at 

regular intervals if the cell is either busy or idle for 

extended periods. 
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The pressure exerted by a mobile object on the target of 

a SERVICE_REQUEST is given by 

PRESSURE = 1 + § Z i Rci *i: Z C(N-i*l) d " Rci )] 
ia l c€C(i) is5+lc€C(i) 

where: i refers to the step number of the process 
program, 

C(i) is all cells of the type required at step i, 
S is the current step number in the process 

program, 
N is the number of steps in the process program, 

and 
Rci is the percentage of time the considered cell 

has had a mobile object in residence. 

If Rci is the percentage of time a cell has a mobile 

object in residence, the amount of repelling pressure exerted 

by an upstream cell is proportional to Rd. Similarly, the 

amount of attracting pressure exerted by a downstream cell is 

proportional to (1-Rci) . The terms i and (N-i+1) have been 

included as scalars to the full/empty terms based on the 

observation that the behavior of a mobile object should 

depend most on the status of the cells nearest the resident 

cell. Finally, the constant 1 represents the pressure 

exerted by the requesting object itself. Therefore, the 

pressure of a mobile object will never be less than 1 which 

ensures that the request will not be ignored. This constant 

may also be used to represent a priority which may be 

adjusted by the user to modify to system pressures. 

Examining the units of measure to the terms in the above 

formula further illustrates its operation. The terms Rci and 
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(1-Rci) measure positive or negative attraction between mobile 

objects. The terms i and (N-i+1) are inversely proportional 

to the distance between mobile objects and vacancies. 

Therefore, the units of measure for the calculated pressure 

of a mobile object are units of attraction divided by 

distance. 

Additional Data Structures 

Attendant objects implementing the pressure differential 

strategy maintain both of the data structures required in the 

FCFS strategy. In addition, they must maintain a system 

status data structure which lists the residence percentage of 

each cell in the system. Included in the data structure is 

the cell's identification, service type and the time of the 

last status. The above formula for pressure is evaluated 

using residence values stored in this data structure. Cells 

which have not reported their status within the allowed time 

interval are considered to no longer be part of the current 

system and are therefore not included in the evaluation. 

f̂ f>hâ 7ior Rules 

The pressure differential strategy employs the same 

behavior rules as FCFS with the following modifications. 
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Process_Status_Report — Update the source cell's entry 

in the system state data structure. If there is a 

resident mobile object waiting for service and its 

pressure is changed by this update, rebroadcast the 

service request. 

Process_Object_Received — If the mobile object 

identification matches that of the currently 

granted request, acknowledge reception of the 

mobile object and instruct the DTP object to begin 

service. Otherwise, return a rejection of the 

mobile object. Also, compute the cell's current 

occupied percentage and broadcast a STATUS message. 

Process_Service_Request — If a service request has been 

previously received for the sending cell/mobile 

object combination, update that request in the 

request queue. Otherwise, add the service request 

to the queue of pending requests. 

Process_Service_Unneeded — If the mobile object 

identification matches that of the granted 

SERVICE_REQUEST, probabilisticly choose a service 

request to be granted from the request queue. 

Otherwise, discard the SERVICE_UNNEEDED message. 

Process_Object_Received — If the mobile object 

identification matches that of the sent object, 

probabilisticly choose a service request to be 
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granted from the request queue. Otherwise, discard 

the OBJECT_RECEIVED_OK message. 

Start_New_Mobile_Object — If there are mobile objects 

waiting in the pending objects queue, activate the 

next one and begin servicing it. Also, broadcast a 

STATUS message with this cell's current residence 

percentage. 

Grant_Service_Request — If there are no mobile objects 

in the pending objects queue and there are service 

requests pending, probabilisticly choose a service 

request to be granted from the request queue.. 

Process_DTP_Message — Only one type of DTP object 

message is defined for this level of the design as 

given below. 

DTP complete — If the DTP object completes service of 

a mobile object and the mobile object has not 

completed its process program, compute the pressure 

differential for the mobile object and broadcast a 

service request to all nodes of the next required 

cell type. Continue broadcasting service requests 

at regular intervals until the service request is 

granted. If the DTP object completes service of a 

mobile object and the mobile object has completed 

its process program, destroy the mobile object and 
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broadcast a STATUS message with this cell's current 

residence percentage. 

NO ACKNOWLEDGE TO OBJECT MESSAGE — It is assumed that 

the DTP object can recognize the physical presence of 

a product. If the physical product is not present, 

assume the mobile object was received and destroy the 

current copy of the mobile object. Also, broadcast a 

STATUS message with this cell's current residence 

percentage. If the physical product is present, send 

a SERVICE_REQUEST message on behalf of the mobile 

object. 

Process_Message_Timeout — There is one additional type 

of message timeout for the pressure differential 

strategy as follows. 

(D) Time-out of status report timer — Broadcast a 

STATUS message to all cells of all service types 

with this cell's current residence percentage. 

As can be readily seen, the pressure differential 

strategy is more computationally and communicationally 

demanding than FCFS. However, in a typical manufacturing 

environment, these requirements are insignificant compared to 

the time and computations required for controlling the 

hardware. The performance and requirements of each strategy 

are discussed in the next chapter. 
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DOOCIMS Analysis and Configuration 
Node Architecture 

The Analysis and Configuration (A&C) node contains five 

objects. Figure 11 shows the organization and interaction of 

the A&C node objects. Note that forecasting and production 

analysis is left as a black box as it likely would be an off-

the-shelf software package. 
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Figure 11: The DOOCIMS A&C Node Architecture 

pataha.^e Pooling 

The A&C node is responsible for "pooling" all information 

necessary for the forecasting and analysis functions. A 

pooling of all information is necessary prior to commencement 

of analysis processing as the network likely could not keep 

up with the information demands of the analysis software in 
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real time. The A&C node contains a database management 

object to interact with the database management objects on 

cell nodes. As with the database management object design, 

the design of the database pooling algorithm is left for 

further research. 

Forecasting and Production Analysis 

This software is outside the scope of this research. 

Only recognition of its existence is necessary to the design 

of DOOCIMS. 

System Configuration Updates 

The A&C node is responsible for updating process 

programs, decision tables, and trace data descriptions on the 

cell nodes. Typically, these updates will be infrequent and 

require that the entire system be halted and emptied of all 

mobile objects to ensure consistency between process programs 

and decision tables. It is assumed that the new 

configuration data is created and debugged off-line thereby 

allowing the A&C node to make updates via the database 

management objects with minimal interruption to 

manufacturing. It is further assumed that reconfiguration 

activities occur only while the entire system is operating as 

the dynamic nature of DOOCIMS might cause inconsistency 

between copies of configuration data. 



CHAPTER IV 

IMPLEMENTATION OF A DOOCIMS MODEL 

Introduc1-inn 

A DOOCIMS model was created to verify the design and to 

study the behavior of a DOOCIMS system. The model implements 

the attendant and mobile objects to study cell interactions 

and flows of mobile objects. The mobile object in the model 

create a "script" file of each simulation for off-line 

analysis. 

Construction of the DOOCIMS Model 

Programming Language 

The DOOCIMS model was implemented using Meridian Software 

System's OpenAda DOS 386. Ada does not fully support the 

object-oriented paradigm. However, it proved sufficient to 

this modeling effort as inheritance was not required to 

implement the modeled objects. 

DOOCIMS Objects Modeled 

The purpose of the model is to study the interaction of 

attendant objects and the flow of mobile objects. Therefore, 

only the attendant, network services, and mobile objects were 

modeled. The attendant object was modeled with both the FCFS 

and pressure differential scheduling strategies. The network 
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services and mobile objects were only functionally prototyped 

to allow the required study. Figure 12 shows the objects 

which were modeled with respect to the DOOCIMS cell 

architecture in Figure 9. 
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Figure 12: Model of the DOOCIMS Cell 
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Structure of the Model 

The Master Ta^y 

The Ada "main" program in the model serves as a master 

task to coordinate the startup and shutdown of the model. 

The master task instantiates the attendant objects by 

declaring them as an array of tasks. The attendant objects 

then use their index in this array as a cell address when 

communicating with one another and with an events task. 

Figure 13 below shows the organization of tasks and objects 

within the master task. 

Events 
Queue 

ATTEHDAHT 
OBJECT 

EYEHTS TASK 

ATTEHDAHT 
OBJECT 

HETYOBI SEBVICES 
OBJECT 

• • • 

Message Queues 

Key: 
^-Message Flow 
^Event Notice 
^Transfer 

Control 

ATTEHDAHT 
OBJECT 

Figure 13: Organization of Objects and Tasks 
in the DOOCIMS Model 
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The Fv^nt.R Tac;V 

The events task allows an internally maintained clock to 

be advanced to posted event times. When attendant objects 

require a timeout, they post an event to the events queue. 

The events task removes events from the queue and allows the 

requesting attendant to have control of the processor. The 

events task is also charged with recognizing when an 

attendant has network messages waiting and allows it to have 

control of the processor. Finally, the events task is 

responsible for carrying out failure and repair events via 

the network services object. 

The Network Services Object 

Only one network services object was instantiated in the 

model to serve all attendant objects. Using only one network 

services object for the entire system has two advantages over 

simulating one for each attendant. First, the delay in 

simulating communication between peer network services 

objects is unnecessary because an attendant object's only 

visibility to a peer is via the network services object. 

Therefore, the attendant object has no way of knowing that 

all attendants are using the same network services object. 

Second, the computing resource requirements do not grow as 

rapidly when only attendant objects are added to increase the 

size of the simulation. 
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The network services object serves only as a 

"postmaster." Attendant objects pass outgoing messages to 

the network services object through a common interface. The 

messages are then placed in a queue for the receiving 

attendant. Attendants receive messages using an interface 

similar to that for sending messages. The network services 

object dequeues the next pending message for the attendant 

and returns it to the attendant for processing. 

Specialized messages from the events task create or 

repair communication failures. The network services object 

sets a flag denoting the failure location contained in the 

special message. Communication which attempts to cross the 

flag is discarded by the network services object. 

Attendant Objects 

As described previously, the attendant objects are 

instantiated as an array of tasks. Attendants are 

implemented as described in the previous chapter with two 

special considerations. First, the task type instantiates a 

generic scheduling package with the interface described in 

the previous chapter. Therefore, changing scheduling 

strategies requires only changing an Ada "with" clause and 

the instantiation statement itself. Second, delays by DTP 

object are simulated by an entry to the events task. 



CHAPTER V 

PERFORMANCE OF DOOCIMS 

Introduction 

The model described previously was used to simulate the 

configurations in the Appendix. These simulations were used 

to study four aspects of DOOCIMS operations. First, the 

simulations were used to verify the natural settling into 

"steady-state" operation by the DOOCIMS architecture. 

Second, they show the fault tolerance of the architecture to 

system reconfiguration during processing. Third, the 

simulations are used to study the network traffic generated 

by the DOOCIMS architecture. Finally, the simulations are 

run with both the FCFS and pressure differential scheduling 

strategies for comparison. 

The Steady-Sl-al-e Nature of Operation 

As expected, both strategies settle into a steady-state 

of operation. Evidence of steady-state operation is seen in 

the following example. 

The example uses the process programs shown in Figure 14. 

In the figure, mobile objects are introduced with three 

different process programs from cell types A, B, and C. 

Along with each cell type, a subscripted number denotes the 

amount of delay incurred for service at that cell. As can be 
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seen, mobile objects following process program 1 travel a 

path using cell service types A, D, E, J, L, and M with a 

total service time of 41. Mobile objects are destroyed after 

completing service at one of the sink cells. 

FLOW 

source 
cells 

Figure 14: Example System Configuration 

The above configuration was run with 500 mobile object 

creation request introduced to the source cell of each 

process program. Figure 15 was created from excerpts from 

scripts using the FCFS strategy. It shows a graph of 

utilization of each source cell over time. The source cells 

were chosen to be graphed because these are the cells from 
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which mobile objects will compete for the shared resource, 

cell type D. As is evident, the system experienced a 

transient on startup but settled into a steady state. 
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Figure 15: Utilizations of Source Cells 
Using the First Come, First 

Served Strategy 

The same configuration was used to test the behavior of 

the pressure differential strategy. Figure 16 graphs the 

utilization of the source cells over time. Figure 17 graphs 

the pressure differential of mobile objects competing for 

cell type J from the source cells. Again, the figures show 
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that the system experienced a transient upon startup and 

eventually settled into a steady state. 
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Figure 16: Utilization of Source 
Cells Using the Pressure 
Differential Strategy 

Careful examination of the two previous figures reveals 

that even in an approximate steady state, the pressure 

differential strategy continues to make adjustments. In 

contrast, the FCFS strategy appears to settle much more 

quickly with little or no drift from steady state. This 

suggests that the first come, first served strategy reaches a 
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synchronization which is not as prevalent in the pressure 

differential strategy. 
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Figure 17: Pressures Exerted by Service 
Requests on Cell Type J in the 
Example Using the Pressure 
Differential Strategy 

Further examination of the script file showed this 

theorized synchronization to be true. Figure 18 shows a 

finite state diagram which represents the status of the cells 

A B and C. In the figure, eight possible states are shown 

which represent the combinations of competition for the 

shared resources. The states zero through seven are shown 
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with the cell combinations in which a bar over the cell type 

means the cell is not competing in that state. Study of the 

script file showed that following a settling period, the 

state sequence 5-1-3-7-6-7 is repeated until one of the 

source cells has completed all of its mobile objects. 

Figure 18: Finite State Diagram of 
Competition for FCFS 

Fault Tolerance in DOOCIMS 

Decentralized architectures possess an implicit fault 

tolerance and modifiability with little or no special 

computation [DUFF88]. Simulations show this to be the case 

for the DOOCIMS paradigm. In a DOOCIMS system, all cells can 

continue functioning if the failure does not stop the flow of 

mobile objects in or out of the cell. It is important to 

note that a mobile object which is stranded by a failure may 
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cause other failures in an otherwise viable configuration 

because it may block usage of a critical resource. It is 

possible that temporary holding cells may be introduced to 

the concept of DOOCIMS to remedy this problem, but such an 

addition is left to future research. 

System Transitions 

When a failure occurs, the DOOCIMS system undergoes a 

transient and settles into a new steady state. Figure 19 

shows an example configuration with a communication failure 

Process 
Program 

#1 

Process 
Program 

«3 

Network 
Hedia 

Figure 19: Example of a DOOCIMS 
Configuration with a Failure 
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In a simulation using the pressure differential strategy, 

the model was started with scheduled failure at time 500. 

The failure was repaired at time 1000. As is evident from 

Figures 20 and 21, the system undergoes a transient each time 

the configuration is modified. In each case, it tends toward 

a steady state mode of operation. It is this dynamic nature 

which gives the DOOCIMS paradigm its value. The system can 

be modified to any viable configuration at any time and the 

system will adjust to it. A viable configuration is one 

which contains at least one of each type of service cell 

required by the currently active process programs. 
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Figure 20: Pressure Diagram Including a 
Failure from Example in Figure 14 



64 

o 
•H 

« 
M 

4.> 

t> 

1000 2000 

Time (Arbitrary Units) 

Figure 21: Utilization Diagram Including 
a Failure from Example in Figure 14 

3000 

Network Connection 

In order to exploit the increased robustness of the 

DOOCIMS paradigm, great care must be taken when designing the 

network layout of a configuration. For maximum reliability, 

the system should be configured to minimize the probability 

that all cells of a given service type will become completely 

disconnected from all cells of a second service type. Any 

such disconnection will halt all mobile object flow in 

process programs using both cell service types. Partitioning 

algorithms for designing the most reliable connection scheme 
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are left for further research as the definition of the 

problem depends on the type of network used. 

The system's reliability is also increased by dynamic 

redundancy. Any type of service cell can be added or removed 

from the system and the new configuration will continue 

operating given that it contains at least one of each type of 

service cell. Source cells can also be duplicated but each 

will only create mobile objects for which it has received a 

START_OBJECT message. 

Comparisons of Reliability with 
Centrally Controlled Systems 

The most obvious advantage of DOOCIMS is the increased 

reliability incurred by eliminating the need for a central 

controller. Two components of the reliability hazards are 

eliminated by removing the central controller. First, the 

system will not fail due to a failure of the central 

controller itself. Second, the system will not be subject to 

catastrophic failure due to communication failures between 

the central controller and the service cells. Therefore, if 

the probability of either of these types of failures is 

greater than zero, the decentralized architecture will have a 

higher reliability. 
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Network Traffic Regui remprn-c; 

The DOOCIMS paradigm relies on network communication to 

perform the responsibilities previously belonging to a 

cluster controller. It remains to be shown that the network 

traffic demands are reasonable. Because there is no logical 

limit to the size or speed of a DOOCIMS configuration, the 

worst case requirements for any given configuration can be 

tested for feasibility. Table 2 shows the worst case 

requirements for each type of message in a DOOCIMS system. 

The symbols in Table 2 are defined as follows. 

T is the total processing time required for 

completing all mobile objects, 

ts is the time between rebroadcasts of STATUS 

messages. 

C is the total number of cells in the 

configuration. 

Si is the number of steps in process program i. 

Mi is the number of mobile objects using process 

program i. 

Cij is the number of cells providing the service 

needed for process program i, step j. 

P is the number of process programs in the system, 

r is the number of retries expected per service 

request timeout. 



Table 2: Worst Case Network Message 
Requirements of a DOOCIMS System 

67 

MESSAGE TYPE 

STATUS 

GRANT 

KOBILE.OBJECT 

OBJECT_RECEIYED_OK 

CANCEL_REQUEST 

START_0BJECT 

SERVICE^UNNEEDED 

SERVICE_REQUEST 

OBJECT_N0T_RECEIVED 

WORST CASE ASSUHPTIONS 

Send with every timeout 
for every cell and with 
every occupied/unoccupied 
transition of a cell. 
(Not used by FCFS) 

Assume every potential 
server grants every 
service need. 

Every mobile object 
sent to every step 
of its process program. 

Every nOBILE_OBJECT 
message acknowledged. 

Every move of a 
mobile object requires 
that pending requests 
be cancelled. 

Every mobile object 
is created from a 
separate message. 

Every unused granted 
service request is 
unneeded. 

Every request must be 
rebroadcast r times. 
Every STATUS message 
invalidates a pending 
service request. 

Assumed to be very rare. 

« MESSAGES 
REQUIRED 

T ^ •T-C + 2 2-MiSi 
^* i=l 

P Si 

ZZMiCij 
i=i j=i 

P 
Zni(Si-i) 
isl 

P 

Zni(Si-i) 
1̂ 1 

p 
Z«i(Si-l) 
irl 

P 

Zfii 
isl 

P Si 

Z Z Mi Cij 
irl j=i 

P 
- Z«i(Si-l) 

iBl 

P 
2 Jlni(Si-i) + 

T ^ 
^» 1=1 

approximately 0 
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Given the example shown in Figure 14, Table 3 shows the 

worst case and actual performance of each strategy. In the 

table, T is assumed to be 6000 seconds; ts is assumed to be 10 

seconds; and r is assumed to be 2. Assuming each message to 

be of length 2048 bytes, the average worst case network 

demand for 6000 seconds would be 129K bits/second for FCFS 

and 261K bits/second for the pressure differential strategy. 

These approximations to the abilities of the network can be 

used to determine the feasibility of the proposed 

configuration. Message retry timeout values can be varied to 

reduce the network demand should the demand be intolerable. 

Comparing the Scheduling Strategies 

Analytical Basis for Comparisons 

Most techniques for analyzing network flow systems adopt 

an assumption of independence for traffic flows in network 

links [FILI88] . However, because of the discrete event 

nature of the flow of mobile objects in a DOOCIMS system, the 

arrival time of a mobile object to any given cell depends on 

the history of its predecessor. Mobile objects are created 

as the source cell becomes vacant. The source cell becomes 

vacant only when a downstream cell becomes vacant which 

itself becomes vacant when a cell further downstream becomes 

vacant. This dependency continues through the entire process 
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program to the sink cell which becomes vacant only after 

service on its currently resident mobile object is complete. 

Table 3: Worst Case and Actual Network 
Message Demand for Example 

in Figure 14 

HESSAGE TYPE 

STATUS 

GRANT 

MOBILE_OBJECT 

OBJECT_RECEIYED_OK 

CANCEL^REQUEST 

START_OBJECT 

SERVICE_UNNEEDED 

SERYICE_REQUEST 

OBJECT.NOT_RECEIYED 

TOTAL 

FIRST COME, 
FIRST SERVED 

WORST CASE ACTUAL 

0 

10500 

6500 

6500 

6500 

1500 

4000 

13000 

0 

48500 

0 

8498 

6500 

6500 

6500 

1500 

1998 

8986 

0 

40482 

PRESSURE 
DIFFERENTIAL 

WORST CASE ACTUAL 

28000 

10500 

6500 

6500 

6500 

1500 

4000 

34500 

0 

98000 

22638 

7327 

6500 

6500 

6500 

1500 

827 

27272 

0 

79064 

A method to illustrate this correlated behavior of mobile 

objects is to compute an autocorrelation coefficient for 

interarrival times of mobile objects to sink cells in the 

process programs. The correlation coefficient is a measure 

between -1.0 and +1.0 indicating the degree of linear 

relationship between paired samples [WALP85]. The 
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autocorrelation coefficient is then the measure of 

correlation between samples of some distance K in their 

ordering. If K is one, the autocorrelation is a measure of 

the correlation of consecutive interarrivals. 

The autocorrelation coefficient is computed as 

^ Z <Xi - 5c)2 

N 4 I C Z(Xi - X)(Xi+x- X) 

where N is the number of mobile objects, 
K is the sequential distance or lag of the mobile 

objects being compared, 
Xi is the interarrival time of mobile object i, and 
S is the average interarrival time of mobile 

objects. 

Analysis of the scripts from simulations of the sample 

configurations in the Appendix show degrees of 

autocorrelation for flows in process programs to vary from 

approximately -0.8 to +0.7. Therefore, it can be shown for 

some configurations that the interarrival time of mobile 

objects at a given node is correlated. This range of 

autocorrelation shows that analysis based on an assumption of 

independence of arrivals to not always be applicable. 

Duffie claims that the closest analogy to the behavior of 

single-layered CIM systems is racing gates in digital logic 

[DUFF91]. Which transition is taken out of a state depends 

heavily on the order of states traversed to arrive at that 

state. Furthermore, changing the timing of some component of 
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the system may have no effect at all or very profound effects 

depending on whether or not the change causes a delay to 

exceed some critical threshold. 

A second alternative is finite state analysis. However, 

such analysis is infeasible for anything but very trivial 

configurations as the size of the finite state machine grows 

rapidly with an increase in the number of cells in the 

system. Given that analyzing the scheduling strategies in 

DOOCIMS with traditional methods may be infeasible, the best 

alternative appears to be simulation and empirical analysis. 

Empirical Basis for Comparisons 

In order to understand the difference in performance 

between FCFS and pressure differential, this research again 

borrows concepts from electronics. First, an examination of 

the configuration in Figure 14 shows that mobile objects in 

process program 3 will monopolize the shared cell service 

type D because the potential flow into the D cells is greater 

than the potential flow out. The "conservation of flow" law 

[KLEI76] states that the flow into a cell or set of cells 

must equal the flow out. Therefore, mobile objects from 

process program 3 enter the system only to wait at cell B, D, 

and/or G on the slow cell K. This buildup of waiting mobile 

objects is analogous to storage of a charge in electronics. 
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Given a single cell in a configuration and a process 

program, the ratio of the potential flows into and out of the 

cell describes its "charge potential." A charge potential 

less than one means that the cell is not likely to become 

charged as it can discharge faster than it can charge. If it 

is assumed that a charge equates to a non-busy occupied cell, 

then a charge serves to degrade overall system utilization. 

In the pressure differential strategy, decisions to grant 

requests for shared resources are made based on the amount of 

pressure exerted by the requesting mobile object. Herein 

lies a potential downfall of the pressure differential 

strategy. If two process programs are competing for a shared 

resource and the one with higher pressure has the potential 

to charge the shared cell because of a slower downstream 

cell, the pressure differential strategy will magnify the 

charge proportional to the pressures when compared to the 

FCFS strategy. Likewise, if the process program with the 

lower pressure has a high charge potential, its effect will 

be diminished by the pressure differential strategy. 

It is possible to compute an approximation of the charge 

potential for a given cell if two assumptions are made. 

First, by the conservation of flow law, if the ratio of the 

slowest flow downstream to the slowest flow upstream is less 

than one, then the charge potential is approximately zero. 

Second, the operating pressures in a steady state mode are 



assumed to be proportional to the maximum potential pressures 

where the maximum potential pressures are calculated by 

assuming the residence to be one in all upstream nodes and 

zero in all downstream nodes. Applying these two 

assumptions, the potential charge for the pressure 

differential strategy relative to the charge for FCFS for a 

shared resource of a configuration is computed as 

r / U \ / PR - PR- \ ' 
POTENTIAL CHARGE = [̂I I MAX f 0, -̂  - 1 1 f = — ^ j 

where: i is an index to all process programs, 
Ui is the maximum upstream service time of process 

program i, 
Di is the maximum downstream service time of 

process program i, 
PRi is the maximum potential pressure exerted on 

the cell by process program i, and 
PR is the average maximum potential pressure 

exerted on the cell for all process programs. 

Examination of the charge equation above shows that it 

evaluates to a unitless value. This is to be expected since 

it is a measure of the potential charge of the pressure 

differential strategy relative to the potential charge of the 
FCFS strategy. 

Table 4 summarizes the configurations in the Appendix 

simulated to further analyze the effect of charging on the 

two strategies. In the table, a charge potential is computed 

for the shared resource in each configuration. The 

percentage change in system utilization between the two 

strategies is listed for each configuration. The utilization 
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Table 4: Data from Various Simulated Configurations 

Test 
« 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

« 

Cells 

40 
40 
40 
40 
40 
20 
20 
20 
20 
20 
20 
40 
40 
40 
40 
30 
30 
30 
30 
30 
30 
30 
30 
30 
30 
20 
20 
20 
20 
20 
20 
20 
20 
20 K4 \^ 

20 

« 

Process 
Programs 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Charge 
Potential 

0.071 
-0.068 
0.004 
0.722 

-0.247 
0.065 
0.010 
0.155 
0.013 
0.002 
1.929 
-0.500 
0.267 
0.121 
-0.083 
1.856 

-0.319 
0.009 
0.000 
0.048 

-0.254 
0.356 

-0.397 
2.375 

-0.536 
0.750 
-0.569 
-0.109 
-0.167 
1.232 

-0.218 
0.688 
0.573 
-1.068 
1.885 

Percentage 
System Utilization 
FCFS P.D. Change 

46.98 
57.97 
59.09 
58.88 
38.20 
39.62 
67.34 
41.92 
55.21 
63.13 
42.89 
52.13 
72.07 
52.32 
72.05 
39.51 
60.58 
68.20 
60.84 
64.27 
51.65 
63.44 
48.07 
46.55 
34.31 
47.12 
44.80 
51.84 
59.77 
49.63 
59.79 
58.91 
67.27 
33.39 
62.19 

47.94 
57.86 
62.42 
69.86 
35.19 
37.15 
68.60 
44.36 
55.53 
51.13 
62.51 
55.60 
72.48 
59.83 
74.72 
71.13 
45.54 
67.93 
63.48 
71.25 
45.73 
64.72 
47.64 
69.28 
28.50 
67.04 
41.76 
44.34 
53.46 
42.85 
59.93 
71.20 
75.07 
30.04 
65.52 

2.0 
-0.2 
5.6 

18.7 
-7.9 
-6.3 
1.9 
5.7 
0.6 

-19.0 
45.7 
6.7 
0.6 

14. 3 
3.7 

80.0 
-24. 8 
-0.4 
4.3 
10.9 

-11.4 
2.0 
-0.9 
48.8 

-16.9 
42.2 
-6.7 

-14.5 
-10.5 
-13.7 

0.2 
20.9 
11.6 
-9.9 
5.3 
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Change is computed as the difference between pressure 

differential and FCFS divided by the utilization of FCFS. 

The configurations in Table 4 and the Appendix were 

deliberately designed to include combinations of three 

conditions. First, a process program may or may not have the 

potential to build a charge. Second, the flow rate of the 

higher pressure process programs may be faster or slower than 

its competitors. A faster flow rate can magnify or diminish 

a process program's ability to monopolize a resource as its 

ability to quickly return to competition directly relies on 

the process program's speed of flow. Finally, the number of 

nodes competing for shared resources and the number of shared 

resources are varied in order to affect the maximum potential 

flow of any or all process programs. 

Figure 22 shows a graph of the charge potential versus 

the change in system utilization by using the pressure 

differential strategy for the configurations in Table 4. A 

line has been plotted on the graph using simple linear 

regression. The accuracy of this line in not as important as 

the fact that it passes through (0,0) and that it has a 

positive slope. This is to suggest that if the potential 

charge for a configuration is positive, then the pressure 

differential strategy will generally perform better than 

FCFS. The opposite can be seen to be true for negative 

potential charge values. 
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Figure 22: Graph of Charge Potential 
Versus Utilization Change for 

Sample Configurations 

Variations in the graph can be attributed to the 

synchronizational nature of this class of system as described 

previously. For example, test number 30 generates an outlier 

in the graph at coordinates (1.232,-13.7). Examining this 

configuration in the Appendix shows that the competing cell 

of the higher pressure process program has a much longer 

service time than does its counterpart in the lower pressure 

process program. The effect is that the process program with 

lower pressure monopolizes the shared resource because it is 

frequently the only competing cell. 
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To illustrate the effects of charges in a system, Figure 

23 shows a configuration with a potential charge of -0.205. 

In the figure, the process program with the higher potential 

pressure contains a cell which can be a bottleneck in mobile 

object flow. Mobile objects enter the shared cell X from 

cell E with a higher probability than do competitors from 

cell H. These mobile objects are serviced by cell X in five 

time units but cannot advance to cell F because it is still 

servicing the preceding mobile object. Therefore, cell X has 

built a "charge" and is wasting time that might be better 

spent servicing a mobile object from cell H. 

Higher 
Pressure 
Competitor 

Potential 
Bottleneck 

Direction 
of Flow 

Lower 
Pressure 
Competitor 

Figure 23: Small Example of a Configuration 
..rA^y, a M^aative Charge Potential with a Negative Charge 
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The FCFS strategy would alternate granting service 

between the mobile objects from cells H and E. This 

alternation would decrease the amount of time cell X waits 

for cell F to become available by allowing cell X to service 

mobile objects from cell H before servicing one from cell F. 

By using this wait time to service other mobile objects, 

system utilization is increased. 



CHAPTER VI 

CONCLUSIONS AND SUGGESTIONS FOR 

FUTURE RESEARCH 

Conclu.q-ion.q 

This research has applied the object-oriented paradigm to 

the "heterarchlcal" or single-layered architecture for 

computer-integrated manufacturing presented by Duffie 

[DUFF87] . The architecture was found to have very natural 

functional boundaries which facilitated easy object 

definition. The DOOCIMS architecture also allows near 

complete reuse of code thereby reducing software development 

and maintenance costs [DUFF88] [BOOC86]. 

The pressure differential strategy was found to perform 

with higher system utilization than FCFS in some 

configurations. A method for predicting which strategy will 

perform better in a given configuration was developed 

empirically. However, the integer nature of this type of 

system requires simulation for accurate prediction of system 

utilization. 

The coordinating traffic between attendant objects was 

found to be reasonable given the seconds/minutes nature of 

computer-integrated manufacturing. This research presented a 

method for computing the worst-case communications 

requirements for attendant objects in a given cell 
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configuration. This method must be applied on an individual 

basis as all cell configurations and network types cannot be 

anticipated. 

The DOOCIMS architecture was found to be naturally fault 

tolerant and adjusts to changes in it^operating environment 

without human intervention. This self-configurability is to 

be expected from this type of system and is its primary 

advantage over hierarchical architectures [DUFF87]. The 

tradeoff for self-configurability is the dispersion of global 

information and the complexity in collecting it for 

scheduling decisions and other purposes [DUFF88]. 

The DOOCIMS architecture is not limited to computer-

integrated manufacturing applications. It also fits into 

applications where a high-degree of fault tolerance is 

required due to low accessibility to the system. For 

example, spaced-based computing systems or systems which 

operate in toxic environments are likely candidates for the 

DOOCIMS architecture. 

Future Re.̂ earch 

Refining Remaining Objects 

It may be somewhat misleading to assume that the level of 

design presented here for some objects is sufficient to fully 

appreciate the complexity of a fully implemented CIM system. 

It is very likely that other objects will require a fully 
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Object-oriented language with inheritance capabilities. 

Perhaps future versions of Ada will suffice. In any case, 

some issues to be addressed in further refining the objects 

of the DOOCIMS system are themselves worthy of extended 

research. 

One object which presents particularly interesting 

problems is the user interface object. Collecting and 

displaying system-wide information in a timely and 

comprehensible manner present problems for both the user 

interface object and for message prioritizing by the network 

services object. Refinement of the design for the database 

management object also poses problems ensuring the validity 

of data at each database management object both in fault-free 

and in fault-tolerant environments. 

Improving the Pressure Differential Strategy 

This research has shown the conditions under which the 

pressure differential strategy does not perform as well as 

the FCFS strategy. Modifications to the pressure 

differential strategy can be made to allow it to recognize 

and avoid potential charging of a shared resource. This 

would prevent the pressure differential from magnifying 

unwanted charge properties of a configuration. 
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Changing the Assumptions of the Design 

This research has proposed a design to work under 

restricted conditions. Removing some or all of these 

restrictions can create some very interesting research 

problems. For example, removing the restriction against 

loops in process programs creates the potential for 

deadlocks. Resolving or preventing such deadlocks presents a 

fairly complex problem especially when compounded by problems 

in a changing environment. 

Configurations and Reliability 

In order to fully exploit the fault tolerance of a 

DOOCIMS system to achieve the highest possible system 

reliability, algorithmic methods for configuring a network in 

DOOCIMS should be developed. This task can be repeated for 

each type of network considered as they have varying failure 

mechanisms and behaviors. 
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APPENDIX 

SIMULATED CONFIGURATIONS 

Format of thp Appf̂ ndi 7f 

The configurations which were simulated in this research 

are listed below. The format of the appendix is as follows. 

Configuration 19 
Cells: T^CCCDDEEF 
Process Program #1: A3 C5 D15 Eg 
Process Program #2: B3 C5 F4 

In the above format, the cell list ABCCCDDEEF means that 

there is one cell of service type A, one of B, three of C, 

and so on. The process program descriptions show the path 

and simulated delays of mobile objects in the process 

program. The list for Process Program #1 shows that mobile 

objects start at a cell of service type A and are delayed for 

at least three time units. After completing a visit and 

delay to all cell types in the process program list, mobile 

objects are destroyed. 

Configuration Lists 

Configuration #1 
Cells : ABCCDDDDEFFFGGHHHIIIJJKKKLLLLLMMMNNOPXXX 
Process Program #1: A3 C5 D15 E2 F9 Xio G7 H12 Iio J4 Kn 
Process Program #2: B4 L15 X12 M15 Ne O4 P3 

Configuration #2 
QQHS : ABCCCDDEEEFFGGGGHIJKLLLMMNNOOPPPQQRRXXXX 
P r o c e s s P r o g r a m # 1 : A3 CQ D4 Eg Xio F5 G9 Hi I3 J2 K4 
P r o c e s s P r o g r a m # 2 : B2 Le M5 N7 X9 Og Pio Q7 Re 
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Configuration #.? 

Cells : ABCCCCDDEEEFFGGHHIIIJJKLLLMMNNOOOXXXXXXX 
Process Program #1: A2 Cg D2 X14 E7 F4 G5 H4 
Process Program #2: B3 I7 J5 Ki X15 Lg M5.5 N4.5 O9 

Configuration i4 
Cells: ABCCCDDDEEEFFFFGGGHHHHIIIIJJJJKKKLMNOPXX 
Process Program #1: A3 Cio D9 Eio X5 Fn Ge H14 I13 J13 K9 
Process Program #2: B2 L2 M3 N2 Xg O5 Pg 

Configuration #5 
Cells: ABCCCCDDEEEEFFFGGHHHHIIIJJJKKKKLLMMNXXXX 
Process Program #1: Ai C5 D3 E4 X3 F2 G2 
Process Program #2: B2 H9 I7 Jg Kg X2 L5 Mg N5 

Configuration #6 
Cells: ABCDDDEEFFGHHIIJJXXX 
Process Program #1: A2 C2 Dg E5 F4 X3 Gi 
Process Program #2: B3 H7 X12 I4 Je 

Configuration #7 
Cells: ABCDDEEEFFGHIIIJJKXX 
Process Program #1: A3 C2 Dg En X3 F7 
Process Program #2: B3 G3.5 H3.2 X5.5 Iio Je K4 

Configuration #8 
Cells: ABCCDEFGHIJJKLMMNXXX 
Process Program #1: A5 C9 D4 E4.7 F4.5 Xie G3 H4 I4 J7 
Process Program #2: B3 K4 L2 X20 Mn N4.5 

Configuration #9 
Cells: ABCCCDDEFGGGHHHHIXXX 
Process Program #1: A5 Cie D9 X17 Eg F5.5 
Process Program #2: Bg G17 H21 Xig I5 

ronf iaurr̂ -̂î "̂ #10 
C e l l T i ^ ABCCDDEEFGGHHIIJJKLX 
Process Program #1: A5 C9 De Eg X4 F2 Gn 
Process Program #2: B5 H9 le.s Je.s X3 Kg L2 
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Configuration #11 
Cells: 
Process Program #1: 
Process Program #2: 
Process Program #3: 

ABCDDEFFGHIJJJKLLMNN 
Ag D4 E3 J i 5 Le M5 
B5 D4 F9 H5 I4 Ni 
C3 D4 Ge K12 

'10 

Configuration #1? 
Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

ABCDDEEEFFGGHHHIIJJJKKLLLMMNNOPPQRSTTXXX 
A2 D4 E5 X7 G5 He I4 J9 Kg,e Lg 
B3 M4.e N5 X5 O3 Pg Qs 
C3 R4 Xg S4 T9 

Configuration #1.̂  
Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

T^CDDDEFFGHHHIIJJKKKLLLLMMNNNOOOOFQRXXXX 
Ag X12 De Fi5 G4 Hi9 I12 
Be J12 K20 L21 Mio Ni3 O24 X i i . e Pe 
C7 Qe X12 R9 

Configuration #14 
Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

ABCDDDEEFGGHIIIJJKKLLMMMNNOPPPQQRRRSTTUX 
A5 Di4 Ee Xi Eg 
B3 G5 H2 I12 Je K7 Xi L7.5 Mil N4.9 Ol 
C2 Pe Q3 R5 Xi Si.2 T2.2 U1.3 

Configuration #15 
Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

ABCDDEFFGGGGHHIIIJKLMNOPQRRSSSTTXXXXXXXX 
Ai D2 El.2 X2 F3 G5 H2 I3.3 
Be Je K5.5 X20 L4 M4.5 N4.2 Og P7 
C7 Q6.2 R12 X5 S20 Ti3 

Configuration #16 
Cells: 
Process Program #1: 
Process Program #2: 
Process Program #3: 

ABCDDEFFFGGGHHHIIJKLLMNNOPQXXX 
A3 D5 E2.e X4,7 Fio Ge He.7 I5 
B3 J3.3 K2.e X3.5 Lg M3.5 N7 O3 
C2 X2.5 P4 Q7 

Cnnf igurf^^if^" #17 

Cells: 
Process Program #1: 
Process Program #2: 
Process Program #3: 

ABCDDEEFFGGHHIJJKKKLLMNNOOPPXX 
A3 D5.5 E5 Fg Xg H5.9 I5 
B4 J e Kii Lg.e X2 M3 
C5 N7 X4 O9 Pe 
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C o n f i g u r a t i o n #1fi 

Cells : ABCDEFGGHHIIJJKLLMMNOPPQQXXXXX 
P r o c e s s P r o g r a m # 1 : A5 D4 7 E5 1 X9 F4 2 
P r o c e s s P r o g r a m # 2 : B4 Gg.7 H7.1 I7 .0 Xe.2 J5 2 K3 1 L 
P r o c e s s P r o g r a m # 3 : C2 M5 N2.1 Xio.2 O3 1 P4 e O5 2 

6.8 

Configuration #1Q 

Cells : ABCDDEFFGGGHIJKLMNOPPQQRSSXXXX 
Process Program #1: A4 Dg E4 Fg Xg 5 G12 
Process Program #2: B4 H4 I4 J4 K4 L4 Xg 5 M4 N4 O4 
Process Program #3: C2 P7 X12.8 Qg R3.2 S7 

Configuration #?n 
Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

ABCDDDEEFFFGGHHHIJKKLLLMMNOXXX 
A4 Dii Eg Fi3 G7.7 Xg.7 H9.e I3 J3.1 K 
B3 X5 N2.9 
C2 Xg O2.1 

8 '11.7 M7 

Configuration #21 
Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

ABCDDEEEFFGHHIJKKLMMNOPPQQXXXX 
Ag Di3 E20 Fio Xe G5 Hi4 I n 
B5 Jg K9 L5 Mio X9 N4.5 O5 
Cg Pio X5 Qio 

C o n f i g u r a t i o n # 2 2 

C e l l s : 
Process Program #1: 
Process Program #2: 
Process Program #3: 

ABCDEEEFFGHIJJKKLLLMMNOPQRRXXX 
A5 Dg E14.7 F n X9 G4 H5.2 I3 .7 
B7 J14.1 K12 L20 X9 M13.2 Ng 
C3 O3.2 P2.7 X9 Qs R n 

Configuration #23 
Cells: 
Process Program #1: 
Process Program #2: 
Process Program #3: 

ABCDDEFFGGHHHIJKKLMMNOOPQRSTXX 
A5 Dg.e E4.7 F9.2 Xg Gn H13 lg J9 
B4 K7.2 L3.1 Mg.g N4.1 X7 08.9 Pe.i Q7 
C3 R4 S 4.2 Xi T. 

Cnnfigurf^tion #24 

Cells: 
Process Program #1 
Process Program #2 
Process Program #3 

ABCDDEFFGHHIJKLLLMNOOPPQRXXXXX 
A4 D7.1 E3.7 F7.2 Xio G3 H7 
B5 I4 .7 J 5 . 1 K3.8 Li4 Xe M4.e Ng O n 
Ci P3 Xg Q2 Re 
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Configuration #25 
Cells: 
Process Program #1: 
Process Program #2: 
Process Program #3: 

ABCDDDEEFFFGGHHIJJJKLLMNOPQXXX 
A3 DIG E5.8 F9 G7 X4 He I9 J12 K5 
B3 L5.2 M2.8 X4 N2,3 
C5 O4.1 P4.7 X5 Q4.7 

Configuration #26 
Cells: 
Process Program #1: 
Process Program #2: 

ABCCCDEEEFFGGHIIJKXX 
A4 C n D3.7 E12.5 F 7 . 9 X3 Gg H 

B3 I 7 J 2 . 9 X3.5 Ke 
3.2 

Configuration #27 
Cells: ABCCDEEFFFGGHIJKKXXX 
Process Program #1: A3 Cg.2 D3.1 E5.8 F7.8 X5 G9 Hg 
Process Program #2: B4 I4.1 J3.8 Xg K7 

Configuration #28 
Cells: ABCCDEEFFGHHIJJKLMXX 
Process Program #1: A3 Cg D4 E7 Fg.2 Xe G5.5 He 
Process Program #2: B4 l3.e J5.7 K2.e X7 L3.e M3.4 

Configuration #2 9 
Cells: 
Process Program #1: 
Process Program #2: 

ABCCDDEFFFGGHIIJKKLX 
A3 Cg D5.8 X3 E5 Fio G7 Hi.5 
B4 I7.2 J3.8 Ke.i X2 L3.g 

Configuration #30 
Cells: 
Process Program #1: 
Process Program #2: 

ABCCCDDEEFFFGHHIJXXX 
A3 X2 C9 D4.7 E5.1 F7.2 G3 H4.2 
B2 Xi I3 J5 

r o n f i g u r a t i o n # 3 1 
C e l l s : ABCCDDEEFFGHIJKLMXXX 
Proces s Program #1: A3 C5.5 Dg E7.1 Fs.e X4.7 G5.1 H3.1 I2.2 
Process Program #2: B4 J4.3 K3.7 L3.9 X5.5 M4.1 

CQnfifituxatuiQiLJL22 
Cells: ABCDEFGHIIJJKLLMNXXX 
Process Program #1: A4 C4.1 D3.2 Xg E3.7 F9 
Process Program #2: B3 G2.2 Hi.7 le.i J5.8 Xg K3 L5.3 M2.6 N3 
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Configuration #33 
Cells: ABCDDEEFFGGHHHIJKLXX 
Process Program #1: A3 C3.1 Dg.2 E5.3 F5.5 Xg.i G4.e H7.7 I2.8 J3 
Process Program #2: B5 K5.1 X4.7 Le.7 

Configuration #34 
Ce11S : ABCDEFFFGGGHIJKLMNXX 
Process Program #1: A2 C2.7 Di.e E1.7 F5.1 X4.8 G4.9 H2.8 I2.1 J1.9 Kg.5 
Process Program #2: B5 L4.7 X4.7 M4.7 N3.8 

Configuration #35 
Cells: ABCCDEFFFGGGHIIJKXXX 
Process Program #1: A4.1 Ce D4 E3.e F9.1 Xg.7 G7.g H2.7 I5.3 
Process Program #2: B3 J2.e X7.1 Kio 


