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CHAPTER I i’
INTRODUCTION

Reliability is a fundamental characteristic of a
system and is expressed as the probability that the systeml
will perform its intended function for a specified period
of time under stated conditions (4:63). This definition,
however, does not explain the many facets of the total sys-

tem that influence system reliability. The term reliabil- Q

ity used in this thesis cannot simply be defined as an

isclated concept of equipment failure. This concept must

be broadened to consider the effects that other system : ;
parameters have on reliability. For example, how do train-
ing, maintenance concepts, design, and technology affect
reliability? How do combinations of these system param-
eters affect reliability? Most importantly, where can

management place emphasis in order to achieve an increase

in the reliability of the total system? The purpose of
this research is to provide a much broader concept of reli-
ability normally given in technical reports. The concept

will be expanded by constructing a model which simulates

1A system is a collection of parts organized for a
purpose. In this thesis, a system will refer to a complete
system, unless otherwise noted in the text. The concept of
the system will be operationally defined in subsequent | 4
chapters.
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the effects that the dynamic behavior of a system has on

the flying capability of the Air Force.

Problem Analysis
In the fiscal year 1975 Annual Defense Department

Report, Secretary of Defense Schlesinger noted that the
improvement of reliability of new weapon systems was
receiving increased management attention within DOD (18:

229). For example, suitable tools and techniques for

determining reliability are required by managers to success-

fully deploy new weapon systems that meet mission require-
ments. Mission requirements for each system are initially
defined in broad terms by the Mission Element Need State-
ment (MENS). When making trade-off decisions early in the
acquisition phase, the manager must be able to compare the
overall reliability of a weapoﬁ system with the cost to
operate and support that system (7:2). However, existing
models used to compare operating and support (0&S) costs
and reliability do not provide realistic cost estimates
(5:2).

A March 30, 1976, letter from the Senate Appropria-
tions Committee, requested the General Accounting Office
(GAO) to determine if there was any method to measure
improved performance of a weapon system as it affects sup-
port costs and manpower requirements (19:iv). The GAO

recommended that the Air Force and Navy explore the




I

possibility of developing reasonable criteria and data sys-
tems for measuring and evaluating the results of the pro-
grams for improving maintainability, reliability, and life
cycle costs (19:A-2). The GAO identified a need for a
model that can determine the cause-effect relationship
between management decisions and the reliability of a
weapon system. Current management practice is to determine
reliability through engineering models such as the Duane
Reliability Growth Model (11:38).

J. T. Duane of the General Electric Motor and
Generator Department found that an ongoing test, analysis,
and correction program would provide a continually increas-
ing Mean Time Between Failure (MTB!-‘).2 The Duane Model
is an empirically derived relationship of cumulative fail-
ure rates versus cumulative test hours. When this rela-
tionship is plotted on a log-log scale, the data points
fall along a straight line. Duane and others have con-
firmed this relationship for many diverse types of equip-
ment (11:38-40).

The Duane Model, the most widely used reliability
growth model (11:38), pointed out the existing limited
notion of reliability. The Duane Model did not consider
the complex interactions among the many factors that deter-

mine the reliability of a system.

2HTBP is one commonly used measurement of the reli-
ability of a piece of equipment.

3
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It has become a common occurrence within DOD to
expect field reliability of new weapon systems to be less
than the reliability predicted by contractors and/or reli-
ability test results (12:68). Available data indicated
that field MTBF is often only one-tenth of the specified : {
MTBF (10:30). The contractor's predicted reliability of a
system using existing models apparently cannot relate to
the actual field reliability observed. The system relia-
bility did not meet the predictions because reliability has
not been understood or managed as a system. All of the fac-
tors that determine the system reliability were not con-
sidered in the design of the model.

Robert A. Singer, in a Defense System Management
Report, stressed the point that the most serious disadvan- .
tage of existing models was the current unavailability of
accurate measurements depicting the relationships between
performance goals with actual performance achieved (17:19).

Also, some critical assumptions used in current models must

be replaced by more realistic representations of the
dynamic nature of systems. When considering reliability
the models assumed random failure only. No provisions were
made for the implications of corrosion, fatigue, and wear-
out. Design values were used rather than actual field
failure rates. Secondary failures due to extrinsic causes
were ignored, even though the failures required maintenance
actions (17:22-23). The problems of incorrect part

. ;
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replacements, false fault alerts, and intermittent failures
were not considered (17:73). The effects on reliability of
transportation, spares policy, training, quality of tech-
nical data, and support equipment were also not included in
the available models.

Most models assumed that an improvement in relia-
bility translates directly into changes in other system
parameters (for example, fewer spares, fewer maintenance
actions). It can be shown that an improvement in reliabil-
ity may actually dictate fewer maintenance actions. Fewer
maintenance actions might mean fewer maintenance personnel.
However, unless manpower assignments are reduced to match
the predicted requirement, none or only a small fraction of
this predicted savings in manpower will come about. In
i some situations manpower reductions may not even be pos-

E' sible because of policy considerations. An example is a
| Navy ship where peak manpower requirements for critical

functions, such as damage control, assumed there were fixed

3 levels of manpower available from other functions. Also(
fewer maintenance actions may lower the proficiency of the
maintenance personnel which could, in turn, cause a decrease
in the reliability of the system (17:23).

The dynamic behavior of the relationships described

in the preceding paragraphs must be understood, measured,

;
and then incorporated into a model for accurate understand- :
ing of reliability. Using this model, managers can

i 5
:
3
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determine where to apply available resources to achieve

desired results.

Problem Statement

The variables which affect the reliability of an
aircraft weapon system are not adequately understood bf
DOD managers.

Concomitant with the major problem is a secondary
problem. Management has not developed adequate tools to
measure or define the interrelationships between reliabil-
ity and the elements of the system which determine relia-

bility.

Background

Literature Review

The available literature on reliability was divided
into two main groups. Figure l-1 summarizes this literature.

One group dealt strictly with engineering studies
done to aid in designing and predicting reliability of new
systems. This thesis is about the management of reliabil-
ity and does not consider specific engineering reliability
design techniques. Consequently, reliability engineering
studies were not included in this background section.
However, the concept that improved design may increase the
reliability of a weapon system is recognized and will be
included in the model. The remaining literature considered
reliability from a management viewpoint.

6




RELIABILITY LITERATURE

ENGINEERING RELIABILITY MANAGEMENT RELIABILITY
Mathematical functions Relationships among
to predict reliability reliability, maintain-
ability, O&S costs,
Reliability test results acquisition costs

for specific components
Life cycle costs as a
Reliability design function of reliability

Design changes to
increase reliability

Trade-off studies to
determine optimum reli-
ability

Fig. 1-1. Summary of Reliability Literature

The prevalent theme in the literature concerning
management of reliability was expressed by Eldridge P.
Eaton. In his article, "Let's Get Serious about Life Cycle
Costs,” he stated that reliability was a design control-

i lable characteristic of a system (7:2) and that "good"
é managers must consider the relationships among reliability,
maintainability, O&S costs, acquisition costs, spares,
personnel, and all other logistics factors and mission
requirements (7:3). These relationships were usually pre-
sented in terms of total life cycle costs of a system.
The management of any system is a continuous

iterative process. Through system development, design

; | changes in various subsystems are proposed while the accu-

racy of cost estimates as well as performance and




effectiveness estimates are being improved. To manage a
program by meeting the performance and economic goals, a
manager must have a timely feedback of current information
on the cost and performance estimates of all proposed sub-
system changes (1:65).

Absent in the literature was a rigorous methodology
for conducting the analysis of the complex system inter-
actions. Eaton provided a description of what "good" DOD
i managers are expected to do:

There is an infinite number of possible trade-offs
based on selected logistics alternatives. Each system,
because of its difference from other systems, contains
its own unique solutions. However, the trade-off pro-
cesses should be identical: creating a balanced design,
which incorporates the objective evaluations between
intrinsic and extrinsic system characteristics, to pro-
duce a system that has acceptable operational capabil-
ity and the readiness required at an affordable and
optimal LCC (7:11}.

This limited process expressed by Eaton does not
provide substantial help to a manager trying to choose from
an infinite number of trade-offs. Eaton's statement, how-
ever, does indicate that managers are beginning to under-

| stand the complex interrelationships they must deal with.

J. W. Forrester identified another difficulty mana~-
gers have when trying to understand complex interactions.
Forrester believed that the intuitive judgment of skilled
investigators is unreliable in anticipating the dynamic
behavior of a simple system of five or six variables. This

P —
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situation exists even when the complete structure of all

the parameters of the system is known (8:99).

The difficulty in dealing with complex interactions
or choosing from an infinite number of trade-offs, indicates
managers cannot perform without some form of assistance.

One form of this assistance is the development of a formal
model which portrays the basic system structure the manager
is trying to understand. System dynamics provides a method-
ology to create this formal model which can be used by the
managers controlling the system. The system dynamics
approach is to understand the structure of the system
through literature reviews, interviews with people familiar
with the system, and specific quantitative studies where
necessary. From this rudimentary understanding of the
system, a formal model is developed in the format of causal
loop diagrams. The causal loop diagrams show the cause and
effect relationships between the variables in the system.
The model is then exposed to criticism, revised, and
exposed again in an iterative process until a useful model
is developed. The causal loop diagrams still only provide
the manager with an intuitive understanding of the forces
that cause system behavior. A mathematical formulation of
the relevant variables is required to determine the probable

consequences of proposed policies. A computer simulation } 3

model can be developed from this mathematical model

(15:5-6) . Roberts stated that, "Computer simulation is one

9




of the most effective means available for supplementing and
: correcting human intuition [15:6]."

This computer simulation model is not a perfect
representation of the actual system making better decisions
than people can. It is a tool which managers and policy
makers can use to experiment with proposed changes prior
to actual implementation. Unlike mental models that most
people use to guide their actions towards a goal, the com-
puter model is comprehensive, unambiguous, flexible, and
subject to rigorous manipulation and testing (15:5-6). The
detailed methodology on how systems dynamics will be used
to develop the computer simulation model in this thesis is
contained in the next chapter.

Described in the remainder of this chapter are some
examples of existing models and the limitations of these
models. The ability of systems dynamic models to overcome
these limitations will be briefly discussed. The research

objectives and research gquestions derived from the problem

statement will then be presented. The chapter will con-
clude with the basic premise of the system dynamics tech-

nique.

Review of Existing Models
Computerized mathematical models are available to

assist DOD managers in dealing with large numbers of vari-

ables when making decisions about reliability. The most

10




common examples are LCC models that use the reliability of
a system as one of many inputs. The U.S. Army Air Mobility
Research and Development Laboratory has developed the Air-
craft Reliability and Maintainability Simulation Model
(ARMS) .

The ARMS was developed as a management tool which
permits observation of the impact of a proposed maintenance
concept prior to implementation. The model is used to
simulate aircraft operating in user defined operational
scenarios. It is designed to allow the user flexibility in
defining aircraft components with their associated failure
rates and repair requirements, and in defining necessary
resources such as ground equipment. The ARMS model can be
applied throughout the life cycle of an aircraft system
from the conceptual phase through the developmental, and
during the operational phase. It can be used to determine
the system level impact of changes in reliability and main-
tainability parameters at the component level, to determine
the effectiveness of alternative maintenance concepts, and
to determine the optimum mix of maintenance resources (9:7).

The Logistics Management Institute (LMI) proposed
to determine the relationships among system and subsystem
reliability and life cycle costs. This model used three
principle model parameters. These are: (1) cost of system
downtime (costs to achieve constant mission requirements);
(2) design, development, test, acquisition, and program

11




management costs associated with achieving reliability; and
(3) maintenance and support costs affected by subsystem
reliability (17:8).

Limitations of Existing Models
The Arms model and LMI model, as did other models

studied, used reliability as an input required to determine
other system parameters, such as availability, manpower
requirements, or LCCs. Most significantly, these computer
models did not include the closed-loop information feedback
system. By not including this information feedback system,
the model failed to capture the system structure that was
being studied, and did not show how other system parameters
affected reliability. A closed-loop information feedback
system is generated whenever an action affects the environ-
ment, and that action subsequently influences future deci-
sions about the environment (8:14).

Additional limitations in computer models were
identified by Joint AFSC/AFLC Commander's Working Group on
Life Cycle Cost. This group concluded that:

1. The models are too complex.

2. The requirements for input data frequently can-
not be fulfilled.

3. The models are not sensitive to the relation-

ships between design and performance.

12
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4. The models are not sensitive to failures caused
by the increasing age and wear of a system (10:8).

Improvements are being made in computer models, but
all of the limitations identified above still exist (7:6).

The final limitation to be discussed is the failure
of existing models to consider how policy and management
structure changes may affect a system. Too often, policy
and management considerations are brushed aside as given or
preconsidered assumptions and are not identified as vari-
ables that may have the greatest effect on system behavior
(7:6=7).

The next section will provide insight into some of
the capabilities and techniques of system dynamics by
briefly describing how properly constructed system dynamics
models can correct the deficiencies of existing models.
Managerial Applications of System Dynamics by Roberts con-
tains examples of system dynamics models that have been

implemented in a variety of situations.

System Dynamics Modeling

Including excessive detail which results in a highly
complex model can be a serious problem in a system dynamics
model, just as it is in existing models. VhriaSIQs are
often left in models to avoid discriminating thinking about
whether or not the variables actually contribute to system

performance. Some detail, even if it does not affect system

13
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performance, can be justified as providing an apparent
reality to the model. This apparent reality makes the
model easier to ;xplain to the managers who will use the
model. The skill that the builder brings to the modeling
process determines whether a model becomes too complex or
oversimplified (8:453).

A system dynamics model does not require large
quantities of statistical data to be effective. In system
dynamics, the model is based upon actual system structure
and is subsequently used to determine what formal data
needs to be collected (8:57). It can usually be determined
if the actual value of the data must fall within a certain
range. Estimates of the numeric values to be used in the
model are made. The model is then used to determine the
sensitivity of the system to changes in these values.
Often the model is relatively insensitive to changes in
values within the estimated range, and expending resources
to refine the estimate would be unjustified. If the model
shows that the entire qualitative behavior of the system
depends on a numerical value that was estimated, then this
value must be measured with adequate accuracy. The main
point is that a mathematical model should be based on the
best information available, just as management decisions
are based on the best information available. The design
and use of a model, however, should not be postponed until
all pertinent parameters have been accurately measured.

14
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Values should be estimated when necessary to enable the
model to be put into productive use (8:58). Forrester |
summarized his views on data as follows:

Dynamic models will be based primarily on our
descriptive information already available, not on sta-
tistical data alone. Observation of and familiarity
with a system will reveal actions, motivations, and
information sources that cannot be discovered through
historically available quantitative measures (8:130].

A system dynamics model must describe the cause-

effect relationships that exiét in a system (8:67), such

as the relationship between design and performance param-
eters. These cause-eftegt relationships can be mapped onto
a system dynamics model through a structure of levels, which
are interconnected by controlled flows (8:67). The levels
are accumulations within the system (8:68). Examples of
levels within an aircraft weapon system are the number of
trained crews available to operate the aircraft in the
inventory, the number of aircraft in the inventory, or the
amount of flying hours available to fly these aircraft.
Controlled flows emerge from these levels. The controlled
flows are made up of the flows that transfer the contents
of one level to another level and the decision functicns
that control the rates of flows between levels. The rates
correspond to an activity within a system, while the levels
measure the state to which the system has been brought.

The decision functions are the policy statements that deter-

mine how the available information about the system state

15




(a level) leads to a decision (a rate) resulting in a
change to the system (a flow from one level to another)
(8:68-69) .

For example, there may be twenty crews (level)
available to fly twenty aircraft. Policy may require two
crews for every aircraft. This policy leads to a decision
(a rate) which causes additional crews to be trained (a
flow or activity) until forty crews are available (a new
level).

A system dynamics model is a network of these
levels and rates which are interconnected by an information
network. The information network is also a sequence of
alternating rates and levels (8:71). System dynamics model
structure is simple and straightforward. The structure
permits a one-to-one correspondence between the model and
the system being represented (8:131).

System dynamics is aimed at modeling dynamic sys-
tems which tend to evolve over a period of time (l4:xx).
Aircraft accumulate more hours and more sorties which
illustrates a type of time-varying behavior, which can be
modeled using the system dynamics concepts of levels and
flows already explained (8:50). Aircraft in maintenance
can be thought of as a level into which aircraft flow after
flying a mission. The rate at which these aircraft flow

into maintenance is a function of how many sorties are

16
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flown. As more sorties are flown, more aircraft flow into
maintenance.

The last deficiency of existing models concerns the
absence of specific ability to capture the policies and
structure of the system. By failing to capture the struc-
ture of the system, these models failed to teprodhcc or pre-
dict the behavior characteristics of the system. Character-
istics such as stability, oscillation, growth, and general

time relationships betweer variables are required to under-

stand the system and to make changes for system improvement
(8:54).
In general, system dynamics modeling has two objec-
tives:
1. Explaining the system's behavior in terms of its
structure and policies.
2. Suggesting changes to structure, policies, or both,
which will lead to improvement in the behavior
(6:19].
Thus a system dynamics model is created to enhance the
understanding of the policy and structure of a system, the
very two elements that are left out of most other models.
Throughout this chapter, basic concepts and tech-
nigues of system dynamics have been introduced to show how
system dynamics overcomes many of the problems faced by
managers trying to manage complex organiztions. It is
appropriate now to summarize these concepts and techniques

by providing the basic premises of system dynamics modeling.
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1. Decisions in management and economics take
place in a framework that belongs to the general class known
as information feedback systems.

2. Intuitive judgment is unreliable about how these
systems will change with time, even with good knowledge of
the individual parts of the system.

3. Model experimentation is now possible to fill
the gap where judgment and knowledge are weakest--by showing
the way in which known separate system parts can interact to
produce unexpected and troublesome overall system results.

4. Enough information is available for this experi-
mental model-building approach, without great expense and
delay in further data gathering.

5. The "mechanistic" view of decision making
implied by such model experiments is true enough, so that
the main structure of controlling policies and decision
streams of an organization can be represented.

6. Systems are constructed internally in such a
way that the system creates many of the troubles that are
often attributed to outside and independent causes.

7. Policy and structure changes that will produce
substantial improvement in system behavior are feasible and
system performance is far from what it can be. Initial
system design changes can improve all factors of interest
without a compromise that causes losses in one area in
exchange for gains in another (8:13-14).

18
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Summary

In this background section, it was shown that the
concept of reliability as part of a total system is only
beginning to be understood by managers. The limitations
of existing models do not allow managers to effectively
control the reliability of a system. System dynamics does
provide a framework whereby the reliability of a system can
be analyzed, and improvements can be made to enhance a
system's reliability. The research questions derived from

the problem statement and background are presented next.

Research Objectives

The objective of this research is to develop a model
of the dynamic system determining the reliability of air-
craft weapon systems. Specific objectives are:

l. To identify the most significant internal and
external forces affecting reliability of an aircraft weapon
system.

2. To identify the cause-effect relationships and
information feedback loops that control reliability.

3. To construct a model which represents the
forces, relationships, information flows, and decision poli-
cies of the reliability system.

4. To develop management policies which make

possible more effective control of reliability.
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5. To provide knowledge that data collection

designers need to measure reliability.
6. To provide an improved conceptualization of
reliablity for other researchers to use to define the

reliability system.

Research Questions

1. What are the relationships between reliability
and other components of a system which affect the total
reliability of a weapon system?

2. Can a conceptualization of the interrelation-
ships between the reliability of a system and the other
components of the system be developed and used as the basis
for a mathematical computer simulation model?

3. Can the developed model function as a manage-
ment tool, whereby, managers can determine the effect that
proposed changes in other system components have on relia-

bility?

Summary
In this chapter a new concept of reliability has

been advanced. The research was designed to refine and
present this concept through the development of an opera-
tional model, which can be used by managers. An analysis of
the current situation concerning reliability was presented.
This analysis led to the problem statement that the vari-
ables, which affect the reliability of aircraft weapon
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systems are not adequately understood by DOD managers. The
background section discussed some current management think-

ing about reliability. This section also identified the

difficulties managers faced when trying to deal with complex

interactions, such as interactions between reliability and

e ——

other components of a system. A review of existing models
pointed out both capabilities and limitations. System
dynamics was introduced and suggested as a technique which
would be a valuable tool to aid managers in overcoming many
of these limitations found in existing models. The chapter
concluded with the research objectives and research ques-
tions.

In Chapter II, a methodology of the system dynamics
paradigm will be presented. Each individual procedure will
be explained, and an example will be provided. Chapter III
will present the construction of the system structure
through the use of causal loop diagrams. 1In Chapter 1V,
flow diagramming and DYNAMO equations will be presented

along with explanations of how the diagrams and equations

e

E were formed and why they are included in the model.
Chapter V will contain an analysis of two management con-
f cepts and show how these concepts affect the operational

reliability of the aircraft weapon system.

21
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CHAPTER 1I

METHODOLOGY

Introduction

Described in this chapter is the system dynamics
paradigm as applied to the analysis of reliability. The
first section discusses model design procedures. Detailed
explanations of each of these procedures will follow,
describing how the model of aircraft weapon system relia-
bility will be developed. Validation and analysis of this
model will then be covered. 1In this section some of the
limitations of the validation process will be discussed.
The chapter will conclude with a final section summarizing
this chapter and outlining the direction the final chapters

of the thesis will follow.

Model Design Procedures
To construct a dynamic simulation model of the

reliability of a weapon system, six steps have been iden-
tified.

1. Identify the system and the sectors of the sys-
tem to be studied. Determine if a dynamic system oriented
investigation is warranted.

2. Draw causal loop diagrams showing the inter-

action of the system's variables.
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3. Develop a mathematical model of the system by:
a. Converting the causal loop diagrams into

detailed flow diagrams and;

b. Converting the detailed flow diagrams into
DYNAMO mathematical equations.

4. Generate over time, through the use of the com-
puter, the behavior of the modeled system to validate that
the model reasonably represents the system under study. i

5. Conduct simulation experiments to determine |
those variables within the system that are sensitive to
changes.

6. Incorporate redesigned system parameters into
the model, followed by computer runs, to determine the

effect the changes have on the system behavior. From these

simulation experiments, recommend changes to the system that

improve system performance or identify areas that need addi-
tional study (14:xx-xxi).

What follows are brief descriptions of the stages

.‘«-._.._.._..A.,.

of the system dynamics process as they relate to the reli-

ability of a weapon system.

Identify the System
The first stage in developing a system dynamics

model is to identify the system and determine if a system-

oriented investigation is warranted. The fact that the

reliability of a weapon system deserves a system dynamics
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study has already been discussed in Chapter I. System
sectors are identified to provide a conceptual framework
through which the model structure is developed (6:24).
Determining the appropriate system sectors to include in

the model requires considerable analysis and the final deci-
sion of what should or should not be included in the system
sectors rests with the model builders. The sectors selected
for this model are Maintenance, Operations, and Research

and Development. Relationships between and within sectors
are defined by interconnected networks of material, require-
ments, money, personnel, capital equipment, and information
which flow among sectors. Figure 2-1 is an example of the
overall system sector diagram illustrating how the network

of flows connect the sectors.

MATERIAL
OPERATIONS > MAINTENANCE
2
®)
s
2 QS
?'QQI‘ (ogs"
L o

RESEARCH AND DEVELOPMENT

Fig. 2-1. System Sector Relationship

The Operations Sector controls the operational
aspect of the reliability model. 1In the Operations Sector,
aircraft are scheduled and flown in terms of sorties.
These sorties constitute the operational reliability of

the aircraft weapon system. The activity in the Operations
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Sector generates aircraft for the Maintenance Sector. The
Maintenance Sector services and restores the aircraft to
operational status, and these aircraft are again available
for operational use. The Research and Development Sector
provides aircraft with improved reliability and maintain-
ability through increases in its technological base. The
sector descriptions and interactions will be explained in
greater detail in the chapters on causal loops and flow

diagram analysis.

Causal Loop Diagrams

Causal loop diagrams extend the concepts made
explicit in the sector diagrams by identifying the variables
and the pairwise relationships of these variables within
system sectors. The causal loops also provide the relation-
ships or links between system sectors. In other words,
the causal loop diagrams record the way the system works
(6:63). First an explanation of the symbology and construc-
tion of causal loops is provided.

The symbology used in causal loop diagrams is

straightforward. Arrows identify the causal link with the

direction of the arrow indicating the direction of the
cause-effect relationship. The polarity of the causal link
is indicated by a + and - sign. The + indicates a positive
link, and the - indicates a negative link. The polarity is
determined by considering the effects a change in the

25




variable at the tail of the arrow would have on the vari-
able at the head of the artoQ. The rule is: if the head
variable changes in the same direction as the tail vari-
able, the link is positive; if the head variable changes
in the opposite direction of the tail variable, the link

is negative (6:63). Figure 2-2 provides an example.

Aircraft Aircraft
Availability * > Ssorties Positive Link
Aircraft in Aircraft

Maintenance —— Availability Negative Link

Fig. 2-2. Causal Link Example

By combining causal links, complete loops are formed.
The polarity of the loop is determined by counting the num-
ber of negative pairwise relationships. An even number of
negative links or no negative links produces a positive
loop. Figure 2-3 provides examples of causal loop diagrams.

The negative causal loop is interpreted as follows.
As the maintenance on the aircraft goes up, the availability
of the aircraft goes down--a negative link. As the avail-
ability of the aircraft goes up, the operational use of the
aircraft goes up--a positive link. There is one negative
link which means the causal loop has negative polarity.
This causal loop indicates the more the aircraft are flown
the more maintenance is required and the less the aircraft

are available for use.
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The first link in the positive causal loop is inter-
preted the same as in the negative causal loop. New vari-
ables have been included which changed the polarity of the
causal loop. As the availability of aircraft goes up, the
operational reliability of the aircraft goes up, a positive
link. As the operational reliability goes up, the require-
ment for maintenance goes down, a negative link. As the
requirement for maintenance goes up, the maintenance of air-
craft goes up, a positive link. There are two negative
links which means the causal loop has a positive polarity.
This causal loop indicates the more operational reliability
the less maintenance required which results in more avail-
ability and more operational reliability.

Negative loops contain a control mechanism which
attempts to regulate the system (6:40). Positive loops
tend to promote uncontrolled growth or decay (6:38-39).
Although the causal loop diagram is very useful for model
building, it is necessary to draw a detailed flow diagram
in the programming stage (6:113). These flow diagrams are

discussed in the following section.

Flow Diagrams
The derivation of the flow diagramming process

comes from the study of the system and is based on the
causal loop diagrams previously discussed. The symbology
used in flow diagrams is depicted in Figure 2-4. The flow
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Levels--measurable gquantities or
accumulations within the °
system

Flows--movements of: information
material
money

personnel

capital
equipment

Decision Function (RATE)--controls
flows between levels

Source/Sink~-represents levels
outside the system

S

Auxiliary Variable--provides
greater meaning to decision
function variables (goals, policies)

Parameter-~-a constant

Delay--describes the process of
time delays
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Fig. 2-4. Flow Diagram Symbols (8 :82-84)
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diagram represents the concept of levels and rates
explained in Chapter I. Figure 2-5 provides an example
which shows how the level'ot aircraft availability (AA)

is controlled by the aircraft repair rate (ARR). The air-
craft repair rate is a function of the number of aircraft
in maintenance (AM) and the aircraft repair factor (ARF).
Various support factors enter this repair factor and will
be explained in greater detail when the complete flow dia-
gram analysis is presented. The mathematical equations are

derived directly from the flow diagrams.

Equations
The developed equations will become the basis for

the DYNAMO computer simulation model of reliability. The
five classes of equations in DYNAMO are level, rate,
auxiliary, supplementary, and initial value. Level, rate,
and auxiliary equations have time dimensions. Successive
points in time are given the designations J, K, and L. The
letter J denotes the past, the letter K denotes the present,
and the letter L denotes the future. The notation used

in the equations is similar to subscripting. An example
from Figure 2-5 shows a level at the present time (AA.K).
Levels have only a single letter as a time suffix because
the values of levels are calculated at separate instants

of time. Rates, which define the glovs between levels,

use two lettersto denote the flow from the present time (K)
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AIRCRAFT IN AIRCRAFT ]

MAINTENANCE AVAILABILITY
\/ ’

MAIN i AA
& |
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\ 2 |
& AIRCRAFT 5 ‘
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PERSONNEL \
CAPABILITY| 7

Fig. 2-5. Flow Diagram Example
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to a future time (L), for example, ARR.KL. The ARR.JK -
symbol would be used to denote a flow from the past time
(J) to the present time (K) (8:75-79).

The value of a level is a function of the prior
level and rate at which the level is changing over the -last

time period (DT). For example,
AA.K=AA.J+DT* (ARR.JK)

Rates are normally functions of levels or auxiliary
variables, but they can also be a constant value. For

example,
ARR.KL=AM.K*ARF.K

where AM is the present level of maintenance and ARF is the
aircraft repair factor, a fraction.

Auxiliary equations are used to decompose rate
equations. The auxiliary equations allow the model to be
kept in close correspondence with the actual system, since
the auxiliary can be used to define the many factors that
go into making up a rate.

Initial value equations define initial values of
all levels (and some rates) that must be given before the
first simulation run.

Supplementary equations are used to define vari-

ables which are used in the printing and plotting of model




values. Supplementary equations are not used in computing
any values that affect the behavior of the system (8:79).
The equations developed for the simulation model
are then verified. To verify the model, DYNAMO equations
are compared to the flow diagrams and checked to ensuré the
equations do, in fact, represent the system as defined by
the flow diagrams. Verification is performed to insure that
the model is in fact what the modeler intended it to be.
Having explained how the model is formulated, model vali-

dation and analysis will be discussed next.

Model Validation and Analysis
Model validation does not mean that the model will

be proven. In this thesis, model validation is the process
by which sufficient confidence is established to use the
model for a particular purpose (6:181). Coyle stated

". . . there are no such things are models which are
absolutely valid or completely invalid [6:182]." Vvalida-
tion of this model will consist of determining if the model
reproduces system behavior.

Part of the validation has been accomplished
through the knowledge gained from the literature review and
the experience of the model builders. Statistical data
were obtained from system effectiveness reports and com-
bined to form an aggregate input into the model. This

input represents as nearly as possible the operational
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environment that the model builders are trying to simulate.
The limitations of this validation process are (1) reliance
on expert opinion and (2) lack of quantifiable data for

the many variables included in the model. Serious model

3 defects will usually expose themselves through some failure
of the model to perform as would be expected of the actual
system. If the model does not have any serious defects
then the validated model becomes a management tool to con-
duct simulation experiments. In effect the model becomes a
management laboratory (8:vii).

The reliability of the aircraft weapon system will
be analyzed by entering two management concepts into the
model. The first concept is the decision to improve train- ?
ing and technical data in order to improve personnel output.
The second management concept to be considered is the reduc- |

tion of maintenance levels from three levels to two levels.

Further discussion of this analysis will be included in the

final chapter.

Summary
In this chapter, the methodology of the research

effort was presented. The system dynamics paradigm was
discussed as well/as a detailed explanation of the causal

loop diagrams, flow diagrams, and DYNAMO equations. Through

the use of these techniques, the reliability model will be




; developed. In Chapter III, a step-by-step discussion of the
relationships within each sector will be explained.
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CHAPTER III
CAUSAL LOOP DESCRIPTIONS

Introduction

This chapter continues the conceptualization of the
operational reliability model.’ The conceptual model develop-
ment began in Chapters I and ITI at the highest level of
abstract thinking, that is, at the apex of what Beer calls
the “"cones of resolution.”™ These cones of resolution can
be thought of as a thoroughness-abstraction hierarchy of
models. At the top of the hierarchy is a very abstract
model. At the bottom of the hierarchy is 3 very detailed
and thorough model. Each succeeding level of resolution or
model in the hierarchy contains additional details not
found in the previous level (16:247-248). The operational
reliability model development follows this hierarchical
process. The causal loop diagrams in this chapter will
provide more detail to the conceptual model already devel-
oped. The flow diagrams and equations in Chapter IV will
further enrich the model and move it lower on the cone of
resolution. The intent is to provide sufficient detail to
make the model meaningful to policy makers at the Head-
quarters USAF level. Thus, the model will be looking at
total aircraft operational reliability within USAF and not

at a particular weapon system. All the variables used in
36




the model will be at this same level of resolution (for

example, total aircraft inventory, total maintenance per-
sonnel, etc.).

The causal loop diagrams continue the conceptuali-
zation of the model by depicting the relationships among
the variables in the three sectors of the model (Operations,
Maintenance, and Research and Development). Causal loop
diagrams provide a visual description to aid in the initial
understanding of the system and are also of great value in
discussing ;he system with the manager. Each sector will
be explained through a step-by-step development of the !
pairwise relationships between variables within each sector.
These pairwise'relationships will be combined to form the

complete causal loop diagram for the system. :

i Operations Sector
The Opérations Sector is an essential part of the

reliability system because it provides the ultimate test
of the operational reliability of the system. For example, %
if a designated bomber does not hit its target, the system
is not reliable. The causes of the failure might range
from an inherent reliability problem of the equipment to
the inexperience of the crew. In the Operations Sector,
the model attempts to capture the idea of coordinating the
essential variables into one unit so that the aircraft

weapon system is able to perform its assigned mission.
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Three important variables identified in this model
are: (1) aircraft availability (AA), (2) crew availability
(CA), and (3) flying hour availability (FHA). The weapon
system cannot operate unless all three variables are acces-
sible. These three variables determine the number of -

sorties scheduled (SS) as depicted in Figure 3-1.

Aircraft

Availability

Crew

Availability + SChedu17gs?ortiel
(CA) %

Availability

(FHA)

Fig. 3-1. Aircraft Availability, Crew Availability,
and Flying Hours Availability to Scheduled
Sortie Relationship
There is a positive relationship between the three vari-
ables and sorties scheduled because as the availability of
these resources increases, scheduled sorties increase.

As the number of scheduled sorties increases, the
number of potential successful sorties (SUCS) also increases
giving the relationship a positive influence. This rela-
tionship is shown in Figure 3-2.

Scheduled Sorties + Successful Sorties
(SS) —> (sucCs)

Fig. 3-2. Scheduled Sorties to Successful
Sortie Relationship
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Successful sorties are also influenced by the sortie
abort rate (SAR). There is a negative relationship between
these two variables. As the sortie abort rate increases,
the number of successful sorties decreases. This relation-
ship is shown in Figure 3-3.

Sortie Abort Rate - Successful Sorties
(SAR) —> (SUCS)

Fig. 3-3. Sortie Abort Rate to Successful
Sortie Relationship
Successful sorties influence the flying hours avail-
able and crews available. As more successful sorties are
flown there are less flying hours available and crews avail-
able, thus creating negative relationships between these
variables. These pairwise relationships are depicted in

Figure 3-4.

/ Crew Availability (CA)
Successful Sorties .
(SUCS) '-—_-““-——-q> Flying Hour Availability
(FHA)

Fig. 3-4. Successful Sorties to Crew Availability
and Flying Hour Availability Relationship
Successful sorties also influence the number of air-
craft in maintenance (AM) because of the servicing involved
and repairs made on other than mission essential equipment.
Aircraft available (AA) are a product of the maintenance

sector and will be discussed in that section. The




relationship between successful sorties and aircraft in

maintenance is shown in Figure 3-5.

Aircraft in
Successful Sorties + Maintenance

(SuCs) > (AM)

Fig. 3-5. Successful Sorties to Aircraft in
Maintenance Relationship

A performance measure of the Operations Sector is
the number of successful sorties. The management of the key
variables of aircraft availability, crew availability, and
flying hour availability determine the number of successful
sorties that can be supported by the Operations Sector.
The number of successful sorties can be compared with the
measures in the other sectors, such as aircraft in mainte-
nance and relative number of engineers to give an overall
view of reliability. The Operations Sector is summarized

in the causal loop diagram in Figure 3-6.

Sortie Abort Aircraft
Rate -\‘\\\“ Availability
Successful
Sorties v;‘\\\\\
(=)
Flying Hour ¢// Scheduled

Availability Sorties
Crew -—__,a;’

(=) Availability
Fig. 3-6. Operations Sector Causal Loop Diagram
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Maintenance Sector
In the Maintenance Sector, the restoration and
servicing of aircraft is performed. The two key variables
in the Maintenance Sector are aircraft availability and
aircraft in maintenance. A production line is created 1

between these two variables, because aircraft are either

in available status or maintenance status. The aircraft

repair rate (ARR) and the aircraft into maintenance rate ;
(AIMR) determine what status the aircraft are in. There |
are also four factors that affect the repair rate. These

factors are personnel capability, equipment capability,

supply capability, and facilities capability. These four

factors can be considered a consolidation of the Integrated

Logistics Support System. The consolidation was made to

simplify the model, while still retaining the essential

features of the actual system being modeled. These factors

determine the aircraft repair rate (ARR) and are illustrated

in Figure 3-7.

Personnel Capability (PA)

Equipment Capability (BC’\\\\\\\}F‘\t. Aircraft Repair Rate |

&
Supply Capability (SC) x (ARR) ]

Facilities Capability (FC)

Fig. 3-7. Personnel Capability, Equipment
Capability, Supply Capability, and
Facilities Capability to Aircraft
Repair Rate Relatiocnship
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There is a positive relationship between these factors and

the aircraft repair rate, because as the capabilities
increase, the aircraft repair rate also increases.

The aircraft repair rate has a negative relation-
ship with aircraft in maintenance. As the aircraft repair
rate increases, the number of aircraft in maintenance
decreases. The causal diagram is in Figure 3-8.

Aircraft Repair Rate . Aircraft in Maintenance
(ARR) —p (AM)

Fig. 3-8. Aircraft Repair Rate to Aircraft
in Maintenance Relationship
As the aircraft in maintenance decrease, the air-
craft available increase, making this a negative pairwise
relationship. The causal diagram is in Figure 3-9.
Aircraft in Maintenance 4 Aircraft Availability
(AM) Iy (AA)
Fig. 3-9. Aircraft in Maintenance to Aircraft
Availability Relationship
The number of aircraft in maintenance also has an
influence on the capability factors mentioned above. As
the number of aircraft in maintenance increase, the capa-
bility of the four factors decrease, creating negative rela-
tionships. This is because there is a finite capability
existing in each element. As a portion of this finite
capability is consumed, less capability exists to repair

other aircraft. The practical effect of this relationship
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is that there is a maximum repair rate and as the system
approaches this maximum, there is little surge capability
remaining. In other words, the system may be meeting all
peacetime demands, but will have nothing in reserve to
handle increased wartime requirements.

Personnel capability and equipment capability are
also influenced by a maintainability factor which is a pro-
duct from the Research and Development Sector. Maintain-
ability will be discussed in the following section. The
relationships between aircraft in maintenance, the capa-

bility factors, and maintainability are depicted in Figure

///Npersonnel Capability

Aircraft in Aircraft ¢ Equipment Capability

- Repair
_/ Maintenance Rate € Supply Capability
(+)

Aircraft L \E}acilitiel Capability

3-10.

Availability

Fig. 3-10. Maintenance Sector Causal Loop Diagram

Figure 3-10 also summarizes the relationships
within the Maintenance Sector. This sector depicts a
positive causal loop indicating that there is a tendency
for uncontrolled growth. For example, if the capabilities
increase to such an extent that less and less aircraft are

in maintenance, the capabilities will continue to grow.
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The limiting variable in this sector, however, is the
number of successful sorties. This variable will increase
through the dynamic behavior of the model, thus increasing
the number of aircraft in maintenance.

A key measure in this sector is the number of air-
craft in maintenance because of the important effects this
variable has on other elements in the sector and in the
overall model. Also important is the aircraft repair rate
which ultimately controls the number of aircraft in mainte-

nance.

Research and Development Sector

The final sector to be developed in this chapter is
the Research and Development Sector. The R&D Sector is an
important sector because the output is engineering produc-
tivity. This productivity is in the form of inherent reli-
ability and the maintainability built into a piece of equip-
ment. Roberts stated in his book, The Dynamics of Research

and Development, "The most critical production project

resource is engineering manpower [(14:19])." Capital invest-
ment is also included in the concept of the number of
engineers produced. The basic assumption used in this sec-
tor is that if R&D acquires more engineers, composite spend-
ing will also occur in capital investment. Consequently,
the more experienced engineers that are used productively,
the more reliability and maintainability are produced.
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Reliability and aircraft in maintenance influence
the desired level of engineers (DLE). As reliability
increases, the desired level of engineers decreases, but as
aircraft in maintenance increase, the desired level of
engineers also increases. These relationships are depicted

in Figure 3-11.

Reliability
* Desired Level of Engineers

Aircraft in
Maintenance

Fig. 3-11. Reliability and Aircraft in Maintenance
to Desired Level of Engineers Relationship
As the desired level of engineers increases, the
hiring rate of engineers (HR) increases, creating the posi-
tive relationship depicted in Figure 3-12.

Desired Level of Engineers + Hiring Rate
(DLE) > (HR)

Fig. 3-12. Desired Level of Engineers to Hiring
Rate Relationship

As the hiring rate increases, new engineers also
increase, thus providing another positive relationship.

This relationship is depicted in Figure 3-13.

Hiring Rate (HR) s New Engineers (NE)

Fig. 3-13. Hiring Rate to New Engineers Relationship
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There is a delay from the hiring of new engineers

until they become productive, experienced engineers (EE).

This relationship is positive and is shown in Figure 3-14.

New Engineers & Experienced Engineers
(NE) > (EE) i

Fig. 3-14. New Engineers to Experienced
Engineers Relationship

Engineering manpower by itself is not a particularly
useful concept. Currently, Air Force engineering manpower
is in critical short supply. The Air Force is actively
pursuing engineering graduates in order to increase this
manpower level. In this model, engineering manpower will
be converted into a technological base. It is the tech-
nology available and how much of this technology is
incorporated into aircraft production that determines the
actual improvements in maintainability and reliability.

The number of experienced engineers has a positive
relationship with the technological base produced by the
R&D Sector. The increase in the technological base
increases both the inherent reliability and the maintain-
ability of the aircraft equipment. These relationships
are depicted in Figure 3-15.

Experienced *o Reliability
Engineers + 5 Technology Z
i Maintainability

Fig. 3-15. Experienced Engineers to Technology to
Reliability and Maintainability Relationship

46

-~ - T S e ——— i\t e it i




The Research and Development Sector is summarized

New Bnqiﬂ::::-h\\\\N

in Figure 3-16.

(=) Experienced
Engineers
H#finq Rate ¢
Desired Level of u{//,/' Technology -\\\\A
Engineers
G;\\ Maintainability
Reliability

Aircraft in
Maintenance

Fig. 3-16. Research and Development Sector
Causal Loop Diagram

Composite Causal Loop Diagram
The entire model can now be illustrated through

the combined pairwise relationships that have previously
been described. This causal loop diagram will be the basis
for the subsequent flow diagrams and equations that will

be discussed in Chapter IV. This composite causal loop
diagram is depicted in Figure 3-17.
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Experienced
Engineers

Engineers

;ﬁ

Hiring Rate (=) Technological

, ‘(

~N
Desired Level - dgo
of Engineers Reliability Maintainability
iﬁi;i? : Peragénel
i / Capability
Aircraft Equipment
Repair & Capability
Factor
\ Sl
Capability
successful
Sorties
Facilities
(+) Capability
Aircraft in
v Maintenance

Flying Hour
Availability Aircraft
i Availability
Availability uf//,
(", \
Scheduled
Sorties

Fig. 3-17. Composite Causal Loop Diagram
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CHAPTER IV
FLOW DIAGRAMS AND EQUATIONS

Introduction
Developed in Chapter III was the conceptual model
of the operational reliability system through the verbal
descriptions and causal loop diagrams. The task at hand in
this chapter is to develop a structural model through flow

diagrams. From these flow diaqramsl

DYNAMO equations will
be constructed. These DYNAMO equations will be used to
computerize the operational reliability model. A verbal
description is included to provide the logic behind the
development of the flow diagrams and DYNAMO equations. The
structure of the model will be developed by sectors just as
the causal loop diagrams were developed in Chapter III.

The Maintenance Sector will be developed first. Figure 4-1

is the flow diagram for the Maintenance Sector.

Maintenance Sector
The Maintenance Sector has two levels, aircraft

availability (AA)2 and aircraft in maintenance (AM). This

1'rhe flow diagram symbology and an example is con-
tained in Chapter II.

zThe variable symbols used in the equations will
be identified the first time the variable is used in this
chapter.
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sector also has two rates, aircraft repair rate (ARR) and
aircraft into maintenance rate (AIMR), which control the

flows between the levels. The level equations are:

L AA.K=AA.J+DT* (ARR.JK-AIMR.JK)
L AM.K=AM.J+DT* (AIMR.JK-ARR.JK)

As can be seen from the level equations, the total
number of aircraft available and aircraft in maintenance
form a subsystem in which resources are conserved. That is,
aircraft are neither added nor deleted. In this model,
the total number of aircraft available and aircraft in
maintenance is 8600. This is the approximate number of
aircraft in the USAF inventory. Developed in the next sec-
tion will be the rate egquations.

The aircraft into maintenance rate is the total of
all scheduled and unscheduled maintenance performed on the
aircraft. Scheduled maintenance is a percentage of the
level, aircraft available. The scheduled maintenance per-
centage includes Programmed Depot Maintenance (PDM).
Unscheduled maintenance is a percentage of the sortie com-
pletion rate (SCR). The sortie completicn rate will be
developed later in the chapter. Unscheduled maintenance
is the maintenance tasks that are required as a result of
flying aircraft. Therefore, the more sorties that are
flown, the more unscheduled maintenance will be required.
The aircraft into maintenance rate equation is:

S1




R  AIMR.KL=SMF.K*AA.K+UMF.K*SCR.JK

where SMF is the scheduled maintenance factor and UMF is
the unscheduled maintenance factor. It must be noted that
if aircraft available drops to a low number, then the num-
ber of aircraft going into scheduled maintenance will also
be a low number. This is a valid situation for two reasons.
First, because many of the scheduled maintenance tasks are
of a routine nature, the maintenance tasks can be post-
poned temporarily until more aircraft are available for
scheduling. This situation occurs frequently at base level ;
when operational requirements are high. Secondly, if the
aircraft are not available for scheduled maintenance it
must be because the aircraft are flying sorties. The
increase in flying sorties increases the unscheduled main-
tenance performed. Consequently, many of the scheduled
maintenance tasks will be performed concurrent with the
unscheduled maintenance tasks.
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