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(ABSTRACT)

Design of a repairable item and its logistic support system requires consideration of several inter-
related decision problems. These decision problems concern the variables, controllable by the de-
sign engineer and/or system manager, which affect system performance. This research develops a
framework for integration of these decision problems and evaluation of system design tradeoffs.
These design decision problems are represented in the model base of a decision support system
(DSS). Interrelationships between decision problems are defined using data flow diagrams. Data
flows within and between these decision problems are integrated in the DSS database. A simulation
capability, imbedded into the DSS permits short-term, accelerated time excursions into possible
futures for decision-making purposes. Alternative system designs are evaluated using a multicriteria

decision model which considers reliability, maintainability, availability, and life cycle costs.

The logistic support system is modeled as a multilevel inventory system. These inventories include
spare repairable items, spare parts, labor, maintenance equipment, and other support resources.
Repairable item and logistic support system design decision problems affect the quantity and lo-
cation of these inventories. Five decision problems identified by Moore [1986] were selected to
demonstate the utility of this framework. The selected decision problems are: 1) the equipment
design problem; 2) the maintenance configuration problem; 3) the spare equipment problem; 4) the

level of repair problem; and 5) the replacement policy problem.



The framework developed supports integration of these decision problems throughout the item’s
life cycle. A repairable item can be systematically divided into subelements until individual repair-
able components are identified. This systematic subdivision of the item produces an inverted,
tree-like structure. This structure is used as the representational view of the DSS database. As the
life cycle progresses and the item design becomes more detailed, the structure expands. The DSS
database is designed to accommodate this expansion so that the framework can be used throughout
the item’s life cycle. The initial fielding and the retirement of the repairable item population
produces nonstationary demands on the logistics support system. A multistream model captures
the nonstationary aspects of demand, eliminating the need for item-by-item tracking within the

model.

The framework developed is illustrated using a comprehensive case study. The case study addresses
the design of a Side Loadable Warping Tug (SLWT) and its logistics support system. A population
of SLWT’s must be deployed to meet demands in two different operating environments. The

SLWT is a component of the U.S. Navy’s Container Offloading and Transfer System (COTS).
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1.0 Introduction

The design and/or operation of multilevel inventory systems is one area of management endeavor
that offers substantial opportunity for large payoffs. The opportunity for improvement (cost re-
duction) by U.S. industry alone has been estimated to exceed $40 billion [Kearney, 1984]. Ap-
proximately one-third of the assets of the average U.S. business is devoted to inventory [Schwarz,
1981]. The costs to transport, warehouse, inventory, and manage these goods totalled more than
$420 billion in 1983 [Keamney, 1984]. These costs do not include the enormous inventories held
by local, state, and federal government agencies. The U.S. Air Force alone has estimated spare
parts inventories valued in excess of $12 billion [Demmy and Presutti, 1981]. Most of these in-
ventories, both government and industry, are managed within a multilevel inventory system

[Schwarz, 1981].

A multilevel (or multiechelon) inventory system contains two or more interrelated activities. An
activity is generally defined as an entity that maintains a physical stock of one or more items in
order to meet specified demands [Schwarz, 1981]. The entity may contain some production or re-
pair capabilities as well as supply [Clark, 1972]. Example activities include warehouses in a dis-
tribution network, production sites, repair facilities, and the vehicles and/or containers used to

transport materials between other activities.
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Repairable items account for a considerable portion of the money invested in multilevel systems
[Nahmias, 1981]. The inventories in a repairable-item system includes spare repairable items, spare
parts, labor, maintenance equipment, and other support resources. In addition, the repairable item
portion of total inventory investment is growing. For example, 52% of the U.S. Air Force invest-
ment in spare parts inventories in 1968 was for repairable items [Sherbrooke, 1968]. By 1975, that
percentage had risen to about 65% [Muckstadt, 1979]. Subsequently, that percentage jumped to

about 83% [Demmy and Presutti, 1981].

This research addressed integrated design decision problem analysis of a repairable item and its lo-
gistic support system. Logistic support is viewed as the composite of all considerations necessary
to ensure the effective and economical support of an item throughout its programmed life cycle.
The real frontier for research on multilevel inventory systems is in this area of integrated logistics
[Clark, 1972]. The interrelationships between item design, acquisition, deployment, operation,
maintenance, transportation, and supply need to be considered in the design of the multilevel in-
ventory system. Moore [1986] identified a hierarchy of decision problems which must be addressed
during the design of a repairable item and its logistic support system. The ten major decision

problems which affect system performance are:

1. Equipment Design Problem (EDP) - determine the repairable equipment design, specifications,
and/or procurement source.

2. Maintenance Configuration Problem (MCP) - determine the configuration of designated
maintenance facilities.

3. Optimal Level of Repair (OLP) - determine the optimum level and/or location at which each
type of equipment failure will be repaired.

4. Spare Equipment Problem (SEP) - determine the number of units of repairable, prime mission
equipment to be procured to meet mission requirements and the associated procurement pro-
file.

5. Replacement Policy Problem (RPP) - determine the conditions under which repairable

equipment will be replaced.
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6. Preventive Maintenance Policy (PMP) - determine the type and frequency of any preventive
maintenance to be performed on the repairable equipment.

7. Inspection and Testing Policy (ITP) - determine the type and frequency of any inspection and
testing to be performed.

8. Repair Facility Design Problem (RFD) - determine the repair facility workstation layout; de-
sign tools, repair stands, test and diagnosis sets, part storage racks, etc. which may affect repair
time distributions.

9. Mechanic Training Problem (MTP) - determine the type of training mechanics will receive
and its resulting impact on repair time distributions.

10. Operator Training Problem (OTP) - determine the level of training required for repairable

equipment operators and its effect on equipment design.

These decision problems are interrelated and can not be effectively addressed on an individual basis.
They must be integrated to ensure the effective and economical design and support of the repairable

item.

This research presents a decision support system approach to integrating the analysis of the design
decision problems identified by Moore for a repairable item and its logistic support system. This
approach is used because the inherent complexity of the system prohibits formulation of the
problem for solution using analytic optimization techniques [Clark, 1972]. A decision support
system is an interactive computer-based system that helps decision makers utilize data and models
to solve unstructured problems [Sprague and Carlson, 1982). Using a decision support system, a
decision maker can investigate plausible designs for the repairable item and its logistics support
system. A simulation capability, imbedded into the decision support system permits short-term,
accelerated-time excursions into possible futures for decision-making purposes. Using feedback
provided by the decision support system, the plausible design alternatives can be refined and the
best system design identified. The decision support system can contain either evaluation-selection

procedures for postulated alternatives or adaptive decision-making models [Clark, 1972]. Such an

Introduction 3



analytic approach may be more successful than one which tries to simplify the interconnections in

the mathematical structure to permit solution using optimization algorithms [Wagner, 1979].

This research emphasizes the life-cycle approach to logistics. This approach allows establishment
of logistics requirements early in the life cycle and in the subsequent design activities that precede
operation, distribution, and sustaining support during consumer use. The life-cycle approach to
logistics is particularly important for repairable-item systems. U.S. Air Force data show that about
80% of the life cycle logistics costs of an aircraft is determined by decisions made before the aircraft
begins to fly [Geisler and Murrie, 1981]. These decisions relate to design tradeoffs of performance
against reliability and maintainability, with resulting impact on maintenance manning, initial spare
parts procurement, location of repair, and ground support equipment investment. Therefore, it is
particularly important to consider logistics requirements for repairable-item systems early in the

system life cycle.

1.1 Logistics in the System Life Cycle

A system can be defined as a nucleus of elements structured in such a manner as to accomplish a
function to satisfy an identified need [Blanchard, 1986]. The elements of a system include all
equipment, related facilities, material, software, data, services, and personnel required for its opera-
tion and support. The life cycle of a system or product begins with the initial identification of a
need and extends through design and development, production and/or construction, use and sup-

port, and finally system retirement.

Logistics relates to the support of a system. Blanchard [1986] identifies seven phases in the system
life cycle and describes the major facets of logistics related to each of these phases. These seven

phases and their logistics components are:
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1. Identification of Need - The want or desire for systems or products due to deficiencies or

problems is made evident by consumer(s).

2. Advance Planning and Conceptual Design - The system operational requirements are deter-
mined and the system maintenance concept defined. Alternative designs are identified and rank

ordered. System operational requirements include:

®  mission definition - identification of what the system is to accomplish and how?

e performance and physical characteristics - definition of the operating characteristics or
functions of the system.

e  operational deployment - identification of the quantity of systems and the expected ge-
ographical location.

e  operational life cycle - anticipated time that the system will be in operational use.

e utilization requirements - anticipated usage of the system and its elements.

o cffectiveness factors - system requirements specified as figures of merit (cost, readiness,
availability, supportability, etc.).

¢  environment - definition of the environment(s) in which the system is expected to operate.

The maintenance concept delineates maintenance support levels and repair policies (the extent

to which repair of an item will be accomplished). The operational requirements and the

maintenance concept are the primary determinants of logistic support resources.

3. Advance Development and Preliminary System Design - The major system functions are iden-
tified and the system performance measures which have been established are allocated among
the various subsystems, units, and assemblies. This process has significant impact on the lo-
gistics system as it directly affects system/equipment design. For example, the allocation of
system reliability to various subelements of the system determines the expected number and
type of maintenance actions the logistics system must support. This impacts spare parts in-

ventories, facilities requirements, labor requirements and other logistic support factors. A
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preliminary logistic support analysis determines the logistic support requirements for alterna-

tive system designs or configurations. The preferred alternative is then selected.

4. Detail Design and Development - During detail design and development, lower-level assemblies
and components and associated logistic support resources for the preferred alternative are de-
fined in greater detail. Provisioning and acquisition of logistic support elements for production

operations and for consumer life-cycle support is initiated.

5. Production and/or Construction - During production and/or construction of the system, re-
quirements are established for material flow, procurement and inventory, packaging, ware-
housing, physical distribution, transportation and traffic management, communications, data
processing, customer service, and logistics management. Provisioning and acquisition of lo-
gistic support elements for consumer and for system life-cycle support is performed. Logistic

support capability is assessed.

6. System Use and Life-Cycle Support - System operation in the field includes sustaining main-
tenance and logistic support (e.g., supply support, test and support equipment, personnel and
training, facilities, transportation and handling, data processing, customer service, and logistics
management). Logistic support capability is assessed. Data collection, analysis, and feedback

for corrective action is developed.

7. System Retirement - System retirement involves material phase-out and recycling and/or dis-

posal, and logistic support requirements.

Therefore, logistics involves planning, designing, analyzing, testing, producing, distributing, and the
sustaining support of a system or product throughout the consumer use period. These are an in-

herent part of the life cycle and must be dealt with on an integrated basis.
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1.2 Statement of the Problem

The problem facing logistics managers is how to analyze the multifaceted nature of life-cycle logis-
tics requirements in an integrated manner. Logistics costs associated with inventories, warehousing,
transportation, repair facilities, and personnel are interrelated. They are affected by repairable-item
design trade-offs for reliability, maintainability, and availability. Logistics costs are further affected
by operational considerations like operating environment, level of repair decisions, and procurement
or mode-of-fielding strategies. The body of research applicable to the individual design problems
associated with a repairable item and its logistic support system is extensive. However, the portion
that takes a global, systems view which considers the interrelated nature of decision problems over

the system life cycle is very limited. Some of the reasons for this limited treatment are the:

1. complexity of a repairable item and its logistics support system,

2. absence of the relatively inexpensive computing capability needed to address the logistics sys-
tem from a global, systems perspective, and

3. application of systems engineering concepts has only recently been embraced by the logistics

engineering community.

Integration of the design problems associated with a repairable item and its logistics support system
requires development of a framework for integration. The framework provides a basic structure for
problem definition. Imbedded in the framework is a set of tools to address individual design
problems, and a methodology for design analysis. A tool is something used to perform an opera-
tion (e.g., to determine the average inventory level). A methodology is a body of methods, rules,
and postulates. The methodology specifies how the tools will be used to analyze alternative system
designs. Past research has focused on tool development. Therefore, a framework for integration

which uses existing tools to analyze alternative system designs is needed.
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The framework must support design analysis at each phase of the life cycle. Logistic support re-
quirements are frequently updated as the repairable item progresses through its life cycle. During
the early phases of the life cycle, the logistics manager is working with conceptual designs where
logistics can only be considered on a more aggregated or macroscopic level. As the system design
progresses through the life cycle, the design becomes better defined and logistic support require-
ments can also be described in greater detail. The framework must be a flexible, easily expandable
structure to allow definition of system parameters based upon data availability. These system pa-
rameters include repairable-item parameters (e.g., Mean Time Between Failure (MTBF) and Mean
Time To Repair (MTTR)) and logistics support parameters (e.g., the number of maintenance and
repair levels). As the system design evolves, the analysis of alternative designs within such a

framework will minimize duplication of previous efforts.

As a system is placed into service, there are many modes of fielding the population of end items.
The population of end items will not exhibit steady state failure characteristics during start-up as
itemns are placed in service and during retirement as items are removed from service. Also, transient
(nonsteady state) conditions exist as the number of units assigned to different operating environ-
ments varies during the system operational phase. These transient conditions can have a significant

impact on logistics requirements and should be considered within the framework.

Many measures of performance have been recognized to evaluate system effectiveness. These in-
clude reliability, maintainability, availability, and life cycle costs. Life cycle costs, when considered
by themselves, are an inadequate measure of system effectiveness. The methodology used to ana-
lyze alternative designs must contain a tool which will allow the simultaneous consideration of these
many factors and allow the weighting of those identified as most important to a particular system

design.

Introduction 8



1.3 Research Objectives

The primary objective of this research is to develop a framework for integrating the analysis of de-
sign decision problems for a repairable item and its logistic support system. Solution of the de-
scribed problem requires simultaneous consideration of all the design decisions identified by Moore.
These decisions concern equipment design, repair policy, maintenance support levels, failure pro-
files, level of repair, number of repair channels, spare parts policy, retirement age, and procurement
policy. A framework for analysis of logistic support requirements throughout the system life cycle
will ensure the effective and efficient provision and management of logistic resources. Specifically,

this research:

1. develops a framework in which interrelated system design decisions can be analyzed in an in-
tegrated manner.

2. defines the interrelationships which exist between system design decisions.

3. models the multi-indenture relationship between a repairable item and its component parts.

4. models the three levels of maintenance and repair commonly used in repairable-item logistic
support systems.

5. models the nonstationary nature of maintenance and repair facility demands during the oper-
ational and retirement phases of the life cycle.

6. captures the stochastic nature of system operation and performance.

7. considers several measures of system performance and simultaneously determines their collec-
tive impact on system effectiveness.

8. demonstrates the application of the framework developed.

Accomplishment of these objectives is discussed in detail in Chapter 3, Approach to the Problem.
However, to briefly summarize, this research demonstrates how a DSS can be used to provide a

framework in which system design decisions can be integrated. The individual decision problems
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are imbedded in the DSS model base and integrated using the DSS data base. The interrelation-
ships between these system design decisions are documented using data flow diagramming tech-
niques. A maintenance tree is used to systematically subdivide a repairable item into lower level
components. The maintenance tree models the multi-indenture relationship between a repairable
item and its component parts. The logistic support system is modeled as a multilevel inventory
system. A simulation capability imbedded in the DSS permits more complex multilevel inventory
systems (three or more levels of maintenance and repair) to be modeled. In addition, a simulation
model supports specification of probabilistic parameters thereby capturing the stochastic nature of
system operation and performance. The nonstationary nature of maintenance and repair facility
demands during the operational and retirement phases of the life cycle is modeled by representing
the population of repairable items as a family of nested Markov chains. A multicriteria decision
model is used to combine different aspects of system performance into a single measure of system
effectiveness. Finally, the methodology developed is illustrated using a case study from the U.S.

Navy.

1.4 System Description

There are six distinguishing features which are commonly used to characterize multilevel inventory

systems [Clark, 1972]. These features can be expressed using the following dichotomies:

1. single-product versus multiproduct systems,
consumable versus repairable products,

deterministic versus stochastic demands,

ol S

stationary versus nonstationary demand parameters,
5. backlogging versus no-backlogging for unsatisfied demands, and

6. continuous versus periodic inventory review.
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Using these dichotomies, the multilevel inventory system considered by this research is for a single,
repairable product. The activities within the system experience stochastic demands. These de-
mands are nonstationary and unsatisfied demands are backlogged. The inventory system operates

under periodic review.

The multilevel inventory system considered in this research has an arborescent structure. This
structure provides modeling flexibility since it can also be used to model less general structures by
imposing additional structural restrictions. For example, a serial structure is an arborescent struc-
ture with the additional restriction that each node have at most one predecessor node. The activities
in the multilevel inventory system are facilities where spare parts inventories and other logistic
support resources like personnel, maintenance equipment, and warehouse space are available to
accomplish end item maintenance and repair. At each activity there is also an inventory of end

items from which failed end items are replaced while they undergo repair.

The multilevel, repairable-item inventory models reported in the literature generally consider a
maximum of two levels [Nahmias, 1981]. The multilevel inventory system considered in this re-
search has three levels, as shown in Figure 1 on page 12. These three levels represent the three
levels of maintenance described by Blanchard [1986]. Organizational maintenance is performed at
the lowest level (level 3), at the operational site (e.g., on the airplane, vehicle, or other operational
facility). Intermediate maintenance is performed at level 2, a base or regional facility. The depot
level, level 1, constitutes the highest type of maintenance. It supports the accomplishment of tasks

above and beyond the capabilities available at the intermediate level.

An end item is defined to be an individual repairable item (e.g., a vehicle, a machine, a computer,
an aircraft, etc.). End items are designed to accomplish some mission, meet some need, or provide
some service. These end items are assigned to various operating environments in which they per-
form as functionally designed. An operating environment is a unique set of circumstances or con-
ditions in which an end item is deployed. For example, a lift truck may be deployed in a variety

of operating environments. Two such operating environments are a warehouse and a production
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department. Climate differences (temperature, humidity, etc.), travel distances, stack heights, unit
load weights, operator training and proficiency, frequency of use, etc. are all conditions which may
make each of these operating environments unique. However, for modeling purposes, these envi-
ronments will be treated as unique operating environments only if these differences have some effect
on the end item failure and/or repair characteristics. Each operating environment is assumed to
have some known, deterministic demand for end items over a given planning horizon. The popu-
lation of end items is the sum of the end items assigned to all operating environments plus the spare

end items inventoried at the various maintenance and repair facilities.

It is assumed the end item can be systematically divided into subelements until individual repairable
components are identified. For example, an automobile can be subdivided into an electrical sub-
system, a transmission subsystem, a cooling subsystem, etc.. The electrical subsystem can be fur-
ther subdivided into individual repairable components like the alternator, the ignition, etc.. Each
subdivision of the end item represents a level of indenture. At some level of indenture, it is not
desirable and/or feasible to subdivide the item any further. At this point, failure and repair time
distributions are specified. In addition, a stockable parts list, labor requirements, and other logistics
support resources needed to repair the component upon failure must be identified. The failure of

individual repairable components produces stochastic demands for spare parts, labor, equipment,

and other logistic support resources at the maintenance and repair facilities.

1.5 Dissertation Overview

Chapter 1.0 has presented an overview of this research. The significance of the problem was es-
tablished, the problem was defined, the research objectives were stated, and the system addressed
by this research was described. Chapter 2.0 presents a review of the modeling approaches reported

in the literature which have influenced and/or guided this research. The decision problems which
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must be addressed in the design of a repairable item and its logistics support system are defined.
The literature review continues with a discussion of planning and evaluation models which are
targeted more at systems design and evaluation. The literature review concludes with a short tu-

torial on decision support systems.

Chapter 3.0 is a detailed description of the decision support system (DSS) approach used to ac-
complish the objectives of this research. Each of the design decision problems included in the DSS
is discussed and the General Decision Evaluation Function [Fabrycky, 1989 and Blanchard and
Fabrycky, 1990] values for each are defined. The modeling constructs employed in this research
are discussed in detail and equations for all associated calculations are developed. The multicriteria

measure of system effectiveness is established and its optimization is discussed.

The implementation of the DSS is described in Chapter 4.0 and Appendix C. The DSS developed
by this research is named CODAS, for Concurrent Design Analysis System. Appendix C describes
the 46 interactive input/output screens contained in CODAS, their function, record layouts, a
program listing, and other details of the DSS operation. Most of Chapter 4.0 is a case study which
demonstrates the application of the developed framework. Appendix A and Appendix B contain
data used by the case study. The final chapter, Chapter 5.0, provides a critique of this research.
Strengths and weaknesses of the approach are identified. These naturally lead to identification of

opportunities for future research.
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2.0 Literature Review

The body of research applicable to the analysis of repairable equipment logistics systems is exten-
sive. A wide variety of modelling techniques have been used to address individual logistics decision
problems. However, research which takes a global, systems view, which considers the interrelated
nature of logistics decisions over the systems life cycle is extremely limited. The following is a re-
view of the modelling approaches reported in the literature which have influenced and/or guided this

research.

This review begins by defining the decision problems which must be addressed in the design of a
repairable item and its logistics support system. Moore [1986] presents a hierarchy of decision
problems which must be considered, selects four of these to model, and develops two optimization
methods. Next the various mathematical models for determining stocking levels for repatrable item
inventory systems are reviewed. These models include continuous review models, periodic review
models, and models based on cyclic queueing systems. These mathematical models are directed

more towards managing the everyday flow of material in a multiactivity inventory system.

The literature review continues with a discussion of planning and evaluation models which are
targeted more at system design and evaluation. This group of models includes some of the more

comprehensive logistics design and evaluation models reported in the literature. The literature re-
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view concludes with a short tutorial on decision support systems. An important aspect of decision
support systems is the ability to integrate data access and decision models. By embedding the de-
cision models in an information system, the data base can be used as the integration and commu-

nication mechanism between models.

2.1 A Classification Hierarchy

Before a model which considers the interrelated nature of logistics decisions can be developed, it is
necessary to define the multitude of design decisions the logistics manager must address. Moore
[1986] presents a classification hierarchy of decision problems for MREAL (Multiple Repairable
Equipment And Logistic) systems. This hierarchy presents a representation of the many decision
problems associated with MREAL systems and suggests a holistic structure to the analysis of
MREAL systems. It encompasses, as subproblems, much of the existing logistics modelling work,
and many of the functional areas of logistics. The classification hierarchy is shown in Figure 2 on
page 17. It consists of five levels of systems and problems which the logistics manager must address.
The first level of this hierarchy deals with the optimal allocation of resources for collections of
REAL (Repairable Equipment And Logistics) systems. The second level consists of the individual

REAL systems, each representing a different major end item of repairable equipment.

At the third level of the hierarchy, Moore identifies ten major elements which can affect system
performance and which cannot be modelled separately from the rest of the system. A holistic model
is an important tool for the allocation of resources between such elements as spare end items,
maintenance channels, physical design, and operator training. The ten elements identified by

Moore for consideration during logistics planning are:
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Figure 2. Moore’s Hierarchy of Logistics Decision Problems
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