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Chapter I

INTRODUCTION

Manufacturing industries which utilize metal machining have incor-
porated an increasing level of automation in recent years. Both direct
numerical control and computer numerical control systems can be found
in many diverse areas of manufacturing [2,4]. It can be stated that
the predominant reason for the use of these automated systems has been
for control of the machining process and not as a means of integrating
the total system in an optimum fashion. A major reason for this dis-
crepancy is the lack of mathematical models which effectively optimize
the manufacturing system. A consequence of this narrow use of the com-
puter in manufacturing systems is considerable unused capacity which
could be used for an aid in increasing the productivity and cost effec-
tiveness of these systems.

An area in which automation can contribute significantly to im-
proving machining systems' effectiveness is in the area ot machine re-
quirements planning. In general, the machine requirements (MR) planning
problem can be defined as the specification of the number of each type
of machine required in a production process, or group of processes, in
each period during some planning horizon [18]. The significance of this
probiem is highly dependent on the type of production process and its
complexity. Previous research on this problem has mostly been narrow 1in

scope. The production systems considered have been relatively simple

in that little consideration is given to the interrelationships




of system functions and components. Attempts to realistically portray

the production system have led to complex solution procedures such as
those of references [6], [7], and [19]. The nature of the MR problem
is such that it must be modelled as a mixed integer problem. Only in
this way can the number of machines decision be meaningful. Integer

linear programming procedures require a generous amount of time and

core for even simple problems. Therefore, the solution procedures them-
selves have restricted the degree of complexity of the models.

The information required to develop a machine requirements model
includes the operating rates of the individual machines within machine
centers. The cost associated with a production rate and the percentage
of defects related to production are also data which allow the formula-
tion of a realistic model for minimizing cost in a production system.
However, the operating rates are the key element which effect a viable
model. Manufacturing machinery is either designed on an alternating
current (AC) or a direct current (DC) basis. The use of alternating
current usually results in discrete operating rates for the machine
while direct current leads to rates from a continuum within a feasible
range. The possibility of choosing from an infinite number ot rates
causes significant complexity in an optimization procedure, particularly
one involving multistage operation. It wouid, therefore, be a distinct
advantage if operating rate information for a machine could be dis-
cretized to further the feasibility of optimization.

When machining a particular product, the operating specifications

of a machine such as the feed rate, depth of cut and speed of the cutter
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must be optimally chosen to manufacture a product in a cost effective
manner. These operating parameters are what determine the production
rate for a machine, the same rates needed for the machine requirements
model. Computer technology makes it possible to more effectively deter-
mine these specifications, particularly where DC machines are concerned.
This class of problems can be referred to as machine parameter (MP)
optimization problems. Considerable work is documented in the litera-
ture on developing MP models but the bulk of this research has led to
models which are nonlinear. Solution procedures such as geometric pro-
gramming [25] or penalty function techniques [30] have proven to be
either extremely difficult to apply or are slow to converge to an optimum.
While AC machinery has discrete rates and associated discrete
machine parameter specifications, an MR model of broad applicability must
be able to incorporate DC machines as well. A critical aspect of the
MR model is that optimizing each stage of the process independently
does not necessarily optimize the entire system. The MR model, there-
fore, needs complete operating rate intormation for each machining
center (or stage) if the entire system is to be optimized. Consequently,
an associated area of research for this thesis is to develop a mathe-
matical model for optimizing machining parameters which provides com-
plete discretized data. A basic assumption in this respect of the
research is that a tool will only be changed between passes of a tool
over a workpiece. This assumption reduces much of the nonlinearity in

the problem and more importantly, leads to a discretized solution pro-

cedure using an efficient search algorithm. With discrete operating




rates available, the machine requirements model can be applied to any

type of machining system, whether powered by a discrete or continuous
source.

The major purpose of this research is to develop a mathematical
model of the machine requirements problem which achieves the following
objectives:

1. Describes an integrated, serial manufacturing system.

2. Can be utilized to optimize any type of machining system,
whether of a discrete or continuous operating mode.

In addition, there is the associated objective of developing a solution
algorithm which is efficient in both solution time and core requirve-
ments as well as providing sensitivity information with respect to
final demand requirements.

The research will be presented in a sequence that begins with a
survey of the literature in the areas of machine parameter optimiza-
tion and machine requirements planning. Following this is a descrip-
tion of the machine parameters model and solution procedures. The
machine requirements mode! and its solution procedure are then presented.
This formulation is tested and the results are analyzed in relation to
a more complex integer programming procedure. Algorithm descriptions
and information flow charts are provided to assist in the understanding

of the models and associated solution procedures.




Chapter 11
LITERATURE SURVEY

2.1 Introduction

This literature survey will be presented in two distinct parts.
The development of machine parameter optimization techniques will be
discussed initially. Then the status of machine requirements models

will be reviewed.

2.2 Machine Parameter Optimization

There have been many contributions to the machine requirements
optimization literature throughout the worid. The most notable research
has been carried out in Russia, Japan and the United States. An obser-
vation which should be made at this time is that machine parameter
models are generally designed using one of three criteria: minimum
production cost per part, minimum production time per part or maximum
profit rate. This review will not concentrate on any particular cri-
terion since any of the criteria can be converted to another with minor
modification of the model.

A11 machine parameter optimization modelling requires some simpli-
fying assumptions. One of the most basic models was developed by Wu
and Ermer [31] who found the optimum machining parameters for a turning
operation without considering any constraints and by varying one vari-
able at a time. Ermer [9] solved the constrained machining problem in

an economic context using geometric programming. Two years later,




Petropoulos [25] developed his model for the optimal selection of
machining parameters using geometric programming. Hati and Rac [12]
developed mathematical programming models using SUMT techniques to
determine the optimum machining parameters using all three of the cri-
teria mentioned above. Their research concerns deterministic and

probabilistic approaches and involves sensitivity analysis in relation

to the cost coefficients. Hati and Rao document significant conclusions

but their mathematical programming technique, although general, can be
complex to apply and inefficient in operation.

Ermer [10] developed a Bayesian approach to machining economics

by adaptive control. However, this approach requires precise monitoring

of tool wear, a technique which has had only limited development. A
significant model on adaptive searching systems for machining was de-
veloped by Lishchinski and Moshkov [17]. Their model explores the
relationship between tool life, operating parameters and the power
equation to develop a computerized search algorithm used to va;y the
feed and speed parameters. Although appearing to be a valid approach,
this model is highly complex and involves searching over a wide range
of values for the parameters. In addition, the algerithm requires the
precise monitoring of tool wear. Davis, Wysk and Agee [8] developed a
simplified approach to determining optimum machining parameters in an
adaptive control context. Their procedure used an efficient iterative
search algorithm to reach an optimum, but discrete operating data can-
not be derived from their model.

An automated planning process for the optimization of machining

e ‘



processes was developed by Challa and Berra [4]. Their model used
transformed functions to achieve greater linearity and i; solved using

a gradient projection method. The well behaved nature of the objec-
tive function leads to an efficient solution procedure but the proce-
dure cannot be extended to other machine operations in such an effici-
ent fashion. The model is developed only for a milling operation.
Hitomi [12] discussed the optimal machining conditions for a multistage
system using all three optimization criteria. However, the assumptions
in his analysis were so restrictive as to render the staging inconse-
quentiai. A purely probabilistic approach was taken by Iwata, Murotsu,
Iwatsubo and Fujii [13] in which chance-constrained programming was used.
Although it was shown that the optimum cutting conditions are signifi-
cantly affected by probabilistic considerations, the nature of parameter
estimates is inherently imprecise and the assumption of normality is
extremely important but substantiated by little empirical data.

Several other models have been developed whicﬁ have very restric-
tive applications or extremely complex solution procedures. Ravignani
[26] attempts to solve optimum machining conditions minimizing cost
while producing to a fixed demand. This is actually a segmented ap-
proach where subsystems are isolated for individual optimization and
then the effects of idle time and other disturbing events are dis-
cussed. There is no integrated systems approach for optimization.
Boothroyd and Rusek [3] discussed the maximum rate of profit criteria

for determining cutting speed. Their treatment results in the conclu-

sion that the maximum rate of profit criteria is a compromise between




the conditions of minimum cost and minimum production time. The conclu-
sion is also drawn that the usefulness of their procedure is limited by
inaccurate tool life data and little improvement can be expected in
machining economics until greater sophistication is achieved in tool life
models. Claycombe and Sullivan [5] contribute the use of response sur-
face methodology to selecting a cutting tool in order to maximize profit.
This method requires extensive testing, data collection and regression
analysis and would only prove feasible to companies with extensive use

of the same cutting tools and the capability for analysis.

A comparison of nonlinear programming techniques as applied to the
machine parameter optimization problem is provided by Kimbler, Wysk and
Davis [16]. From this analysis, SUMT and a general penalty function
approach posed by the authors appear to be the most useful; but both are
limited by complexities in the objective and constraint functions and
the choice of penalty term values. If nonlinear programming techniques
are to be more generally applicable to the machine parameter problem,
much additional research is necessary to improve efficiency and broaden
their feasibility. Table 2.1 is &z compilation of the most significant

contributions to the MP problem.

2.3 The Machine Requirements Problem

Only a limited number of procedures for analyzing the machine re-
quirements problem have appeared in the literature. Most of the studies
have been deterministic, static analyses which use a descriptive rather
than a normative approach. Shubin and Madeheim [29] developed a model

for a single product, single work center with one operation. Such a
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10

single period model can meet a prescribed production requirement but
has a very limited systems scope. Similar descriptive, deterministic
approaches have been reported by Apple [1], Muther [23], Johnson [15],
Reed [27], and Moore [20]. Although most of the eariy work was con-
cerned with the single product, single work center, single operation
situation, Apple [1] and Francis and White [11] did extend the analysis
to multiple work centers. A serial, single product, fixed routing
operation is theorized but no production system component interaction
is considered.

Morris [21] developed a probabilistic approach to the MR problem
of a single product. Production requirements, operation performance
time and machine effectiveness were modelled as random variables but no
explicit form of the distributions was developed. Reed [28] also
treated the static, descriptive problem from a probabilistic viewpoint.
His multiple work center, serial flow system has the objective of find-
ing the overall number of machines to meet a production requirement.
Specific distribution functions for the basic parameters were assumed
and not developed.

Morris [22] contributed the earliest normative approach reported
in the 1iterature. His decision model was based on a linear cost cri-
terion and no constraints. The machine requirements were modelled as
a probability distribution which was unspecified. All of the models
to this point have resulted in continuous solutions where the actual
number of machines required results from a round up or round down pro-

cedure. Davis and Miller [6] approached the MR problem using




n

deterministic, steady-state analysis in a normative model. The formu-
lation is based on meeting production requirements in a single planning
period at minimum cost with the number of machines constrained to be an
integer. An integer linear programming model was developed but a deci-
sfon criteria was formulated which precluded the use of the more complex
and costly ILP model. However, the decision tree type of analysis can
be very tedious for multistage problems. The model, however, does in-
clude tradeoffs for investment cost and straight time and overtime
operating and maintenance costs. Thus, MR models now involved more
realistic considerations and became more feasible with the stagewise,
integer constrained format.

Miller and Davis [19] also formulated a dynamic resource alloca-
tion model for the MR problem. Limitations on such resources as capital
budget, floor space and overtime hours were explicitly considered and
the interaction between machine centers was represented by consumption
of these resources. The problem then becomes a deterministic resource
allocation problem constrained to attain integer machine requirements.

A drawback in the formulation is that the results represent changes in
machine levels and the initial number required must be calculated to
satisfy time phased production requirements. The model is therefore
restricted to consider only a constant machine rate at each center.

A significant step forward in MR analysis was made by Davis and
Miller [7]. This model formulation resolves the integer number of
machines required and their discrete rates of operation for a discretely

distributed demand in a minimum cost framework. The model developed is

NS v Aoy
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for a serial, multistage manufacturing system which has both straight
time and overtime operating periods. Also provided for is the deter-
mination of in-process inventories between stages. No previous models
were designed to consider the cost of variable operating rates and
integration of the production and inventory systems. The model can be
reoptimized if the demand distribution changes in order to update a
decision policy for addition or disposal of machines. Table 2.2 pre-
sents a consolidation of major contributions to the solution of machine
requirements problems.

Although considerable research has been documented on both the
machine parameter and machine requirements problems, no definitive
analysis appears in the literature for integration of the two problems
into a single optimization model. The optimum cost of operating a
machining system is directly related to the minimum cost framework of
the machine parameters problem. However, to incorporate the two pro-
blems into a single model in the most widely applicable manner, requires
that both discrete and continuous machining systems be modelled. As
noted in the survey of the MP literature, the nonlinearity of the models
greatly complicates the solution procedures and a method of discretizing
all MP problems is required if a valid machine requirements model is to
be formulated. To achieve such an integration of the two optimization
models would be a major step forward in optimization of the total manu-

facturing system.
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Chapter III
MACHINE PARAMETERS OPTIMIZATION MODEL

3.1 Introduction

For a machine requirements model to be generally applicable to any
type of machining system, whether AC or DC, it is necessary to determine
a set of operating rates, associated production costs and the percent
of defects for a particular operating rate. A machine parameters model
is to be developed which achieves this information in a form which can
be readily applied to the machine requirements model.

The percent of defects is analogous to the probability of a defec-
tive part and little definitive work has been done in this area. The
data necessary for inclusion of defectives in the model must be deter-
mined from: operational data from a similar production system, experi-
mental data from sample production runs using statistical methods, or
incorporated into the model after the actual production system is
operating. In any event, the probability of defects occurring would be
a highly dynamic term and would need to be updated at frequent inter-
vals to maintain viability of the model. The cost of defectives will
be initially defined in the MP model formulation but will not be pur-
sued further in the research except as it relates to the machine re-
quirements model. Table 3.1 presents a list of notations used in

the formulation of the machining parameters optimization model.

14




Table 3.1 Notation for Machine Parameters Optimization Model
dc = maximum depth of cut to be removed (mm)
d = depth of cut per tool pass (mm) where de{d;, d2' .o
f = feed rate (mm/rev)
V = cutting speed (mm/min)
L = length ot cut (mm)
D = diameter of cutting tool (mm)
M = torque produced on the tool (kgM)
T, = tool thrust (kg)
¢ = idle time cost ($/min)
n = number of passes made with the tool
C = Taylor tool life constant
TR = time required to replace a tool (min)
T, o= tool life (min)
P = power at the tool (kw)
Cp = cost per part ($)
Cc = cost of cutting ($/min)
C; = cost of changing a tool ($/min)
np = number of tool passes per part
n, = number of tool changes per pass

15

time per pass (min)

, dy}
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3.2 Problem Specification
Specifically, the machine parameter optimization problem is one
of determining the operating parameters of feed, speed, and.deﬁfh of cut

in order to optimize a particular manufacturing objective. The objec-

tive considered in this research is one of minimum cost of production
per part. The total cost to machine one part (CP) can be represented

by the following expression,

o
©
|

= CITI + CcTc(vtf»d) + CTTT(V’f’d) + Cde(V,f,d) (3.])

-
]

I Machine idle time due to setup, load and unload operations and

idle tool motions, a constant.

—t
Ll

¢ = Time in cut which is the expected time per pass times the re-

quired number of passes.

"

Tool change time which is the expected number of tool changes

T
per part times the replacement time.

Pd = Probability of a defective part as a function of V, f and d.

CI’ Cc, CT’ Cd = Cost per minute for idle time, cutting time, tool
replacement time and defectives, respectively.
The number of passes per part is restricted to being an integer
and is defined by the expression,
de
np = -, an integer where deld,, d2’ SR B (3.2)
Based on the assumption that it is infeasible to change a tool during a

pass, the number of tool changes per pass can be defined as,
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;
P (3.3)
L

n. = time per pass _
t tooi |i$e T
where both numerator and denominator are bounded and the feasible set

of ne values is lower bounded by an integer fractional value and upper

bounded by one. Thus,

TP :
min
n = = (3.4)
t . T T /7
min Lmax C Lmax Pm1n]
nt =1, (3.5)
max

since tool 1ife is required to be at least equal to the time required

for one pass. The number of tool changes per part is defined by,
npoEng Ny (3.6)
and TT =Ny TR’ where TR is the tool replacement time, or
Tr=n = n, - Tp (3.7)

Utilizing these relationships, the objective function (3.1) can now be

written as,

Cp = CITI + Cc . TP Ny *C T ng n, (3.8)

subject to a set of constraints which will be illustrated here for turn-
ing and boring of mild steel alloys. The origin of these constraints
will not be discussed here but adequate development appears in other
sources, such as references [1] and [10]. The constraining relation-

ships are:
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n. ¢ {Np}, where Np is the feasible set of n

p p values,

n, e {Nt}, where Nt is the feasible set of Ny values.

foin = T =2 frax (3.9)

Viin <V < Voax Timit on spindle speed (3.10)

L. =TT limit on feasible T/ (3.1)
min max

M=0.08 £7°.d D<M Timit on spindle torque (3.12)

T =2.02¢72.4d<T limit on tool thrust (3.13)
h = Prax

P=0.746 M - V/4500 <P .~ limit on available power (3.14)

- specific functional limit (3.15)
SF = g(V,f,d) iSFmax on achieving a desired
surface finish
The optimization model will consider only initial chts up to the
final pass; and, therefore, surface finish considerations will not be

included. With these considerations and the realization that idle time

is a constant, the objective function can now be condensed to,

Utilizing the familiar expanded Taylor tool 1ife equation,

T, * — ' (3.1'7)

and the time required for a single pass expression,
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Tp = Iyt (3.18)

the following relationships can be developed:

C]/G
V= TLT/G . fﬂfc . dy/a ’ (3.19)
T w.D-L
and, TL = ﬁ = n—t_W_? , Or in expanded form as
DL ¢ nt‘] . TL]/G . fB/a-1 . dY/a '
TL = 61/° . (3.20)

Solving for feed (f), we obtain,

1
(1-1/a) /o v/o 1E7eTT
T . C . .
£=|L T :Il (3.21)

w*U-L‘dcY/a

Consequently, for any given value of n_, Ny and TL’ the machining feed

and speed can be determined from an op:imization procedure developed
using these relationships. The objective function (3.16) is to be mini-
mized subject to a set of constraints given by equations (3.9) through
(3.14) and the integer restrictions of (3.2) and (3.3). The model is now
in a form whereby an iterative search procedure can be used to take ad-

vantage of the discrete nature of the variables ne and np and the sec-

tional convexity of the objective function.




3.3 Illustrative Example

The machine parameter optimization problem, as defined, has been

solved using an example problem with the following data:

D=100m, L = 1000 mm, d. = 5 mm, dmin =1.,2 mm, dnax * 2.75 mm,

c

f

min - .3 mm/rev, f

max - .75 mm/rev, V

min = 5 m/min,

V. =4 x10°

max mm/min, P

nax = 2:25 KW, €= 6 x 10%6, T =25 min,

T

L 45 min, « = 5.0, 8 = 1.75, vy = 0.75, TR = 1.5 min,
max

T, 60 kg, M

= 47.5 kgM, Cc = .3 $/min, Cr = .5 $/min.
max

max
The basis for this example data is a carbide tool and mild steel work-
piece upon which a turning operation is performed. In observing the
problem constraints, it can be seen that substitutions can be readily

j made using equations (3.2), (3.17), and (3.21). These substitutions re-

sult in constraint equations written in terms of Nes Moo and TL. Since

P

ny and n_ are integer terms, the most simplifying step is to rewrite

all of t:e constraints in terms of T  as the bounded variable. With
constraints (3.9), (3.10), (3.12), (3.13), and (3.14) altered in this
way and (3.2), (3.3) and (3.11) left unaltered, the problem can now be
written in a multistage decision context with an explicit optimization
rationale at only one stage. This staged representation is illustrated

in Figure 3.1.

!' In this staged context, §3<~> represents the vector of bounding
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limits on tool 1ife given by the altered constraints. §2<np> represents
the same vector altered by the assignment of np from its feasible set

and likewise for §1<"t> and ny. Consequently, §4<"t> is a vector of
upper and lower bound values for TL' of which max {S1L} represents the
maximum Tower limit attainable by TL and min {§4U} represents the cor-
responding upper bound limiting value.

A further 1imiting of the problem is attained by establishing a
more restrictive lower and upper bound on Ne through analysis of the tool
life equation and the defining relationship for Ny Since the tool
life ratio and, therefore the Ny ratio, is most sensitive to V, the

minimum attainable V and n, can be derived in the following manner:

' e ¢ Ve 3.22
vm"n " fB - T . dY ( ' )
max Lmax max
n = T,/T 7w+ DL - 1 (3.23)
tnin PTL A N A

in a similar manner ntmax can be defined,

1

Ny Y
max T . . Vmax . fmiﬁ]
# DL J (3.24)

Figure 3.2 is a recapitulation of the mathematical model

written in terms of Nps Mt and T . Figure 3.3 shows this model with

the above data inserted.
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Minimize Cp = (np - ny)(0.3 T + 0.75)

Subject to:

np € {203'4}

1
nte{{%. %, %—. e ’T}
387 |18 2.1264 |1-25
n n_° L n, °n AL
t Jof t p
.]5 '0.97
0.4454 - n, 3,623 -
5158 2T 2
(0.567 - n, - np' ) (0.567 - n,
25 < T <45
- 71 1.25
T, 2 |(5.9406 - n )7 (%)
n
R t p
- i 11.25
T, 2 |08 07867 (LTS
nt n
L p
B - -8.33
s . '085 . R . *
T < L(551.z9 n, " )(0.567 -+ ny - myt )

Figure 3.3: Mathematical model for example problem.

-0.97
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An iterative search algorithm was developed to take advantage of
these discrete aspects of the problem formulation. Figure 3.4 is an
information flow chart of the algorithm and Table 3.2 contains solution
information for the example problem. The optimum solution is at

jteration 4 and is as follows:

d* = 2,5, f*=0,75, V* = 114,232, TLP = 25.0000.

The execution time required to produce all feasible solutions was 0.27
sec using a FORTRAN algorithm implemented on an IBM 370/Mod 165 com-
puter. However, taking advantage of the sectional convexity of the
objective function, termination of the solution procedure upon reach-
ing a minimum reduces the execution time to 0.11 seconds.

Table 3.3 presents a relative comparison of the solution results

obtained for the above example problem when solved using several exist-
ing algorithms and the staged approach given here. Not only does the
approach given here produce an optimum result much faster; but, more
importantly, it is the only algorithm which generates a solution that
reflects tool changes only between passes (an important practical con-

sideration).

3.4 Conclusions

The realistic assumptions utilized in developing the machine para-

meter optimization model presented here offer the basis for a much more

efficient algorithm than previously available. The method is very
amenable to planning optimum machine settings and can be used to

initialize an adaptive control system which will then reoptimize feed
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Figure 3.4: Information flow chart of the machine parameters
L. optimization algorithm.
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Table 3.3 Comparison of Solution Times for Example Problem

Algorithm/Reference

SUMT (16]
Kimbler, Wysk, Davis [16]
Davis, Wysk, Agee [81]

Hayes, Davis (Thesis Algorithm)

R

Execution Time (sec.)

e ,..,‘,r.».:»/..e-'_-vq

4.88

2.85

0.46

o.M
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and speed during cut, as described in [8]. However, the principal ad- :
vantages of the model are: the discrete nature of the resultant solu- ;

tion process, consequent reduction in solution time, and improved solu-
tion accuracy. The discrete parameter information of Table 3.2 can now
be incorporated into a generally applicable machine requirements model. ]
The production rate data needed for the MR model can be derived from
the machine parameters model by calculating the production time per

unit which is imbedded in the formulation. The operating rate for the

machine is then the reciprocal of this production time.




Chapter IV

DEFINITION OF THE MACHINE REQUIREMENTS MODEL

4 1 Introduction

The problem addressed in this section is one of defining the

optimum number of machines, their operating rates and the time of

operation at each rate to accomplish the production of a specific

product. The manufacturing system in which production occurs conforms

to a serial, multistage configuration with a different processing

operation occurring at each machining center (or stage). It is as-

sumed that product demand and production are given on a per day basis.

Within this general framework, a model is developed which can be em-

ployed to answer the following fundamental questions related to the

design of such a manufacturing system, in the context of cost mini-

mization.

1. How many machines are needed at each machining center of

the system?

2. What are the optimum operating rates for the machines in

each production stage?

3. How long should the machines be run in each stage for a

specific final production level?

Approaches to the first of these questions were addressed in

Chapter II but the fundamental framework of the model will closely fol-

low that of Davis and Miller [7]. Such a methodology treats the
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manufacturing process as an integrated system where production costs
vary with processing rates. The rates at each stage exist as either a
continuum over a range (for DC type machinery) or as a discrete set of
feasible rates (for AC machines). However, the methodology discussed
in Chapter III allows a discrete set of operating rates for use in the
machine requirements model whether AC or DC machinery is employed.
Variation in production cost as the rate varies is due to such factors
as tool wear, power consumption, maintenance cost and direct labor,
factors which were integral elements ot the machine parameters model.
It is assumed that the percent defectives resulting from a manufactur-
ing process is a function of the processing parameters as discussed

in Section 3.2. Therefore, a defectives rate can be associated with

each discrete processing rate.

4.2 Definition of the Mathematical Model
Three basic assumptions underlie the machine requirements model:
1. The machines in each work center are homogeneous.
2. Each production day is broken down into two components, an
8 hour first shift and an 8 hour second shift period.
3. The output from a production stage dictates the amount to be
processed at the next stage.
A 1ist of notations used in the development of the machine requirements
model is contained in Table 4.1.
For the above system description, the objective for a minimum

cost configuration is one which minimizes the following daily operat-

ing cost function:




T
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Table 4.1 Notation for the Machine Requirements Model

the number of machine centers in the system

a feasible operating rate from a set R at stage i
manufacturing cost for one hour of production at rate r;
during the first shift ($/hour)

manufacturing cost for one hour production at rate r during
the second shift ($/hour)

percent of defective units incurred at stage i by processing
at rate r;

fixed cost of a machine per day in stage i ($/day)

number of machines utilized in stage i

number of hours of operation at rate r; during the first shift

number of hours of operation at rate r during the second shift

time period.

At s T TN ORI
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Total Cost = ) (¢S t5 +¢%¢t° +c.n.) (4.1)
i rER1 rgry o ryry o Ry

processing cost equipment cost

subject to the following restrictions, for i =1, . . . , N.
First, the total number of units processed at stage i must equal

the quantity available for processing at that stage,

Jortd +t2) =5 (4.2)

reRy 1M1 !
Second, the quantity of output product at a stage, quantity pro-
cessed less the fraction defective, must equal the quantity processed

by the next stage,

r(1=b )(t5 +t2) =5, =5, (8.3)
réRi i ryttry r; i i+]
For the final stage this restriction takes the following form,
r(1-b )(t5 +1t%) =5 = final demand (4.4)
rZRi n *n' Th n n

Finally, the units being processed at a stage cannot employ more
processing time than is available on the number of machines allocated

to that stage. For the first shift operation this is:

]t o< 8n, (4.5)
Y‘ER1

1‘1“

[P P F USSR S
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and for the second shift operation,

0
rER- t’,'i < 8n,, and (4.6)
i
s .0 .
tri, tri. n; > 0 and n, an integer (4.7)

The above model is a fundamental linear program requiring an
integer domain for the subset of variables associated with the number
of machines and allowing the other decision variables to have a con-
tinuous solution. A muitistage system employing this model can be
solved using a mixed integer linear programming algorithm with a branch
and bound solution technique. However, the solution time and core re-
quirements for such a procedure can become prohibitive for a problem
involving a significant number of stages and operating rates. An
alternative approach, using dynamic programming, may offer distinct
computational advantages and result in a greater variety of decision
information for the analyst. Such an approach will be formulated in

the next chapter.
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Chapter V

DYNAMIC PROGRAMMING SOLUTION PROCEDURE

5.1 Rationale of a Dynamic Programming Formulation

The staged character of the manufacturing system being modelled and
the nature of the transition between stages as described in equations
(4.2) and (4.3) lead directly to investigating a solution procedure using
dynamic programming. Figure 5.1 depicts a multistage serial production
system with decisions at each stage represented by the number of machines
and operating hours decision variables. The return Zi’ represents the
cost incurred at each stage in producing to a specified final demand §N.
The transition between stages is represented by the state variable Si‘
Solving for the necessary S value at each stage dictates the number re-
quired as output from the previous stage. Through working backwards
through the problem, a set of decisions can be determined at each stage
to attain the required final production level of S.

Hand1ling the problem in the above fashion restricts the decisions

to those which are tied directly to the final demand value. However, a

m—thmn

much more broadly based solution procedure can be achieved by using
state inversion techniques [24] thereby reversing the state transition
arrows in the serial system as shown in Figure 5.2. The problem can
then be treated as a fundamental dynamic programming problem using a ]
recursive procedure to work against the flow of the arrows. The deci-

sion resulting from such an inversion procedure will reflect a broad f’

35 ]
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range of system states in relation to both initial and final values in
the production process.

As the model is basically a mixed integer 1inear program which is
decomposable into stages, it is necessary to use l1inear programming
solution procedures at each stage of the dynamic program to determine
the optimum decisions which hold for that stage and, therefore, all prior
stages. Insuring that both optimality and feasibility are attained in
relation to the decisions at each stage will assure that decisions for
the entire system are optimized in accordance with the principle of
dynamic programming.

5.2 Maintaining Optimality and Feasibility Through

Parametric Analysis

The linear programming approach used in each stage of the manufac-
turing model is actually one in which the initial decision values are
predefined to maintain optimality and further iterations maintain opti-
mality of the solution while determining the range of production values
for which the current solution remains feasible., Given a set of produc-
tion rates, unit cost information and percent of defectives for the
initial stage in the system, it is possible to determine the lowest cost
production rate for the first 8 hour shift. This relationship is of
the form:

Minimum cost rate = Min (C. /ry(1-b, )) (5.1)
r‘,ieR1 1
Figure 5.3a illustrates the formation of a linear programming

tableau with the three rows of the constraint matrix representing the
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restrictions of equations (4.3), (4.5) and (4.6) of the mathematical
model. The right hand side of the first row of the matrix is the pro-
duction level for 8 hours using one machine at the lowest cost produc-
tion rate. The second and third row right hand side values are the first
and second shift slack time hours.

The tableau of Figure 5.3b illustrates the solution after an ini-
tial pivoting operation where the variable associated with the minimum
cost rate enters the basis replacing the artificial variable A. The
production range for which this solution is feasible is zero up to the
level determined by 8 hours at " min°® The key element of linear pro-
gramming which has repeated application with this model is that of post-
optimality analysis which can be done to the right hand side in relation
to changes in production level represented by the first row. The change
in production level for which a solution is feasible is determined by
the effect of the first column of the basis inverse on the right hand
side. The feasible range of production is then calculated by moving
this basis inverse column to the right hand side and solving for the
number of units which maintain feasibility. Each subsequent iteration
through the simplex procedure, in which a new variable enters the basis,
will maintain optimality while the artificial variable column, or first
column of the basis inverse, establishes the production range for which
the solution holds. For example, with the first column of the basis

inverse and the right hand side vector having the following values,
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’ .0 8.0 8.0

: .034 | and .0 | 1eads to .03 b '

-.034 8.0 8-.03¢ b |

A RHS RHS + ab |

the lower range for this solution is the 8 hour production rate deter-
mined by the time variable associated with the first row and the upper
bound is determined by the point at which the solution becomes infeas-

ible. Solving the equation,
8-0.034 ab = 0 (5.2)

determines the ab value or the additional production above the initial
right hand side first row value for which the current solution holds. —
Continuing to iterate while bringing in the next most cost effective
production rate variables will maintain optimality; while determining

% the effective range of production through postoptimality analysis of

the right hand side. These iterations are accomplished through dual

AR Lt

simplexing on the right hand side value which will first cause the solu-

I ot LA

tion to become infeasible when parametric analysis is used. Progressing
in this manner will insure that there are no discontinuities in the
ranges.

The iterations at each stage continue until either no variable

can be brought into the basis or the upper 1imit of production is reached.

If no additional variable can enter the basis, it is necessary to add a
machine to accomplish higher production levels. This is done through

increasing the initial hours available for first and second shift

oo
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production by 8 for each shift and continuing to iterate after insuring

that the solution is returned to feasibility. When the upper limit of
[

planned production is attained at a stage, it is necessary to continue

to the next stage.

5.3 Transition Between Stages of the Manufacturing Process

Following the initial stage of production, each stage of the pro-
duction process, and therefore the model, must absorb the returns (or
cumulative costs) of stages previous to it. It must also reflect the
state variable production quantity transition value between stages. The
addition of a new row to the constraint matrix representing equation
(4.2) of the model enables both of these requirements to be met. Figure
5.4a is the initial simplex tableau for all stages other than the first. ;
Si is the transition value and represents the input to stage i to obtain
the level of production indicated for the current solution., It is also
the output needed from stage i-1. The cost of production from previous
stages must be absorbed into the current stage. The cost of production
at a stage is represented by the objective function value associated with

a feasible tableau and contains two components. One is the fixed compo-

nent consisting of the basic variable cost values multiplied by the right %
hand side. The fixed component also includes the fixed cost of a machine i
times the number of machines. The variable component is the basic vari-
able cost vector times the first column of the basis inverse to account

for the cost of production above the lower bound of the range for which

the solution holds. In summary, this relationship can be stated as,
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Total Cost; = Cp + n; + [CglIb] + [Cg][B]'] (5.3)

When a stage absorbs the cost from a previous stage, it must absorb
both the fixed and variable components. The fixed portion is added
directly to the objective function value of the next stage while the
variable component becomes the cost coefficient associated with the
transition function value Si' Since Si is always in the basis, the cost
coefficient, Csi’ is always included as a component of Cg, the basis
cost vector. Figure 5.4b is the initial tableau of the ith stage (for
i greater than 1) following the first pivot operation, or iteration up-
date. Thus the cost (or objective function value) includes the cost
associated with the previous stage and all stages prior to it. The Si
variable in the basis gives the input level needed at the ith stage and
the necessary output from stage i-1.

Since the costs and transition values are optimized at each stage,
and therefore independent of all previous stages after absorption, the
number of stages has no effect on the procedure except in total solution }

time.

The most critical aspect of absorbing previous stage costs is that
of maintaining continuity of production ranges. Cost functions which
hold for particular ranges in stage i must be absorbed into stage i+1
with full cognizance of the ranges involved. A change in cost function
in stage i directly causes a change in the fixed and variable portions
of the cost components absorbed into stage i+1. A range split will
then result in stage i+1. The solution vector for stage i +1 will not

change, but the cost associated with the solution changes, necessitating
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the split in ranges to maintain correct accountability of absorbed

costs. An element which must be considered in handling the absorption
of returns caused by a range split is that the range from a previous
stage affects the current stage through the transition function; and is
not directly analogous to the current production of good units but to the
input units to the current stage. For instance, if a change in returns
occurred at a certain production level in the previous stage, that

change is reflected in the current stage at a production level which is

reduced to account for defectives in the production process.

5.4 Incorporating Economic Tradeoffs as Decision Criteria

A key decision point in the analysis of the manufacturing process
is whether it is more economically advantageous to bring in higher cost
production rates or to increase the number of machines in order to in-
crease the level of production in a stage of the machining system. In-
formation included in the linear programming solution provides a readily
available means of economic analysis to make this decision. Associated
with the slack values in the constraint matrix of the LP procedure are
reduced cost, or "shadow price," values represented as the Zj-Cj values
in the cost row pertaining to the slack variables. These values indi-
cate the amount of savings which could be incurred for each additional
hour of time available in the first or second shift respectively, It
must also be considered that adding hours of production can only be done
in 16 hour increments per machine. Therefore, what appears as a simple

check to determine if the savings available exceeds the cost of adding

another machine, becomes more complex with the realization that a full
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16 hours of production may not be needed from another machine. Conse-
quently, the decision must be based on production levels as well as costs
and savings, a task for which the LP procedure is particularly well
suited.
Through the use of the objective function cost values, it is pos-

sible to determine whether it is economically feasible to add a machine
as well as the precise production level at which this occurs. Within a

i particular stage, the reduced costs associated with the slack variables

t are used as an indicator of whether the economic situation bears fur-

ther analysis. If,

8+ (2 =~Co )+ (Zy -Co)>Cc , (5.4)
Ry Ry Ry "R T 7Fy

it is necessary to undertake further analysis. The reduced costs are

multiplied by 8 hours since adding a machine would provide two addi-
tional shifts at 8 hours each and the relationship of equation (5.4)
is therefore balanced.

Upon determination that it may be advantageous to add another
machine, a formal analysis is conducted to determine if the pertinent
production level for a breakeven point is within the range associated
with the current solution vector. This analysis proceeds as follows.
Let RVCUR be the current variable portion of the cost function and RFCUR
be the fixed portion as they pertain to a basic LP solution with re-

duced costs satisfying equation (5.4). In order to test whether adding

a machine is valid, it is now necessary to hypothetically do so by

adding 8 hours to the first and second shifts.

T R Sl bl T m__”J
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The lower bound of the range for which the basic solution holds is
used as the new initial right hand side production value. Using the dual
simplex procedure, the feasibility of the solution can be restored and
the lower bounds of the base solution and the updated solution will cor-
respond, although the upper bounds of the ranges may differ. The objec-
tive functions of the two solutions will differ since they involve dif-
ferent bases and this serves as the means of comparison for purposes of
a decision.

Through setting the current objective function of the base solution
equal to the objective function of the feasible solution with a machine

added, represented by fixed and variable components, RFP and RVP, as

RFCUR + RVCUR (ab) = RFP + RVP (ab) + Ce s (5.5)
i

a Ab value can be determined for which the cost functions are equal. This
indicates the production level at which adding a machine is economically
feasible. If this production level is outside the range of production
for which the base and revised solution hold, then no machine is added
and further iterations proceed from the base solution. If adding a
‘machine is indicated, iterations proceed from the feasible revised solu-
tion with a machine added. The production level at which the change
occurs becomes the upper bound of the production range for the base solu-
tion and the lower bound for the feasible range of the revised solution.
Adding any number of machines proceeds in the same fashion since adding

8 hours to each shift has the same effect on both sides of equations

(5.4) and (5.5), regardless of the current level of machines.
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Al11 aspects of the decision criteria necessary to utilize the
dynamic programming formulation have now been discussed. It remains
to develop a computer algorithm which incorporates all elements of the
dynamic and linear programming solution procedures. This development

will be detailed in the next chapter.




Chapter VI

DEVELOPMENT OF THE COMPUTER ALGORITHM FOR THE MR MODEL

6.1 Introduction

A computer algorithm to achieve a solution to the dynamic program-
ming formulation of the machine requirements model must include all of
the decision analysis discussed in the previous chapter. The most effec-
tive means of designing such an algorithm is to utilize subroutines to
perform those aspects of the procedure which recur repetitively, par-
ticularly the linear programming iterations. This chapter will utilize
a discussion and information flow charts to explain the operation of the
solution procedure, focusing on the main program and then those sub-

routines which require more detailed explanation. Further detail is

available in Appendix B where the complete code listing is included along

with a description of notation used in the FORTRAN program.

{ 6.2 Main Program

The main program of the computer code is the vehicle which coordin-
ates all elements of the solution procedure. Those decision points which
are reached within a subprogram will be discussed in relation to that
subroutine. Figure 6.1 is an information flow chart of the main pro-
gram. Given a set of input data in the form of operating rates, per-
cent defectives, productfon costs and fixed equipment costs, the first
/ step in the solution algorithm is to set up the initial simplex tableau

i for each stage of the production process. This initial tableau will be

49
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utilized within each stage as it is reached in the dynamic programming
formulation. Following this initial step, the most cost effective
entering variable is determined and the simplex iterations within each
stage begin. Each iteration corresponds to a distinct production range
at a stage.

Unless there is a range split due to a change in cost function from
the previous stage or a machine being added, each change in production
range is marked by a change in basis requiring the formation of a new
tableau. The new tableau representing revised solution information is
derived in the algorithm through a series of checks and matrix manipula-
tions. Upon determination of the need to change the basis to attain a
higher production level, the PRELIM subroutine is called. This routine
determines the row in which to dual simplex, and therefore the leaving
variable, and finds the entering variable using the minimum ratio rule.
Upon establishing the new basis, the INV subroutine is called to invert
the basis matrix for use in updating the tableau. If no variable is
eligible to enter the basis, indicating all of the feasible rate increases
have been exhausted, the subroutine to add a machine, MACHAD, is called
and the resultant tableau is then utilized for further iterations.

The revised basis inverse can now be used in conjunction with the

initial tableau for the current stage to obtain the updated tableau.
This procedure is accomplished in the UPDATE subroutine where the ini-

tial tableau constraint matrix is premultiplied by the basis inverse to :

obtain the current constraint matrix values. The right hand side, ob-

jective function and Zj-CJ values are also updated using the basis
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inverse or basic variable cost values where appropriate. The updated
tableau now contains all of the information needed to determine the
production range, transition function values and applicable cost func-
tion. These calculations are also performed within the UPDATE routine.
If the updating of a tableau is necessary within a dual simplexing pro-
cedure designed to return a solution to feasibility, a RETURN statement
is used with the UPDATE routine to bypass the calculations not associated
directly with the update of a tableau. Such a dual simplex procedure
occurs within the subroutines which check for adding a machine (MACHCK)
and which add a machine when rates are exhausted (MACHAD).

Each time a new solution is determined, it is necessary to check if
adding a machine may be economically feasible. If this check is positive,
the MACHCK subroutine is called to make this analysis as explained in
Chapter V. Upon this determination, the necessary updating is accom-
plished and the normal procedure continues with return to 1 as indicated
in the flow chart.

When the upper limit of production is reached within a stage, the
solution information is compiled and printed in a form which can be used
to develop the operational data which optimizes the entire production
system. Given any final demand value for production within the upper
1imit of the last stage, the total cost of production, operating rates

at each stage, number of machines and hours of operation at each rate

can be determined. Two of the subroutines will now be explained in

greater detail.




53

6.3 Machine Check Subroutine

The flow of decisions within the subroutine MACHCK for determining
the economic feasibility of adding a machine is depicted in Figure 6.2
Since the procedure of the analysis is to hypothetically add a machine
and use the resultant solution for further analysis, it is first neces-
sary to retain all pertinent values of the iteration which leads to the
check. This information can then be recovered if no machine is added.
When a machine is added to perform the analysis, the immediate result
is that the solution becomes infeasible for the range comparison needed.
Therefore, the dual simplex procedure must be used to drive the solution
to feasibility at which time the ranges will be compatible for analysis.
This dual simplex procedure is handled by the RHSCK subroutine which is
used solely as a vehicle to determine the new basis while iterating
towards feasibility. Once this is accomplished, the decision criteria
discussed in Section 5.4 is utilized to decide upon the addition of a
machine and the resultant range information. Deciding to not add a
machine results in recovering the solution tableau which initiated the

procedure and iterations continue from there.

6.4 Machine Add Subroutine

The MACHAD subroutine is invoked by the PRELIM subroutine when it
is no Tonger feasible to bring_another rate into the basis. Adding a
machine makes it possible to achieve higher production levels. This sub-
routine alters the right hand side of the initial tableau for the current
stage to reflect the increase in production hours due to an additional

machine., The UPDATE, RHSCK and INV subroutines are then used to drive
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the solution to feasibility at a range lower bound corresponding to the
upper bound of the range of the last feasible solution without the addi-
tional machine. Continuity of production ranges is maintained and

iterations can continue from this point.




Chapter VII

A S e+ ik ]
3

COMPUTATIONAL RESULTS AND MODEL VALIDATION

7.1 Validation of the Dynamic Programming Formulation

In order to be assured that the dynamic programming formula-
tion is performing all of the functions for which it was designed,
it is necessary to test the model against a valid reference. Although
hand calculations can be used to verify calculations in the model,
the complexity and detail of the solution procedure makes such a
validation prohibitive for all but the most simple example. Hand

calculated simplex tableaus were used to test some elements of the

model but the most meaningful validation resultd¥ from using a commer-
cial integer linear programming system as the means of comparison of
results. For this purpose, the Mathematical Programming System (MPS)
mixed integer linear programming package (MISTIC) was utilized. This
system is available through the Virginia Tech Computing Center,

A four stage manufacturing process with input data as shown in

[ Table 7.1 was uscd as the validation example. The procedure of using
| the results of the dynamic programming solution aicorithm is shown in

Table 7.2. This table depicts the production range of each stage and a

the resulting operational information for optimization of producing
to a final demand of 500 units. The procedure starts with the fourth
stage since the final production is known and the decisions can be

‘ determined through recursive movement through the stages. The complete

I Y YT YT ———— T kT
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Table 7.1 Input Data for 4 Stage Production Process

Stage Production Data
1 Rates (Units/hour) 25 30 35 40 45 50
% Defectives .041 .042 .045 .050 .01 .055
1st Shift Cost '
($/hour) 10.0 12.0 14.0 17.2 19.8 25.0
2nd Shift Cost
($/hour) 13.0 13.8 16.1 19.2 22.9 30.0
2 Rates 10 15 20 25 30
% Defectives .094 .095 101 .105 .110
1st Shift Cost
($/hour) 7.0 7.95 9.00 10.75 13.2
2nd Shift Cost
($/hour) 10.00 10.95 13.00 14.00 17.40
3 Rates 40 45 50 55 60
% Defectives .045 .047 .050 .051 .053
1st Shift Cost
($/hour) 5.2 5.85 8.0 9.35 10.8
2nd Shift Cost
($/hour) 7.2 7.65 10.0 11.0 13.8
4 Rates 5 10 15 20 25
% Defectives .057 .060 .063 067 072
1st Shift Cost
($/hour) 10.0 15.0 19.95 30.0 40.0
2nd Shift Cost
($/hour) 15.0 20.0 30.0 35.0 50.0

Fixed Cost of Equipment Per Day:

Stage Cost ($/day)

80.0
60.0
40.0
70.0

PN —
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solution results for the four stage example are shown in Appendix C
and these can be used to find the optimal operational data for any
final demand up to 753 units.

To test the results obtained from the dynamic programming model
and to assure that all routines of the model are exercised, two vaiida-
tion computer runs were made using the MISTIC procedure. One test was
for a final demand of 500 units and the other for a final demand of 650
units. Table 7.3 depicts the results of the comparison of the two
models for each of the demand values. These results verify that both
procedures reach virtually identical results for a specific final
demand when maintaining an integer number of machines. Of particular
note is the difference in execution time to attain the same solution
using the different procedures. Not only is the dynémic programming
formulation much faster, using an IBM 370/158 computer, but it only has
to be executed once to obtain solution information for any projected
final demand up to the upper limit planned for. The integer linear pro-

gramming procedure must be executed for each distinct final demand value.

7.2 Computational Efficiency of the Model

Several tests of the dynamic programming model formulation were
conducted to determine the computational effect as related to the MISTIC
procedure. In addition to the four stage process already examined, the
number of operating rates for the four stage example were doubled to

test the effect of increased number of variables on the decision pro-

cess. To analyze the effect of an increased number of stages in the




23S 9g ‘uLm | SpPu0d3s |°'gl :3Wl] uo1INdAX]

10" b681$ 95°2681$ 1150) UO}3INPOUy {e30)
22l L '€ G 6L1 L b'e G w
181 1 St op 8L . L v  op 2 w
09¢ L 08 & 09¢ L 08 s { { i
3 051 L 09 g2 051 L 09 g2 2 5
08Y 2 09l of 08b 2 09l ot 1 2 ¥
102 L v s 102 L v b 2 :
09¢ I 08 g 09¢ _ 0'8 b 1 £ :
562 2 sl 02 562 2 Si'bl 0z 2 :
0tz 2 09l s obz 2 09l sl 1 p
SILUN Seulyoey S4nOj 3309 SIIUp SSUYOYy Snof a3ey 1310S abe3s
UGTTeINWIo] FTISIN 11 UOTTeLNII0] 4]

SIIUN 00§ JO puewsq [euij 'y

e ]

S1{nsay uotlepi(ep jo uosiuedwo) ¢z ayqey




*39S 9¢ ‘uw | Spuodas |°g| t3wL) uoL3INdax3
0t°89v2$ 16°99t2$ 1350) u0L3Inpoad (ejoj
96¢ 2 98'6 0¢ 962 rA 98°6 ot I
09s 4 0'9L St 09 A 0°9L Gt t L
— 8ce l I T4 8¢ce A G'el 62 A
© 08y l 0'91L o€ o8t 4 0°91L ot L 4
09¢ l 08 ) 09¢ L 0°8 Sh A
8¢ L v9- 09 o¥ S | 99° 09 L
LEE l 9e°L St oee L veL Gt L €
GeE £ 9.°91 02 GEE £ 9.9l 02 4
09¢ £ 0've Sl 09¢ £ 0°v2 Sl L 1
SJLUf Saulydey SJInOH 938y SIIU[} SSULYOPY SANOH o3y 41LUS abe3s
uotjeinuwaogd JIISIW 411 uoL3e | NUIMO4 4@

S31Un 059 40 puewsg Leuty ‘g
(PanuLjuo))--g* /£ 31qey

————— P

s p i otk . v Sy < at ol | . L




T v—— ISy g e . M

62

manufacturing process, a six stage and a five stage example were for-
mulated and tested. A1l of the examples were solved using both the DP
procedure and MISTIC. The results of these test problems are shown in
Table 7.4 and the production costs are identified for each method to
further support the credibility of the DP model.

The most significant aspect of the comparative results is the
major decrease in computation time for the DP algorithm as compared
to the integer programming method. As the number of stages increases,
the time to attain a solution with the MISTIC procedure rapidly in-
creases while the DP model leads to a more linear increase. The model-
1ing of even higher numbers of stages should realize an even greater
discrepancy in execution times. Such a result indicates that the
MISTIC code or, in fact, any branch and bound mixed integer procedure,
would be prohibitive for a complex manufacturing process.

Two other areas for consideration in comparing the two solution
procedures are input data requirements and the computer core storage
needed. The data requirements for a programming package such as MPS
are considerably more complex than that of the DP model as demonstrated
in Table 7.1. MPS is limited to two data iteric per card and the task
of preparing the data cards for a large lincar programming constraint

matrix is monumental. The DP formulation contains routines to form the

1inear programming tableaus from simple production data and much prepa-

ration time and sources for error are eliminated. Table 7.4 also indi-

cates the core requirements for the computer runs of the example pro-

t | blems. Much less core is required in the DP algorithm resulting in
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application to computer systems with smaller memory capacity and less

cost of computer operation. ;
The significant results obtained through solving the machine re-

quirements problem with dynamic programming offers a base upon which

to build further research in manufacturing systems optimization. Ex- :

tension of the model into additional areas will be discussed in the next

chapter.
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Chapter VIII
EXTENSIONS

8.1 Extensions Related to Dynamic Programming Formulation

The dynamic programming formulation of the machine requirements
model lends itself to several variations on the model depicted in
Chapter IV. Any manufacturing process which can be handled in distinct
stages and which has similar production and cost data can be modelled.
This feature allows extension of the model to non-serial systems such
as converging and diverging branch and feedforward and feedback systems.
Inessence, non-serial systems can be decomposed into a series of serial
systems for solution purposes. The extension of the model to these types

b of systems would add complexity to the absorption of previous stage pro-

duction cost as well as to the transition function. The basic solution
procedure is capable of handling such complexities within the linear
programming structure at each stage.

The feasibility of extending the DP formulation to non-serial sys-
tems allows the procedure to be applied to complex manufacturing systems

having a variety of operating modes. Such production situations as manu-

facturing two ormore products simultaneously for all or a portion of a ]
production line, rework of defective items, and the converging or diverg-

ing of machining processes in a system can all be treated within the

framework of non-serial systems. More detail on the structure and solu-

tion of such systems is available in Nemhauser [24].
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An example of a non-serial system which is particularly amenable
to a dynamic programming solution procedure is the converging branch sys-
tem as diagrammed in Figure 8.1. This system consists of three serial
flow machining systems which converge into a final assembly point. Since
quantity input to the last stage must be the output from the previous
stage, or stages, in the assembly situation as shown, the outpdt from
the three converging branches must be equal. This simplifies the pro-
blem considerably as each converging branch can be solved individually
with the output of the branch required to be the input needed by the
last stage for a specified final demand value. The total cost of the
system through the assembly process would be composed of the sum of all
of branches and the cost of final assembly.

The development of the dynamic programming model has focused on a
manufacturing system with the stages limited to machining centers. Such
a concept proceeds directly from the historical perspective of the pro-
blem and the practical consideration of limiting the scope of the problem
to the most relevant aspects. This approach is also consistent with the
incorporation of the machine parameters problem into the machine require-
ments problem structure where all machining processes are modelled as
having discrete operating rates of operation and associated costs can
be built into the optimization procedure.

A particular example of modelling a non-machining process would be
material handling between machining stages. In the design of a manu-
facturing process, the type and number of material handling equipment

may be critical. Given a set of alternative equipment with discrete
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operating rates, these rates could be used to develop the decision vari-
ables for a material handling stage between the machining stages. The
operating cost per unit time must be known as well as the fixed equipment
cost. The development of such an integrated concept would take the op-
timization of the manufacturing process a step further and limit the
variability associated with actual implementation of the model due to

restrictions imposed by materials handling equipment selection.

8.2 Extensions Related to Model Structure

In addition to extensions related tc the DP solution procedure, the
structure of the machine requirements model is such that a variety of
situations can be incorporated. The model developed in Chapter VI
utilizes a two shift production system but the time system employed in
the model is highly flexible. The use of such modes as 3 shifts, 2
shifts with overtime and limitations to overtime can be readily achieved
through variations in the constraints or the addition of new constraints.
These constraint changes then lead to revising the set of decision vari-
ables in much the same way as increasing the number of rates or stages
affected the test problem discussed in Chapter VII.

Two elements of the machine requirements model developed by Davis
and Miller [7] can be included in the dynamic programming formulation.
The Davis and Miller model is identical to the model developed in this
research except for their inclusion of in-process inventories. Also,
their model uses units processed as the decision variables in each stage

rather than the hours used for production, but there is a direct
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relationship between these variables. Through analysis of the Davis and
Miller model it can be seen that the effect of in-process inventories
ultimately appears only in the objective function where storage cost can
directly affect the cost incurred from a certain operating rate. There-
fore, the DP formulation can be altered to include in-process inventories
through modification of the cost data. In this way, the model can be
designed to accommodate the cost of storage between stages as it affects
the cost of the entire manufacturing system.

The Davis and Miller model is also designed to handle discretely
distributed production demand through the use of probability data for
distinct demand values and cost data for shortage and overage produc-
tion. Such a feature can be readily added to the DP model if the proba-
bility information is available, since the calculations occur outside of
the main optimization process. The DP formulation actually makes this
feature more readily applicable since all of the optimization results
are available for an entire range of production. The optimum cost for
producing to each specific demand value can be easily calculated as
shown in Table 7.2 and then the probability and cost data can be applied
to determine the actual expected cost. Recourse to an integer formula-
tion such as MISTIC requires a complete solution procedure for each dis-
tinct demand value for which probability information is available.

Although the main approach in this research has been to consider
the optimization of a machining system from the design standpoint, the

availability of solution data for an entire range of production readily

allows extension to a production scheduling procedure. The fixed cost

P
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of a machine in the model formulation includes investment cost since the

number of machines is being planned. For an optimization procedure of

a production line already installed, the investment portion of the

fixed daily cost is removed. An upper bound must also be placed on the
i number of machines allowed to be allocated to a machining center. The
production time decision variables can readily be transformed to produc-

tion quantity if desired by production personnel.




Chapter IX

ettt

SUMMARY AND CONCLUSIONS

In summary, it has been shown that it is possible to discretize
the machining parameter problem to enable any type of machining
equipment to be incorporated into the machine requirements planning
problem. The machining parameter algorithm is more efficient than
any other developed in the Titerature and is the only one which results
in discrete operational data as shown in Table 3.2. The dynamic
programming formulation of the machine requirements model has been
shown to lead to a highly efficient and flexible solution procedure.
The computational efficiency as depicted in Table 7.4, results in the
ability to optimize complex multistage systems without incurring
prohibitive solution costs and core storage requirements.

In many complex systems, branch and bound integer programming
algorithms may prove to be incapable of reaching a solution in a
feasible amount of time. Thus a DP approach is the only recourse
if an optimal solution is to be obtained. The fact that solution
information for an entire range of production demand is available
also contributes greatly to reducing computational time when optimizing

for a set of final demand values. The feasibility of the dynamic

programming approach as demonstrated by the research can lead to a

much greater use of optimization techniques in manufacturing processes.

The development of the discrete approach to the machining

parameter problem is the key aspect of the research which allows the
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DP model to be applied to either AC or DC machining systems. In
addition, machining systems with any continous power source, such as
hydraulic or AC systems with a continuously variable drive, can be
discretized with the MP algorithm. Through the use of a basic,
practical assumption, discrete operating rate and cost information
is attainable for any machine center with continuous drive equipment.
This data can then be incorporated into the stages of the MR model
resulting in a direct interface between the two optimization procedures.
The importance of the discrete nature of the MP formulation becomes
clear with the realization that a high percentage of machinery is of
a continuous nature. Although the machining parameters model can
optimize the parameters for a particular process, this aspect of the
procedure is unnecessary for the interface with the MR model. A1l
feasible operating rate data is needed to optimize the total system.
Attempting to limit the data to only rates which can be expected to
be utilized would not significantly reduce the complexity of the
solution procedure. This is supported by the results of the test
to analyze the effect of increasing the number of rates. Only a
slight increase in solution time was exhibited for the DP solution.

A distinct advantage of the dynamic programming approach to the
MR problem is the variety of machining systems which can be effect-
jvely optimized. The extension of the model to non-serial systems
without greatly increasing the complexity of the solution procedure
allows optimization techniques to be applied to virtually all types of

machining systems. The flexibility of the model is also demonstrated

by the ease with which different aspects such as changes in time
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periods, demand probability data, and cost of storage between stages

can be incorporated.

An integrated manufacturing system optimization model as developed

in this research contributes significantly to machining technology
state of the art. The systems approach using dynamic programming
should lead to modeling additional aspects of the manufacturing
process. With the development of efficient models which expand into
all realms of manufacturing industry, the use of computers and auto-

mation can reach its full potential for improving industrial product-

ivity.




REFERENCES 1

Apple, James M. Plant Layout and Material Handling, The Ronald .
Press Company, New York, 1950. 1

Barash, M, M. and Berra, P. B., "Automated Planning of Optimal
Metal Cutting Operations and Its Effect on Machine Tool
Design". Journal of Engineering for Industry, May 1971,
pp. 545-551.

Boothroyd, G., and Rusek, P., "iHaximum Rate of Profit Criteria
in Machining", Transactions of the ASME, Paper No.
75-WA/Prod-22, 1975.

Challa, K., and Berra, P. B., "Automated Planning and Optimization
of Machining Processes: A Systems Approach", Computers in
Industrial Engineering, Vol. 1, 1976, pp. 35-45.

Claycombe, W. W., and Sullivan, W. G., "ULse of Response Surface
Methodology to Select a Cutting Tool to Maximize Profit",
Journal of Engineering for Industry, Paper No. 75-Prod-H,
1975.

Davis, R. P., and Miller, D. M., "Determining the Optimum Number
of Machines and Their Discrete Operating Rates for a Serial,
Multistage Processing Center", Technical Report No. 78-01,
Department of Industrial Engineering and Operations Research,
Virginia Polytechnic Institute and State University,
Blacksburg, VA., 1977.

Davis, R. P., and Miller, D. M., "A Model for Determining Machine
Requirements in a Serial, Multistage Manufacturing System
with Discretely Distributed Production Demand", (Journal of
Applied Mathematical Modelling - to appear).

Davis, R. P., Wysk, R. A., and Agee, M. H., "Optimizing Machining
Parameters in a Framework fcr Adaptive Control", Technical
Report No. 78-02, Department of IECR, VPI and SU, Blacksburg,
Virginia, 1977.

Ermer, D. S., "Optimization of Constrained Machining Economic
Problems by Geometric Programming", Journal of Engineering
for Industry, Vol. 93, 1971, pp. 67-/2.

tErmer, D. S., "A Bayesian Model of Machining Economics for
Optimization by Adaptive Control", Journal of Engineering
for Industry, August 1970, pp. 628-632.

74




O

R T T——

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

7%

Francis, R. L., and White, J. A., Facility Layout and Location:
An Analytical Approach, Prentice-Hall, Inc., New Jersey, 1974,

Hati, S. K., and Rao, S. S., "Determination of Optimum Machining
Conditions - Deterministic and Probabilistic Considerations",
Journal of Engineering for Industry, Paper No. 75-Prod-k.

Hitomi, K., "Optimization of Multistage Machining Systems,
Analysis of Optimal Machining Conditions for the Fiow-Type
Machining System", Journal of Engineering for Industry,
May 1971, pp. 498-506.

Iwata, K., Murotsu, Y., Iwatsubo, 7., and Fujii, S., "A Pro-
babilistic Approach to the Determination of the Optimum
Cutting Conditions", Journal of Engineering for Industry,
November 1972, pp. 1099-1105.

Johnson, A. J. C., "The Calculation of Equipment Capacities",
Time and Motion Study, Vol. 10, No. 2, 1958.

Kimbler, D. L., Wysk, R. A., and Davis, R. P., "Alternative
Approaches to the Machining Parameter Optimization Problem",
(Computers and Industrial Engineering - to Appear).

Lishchinski, L. Y., and Moshkov, E. A., "Principles of Designing
Searching Systems far Machining Optimization", Machines
and Tooling, Vol. 46, No. 11, 1975.

Miller, D. M., and Davis, R. P., "The Machine Requirements
Problem", International Journal of Production Research,
Vol. 15, No. 2, 1977, op. 219-231.

Miller, D. M., and Davis, R. P., "A Dynamic Resource Allocation
Model for the Machine Requirements Problem", (AIIE Transac-
tions - to appear).

Moore, James M., Plant Layout and Desian, The Macmillan Company,
New York, 1962.

Morris, W. T., Engineering-Economic Analysis, R. D. Irwin, Inc.,
Homewood, I1linois, 1976.

Morris, W. T., "Facilities Planning", Journal of Industrial
Engineering, Vol. 9, No. 5, Sept. - Oct. 1958.

Muther, R., Practical Plant Layout, McGraw-Hill Book Company,
New York, 1955.

Nemhauser, G. L., Introduction to Dynamic Programming, Wiley,

New York, 1966.




25.

26.

27.

28.

29.

30.

31.

32.

76

Petropoulos, P. G., Optimal Selection of Machining Rate Variables
by Geometric Programming", International Journal of Production
Research, Vol. 2, No. 4, 19/3.

Ravignani, G. L., "Machining for a Fixed Demand - an Approach
to Optimization", International Journal of Production Research,
Vol. 12, No. 3, 1974, pp. 361-3/6.

Reed, R. Jr., Plant Layout: Factors, Principles, and Techniaues,
R. D. Irwin, Inc., Homewood, I1linois, 1961,

Reed, R. Jr., "A Probabilistic Model for Machine Determination",
Proceedings of the Seventeenth Annual Insitute Conference
and Convention, AIIE 1966, AIIE, New York, New York, pp.
153-164.

Shubin, J. A., and Madeheim, H., Plant Layout, Prentice Hall,
Inc., New York, 1951.

Wilde, D. J., and Beightler, C. S., Foundations of Optimization,
Prentice-Hall Inc., New Jersey, 1967.

Wu, S. M., and Ermer, D. S., "Maximum Profit as the Criteria
in the Determination of the Optimum Machining Conditions",
2gurna] of Engineering for Industry, Vol. 88, 1966, pp.

5-442,

Wysk, R. A., Davis, R. P., and Agee, M. H., "Uptimizing Machining
Parameters in a Realistic Manufacturing Environment",
Proceedings of the North American Metalworking Research
Conference VI, Gainesviile, Florida, April 19/8.




APPENDIX A

COMPUTER CODE FOR MACHINING PARAMETER _
OPTIMIZATION PROCEDURE i

77




78

VWWVO 'YL VHA IV D XVWANINI XYW TLENINTLENIWAS XYWA S 1°WY 104 1d *UV3Y
(0001)A*(000T)A*(000T)4% (000T)ST

VI4dN* (000T ISVIIIN(000T)19SIT1L*(0001)LdD*(66)dN* (001)AIN NOISNIWIQ
XVWIN *1dOLN *dW *SVIJLIN *LW “IN *NIWIN °*XVHW W34

(NIW/KWW) 033dS 3TGUNIVLILY HNWIXVW LVXVWA
(NIW/KKW)} (033dS 3VdUYNIVLLY WNAWINIW LVYNIWA

(NIW/WW) a33dS ONILIND A

(M) 7001 3HL1 1v d3IMOd d

(WOM) 1001 3JHL NO 3NDYOL W
{9N) 1SNYHL 1001 HL

(NIK) 7001 V 32vId3Y 01 IWIL 3 |

(NIW/$) ONIINVHD 1001 43 1S0) H])
{NIW/$) 9NILIND 40 1S0OD 1M

(WKW) SSVd ¥3d INI 40 HL43Q a

(WW) Q3ADW3Y 38 01 TWIY3LAVN 30 H1d30 24
SIN3NDdX3 3417 1001 VWKVD *v138 ‘VHdIV
INVISNOD 3417 1001 d)TAVL J

{NIK) 3417 T00L 11

(AJM/WH) 32314%Y0M 3HL 40 3Lvd 0339 J
(WW) 30VW 38 OL 1NJ 3H1 40 H1I9N3T 1

(HW) 3I231d%H0M 3HL 40 ¥313IWVIO wWvia
{$) 1dvd Y3d ASOD ONINIHIVHW 1d4)
14Vd ¥3d S3SSVd S0 HIGWNN dN

341 1001k ¥3d S3SSVd 4O YIIWMN IN

WHLTY09TVY NOILVZIWILIO ¥313IWVYVd INIHOVW ¥D4 NOILVION

33Na320¥d NOILNTOS
0371134DS 10 ONISN SUILINWVUVI ONINIHIVW TVWIL4O 30 NOILVNIWYd3L30

P
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
J
2
J
J
J
J
J
J
J
J
J
J




79

(XVW AR LYNIWARXVHWIL)/(T1#RWVIQx]1d) =NIWIN

Y324 (VLIIGXEXVHIRVHHNVY O (NIWAN/IO ) 2XVYHTIL) /D) =L VNINWA
INNT INID

T=-N+NIWdN=(MN)dN

dO1SJIN*1=% ¢ 1Q

T4NIWIN-XVHdAN=dOLSdN

INIWNG/3Q)INI=XVWdN

{66666°0+(XYWA/I0) }INI=NIWJIN

J

S13S IN ONv dN 20 NOILVNIWY3IL3IA D

(XVHd2892G°TI8TL) /(63%20xNYI0 x4I %D ) =9)
(WVIO2D0x%80°0)} /XVYRK=GD
(J0%20°2)/XVWHI=%D

T3%5x70/9%3%%J=£)D

(132202 TVANVIO*Id) /9 3%2D=2)D

Y323/ ( 1324202 V2HWVIA21d)=1D
(013%x(%3-1)-%3)/1=113

- VYHdIV/Vv138-62°0=013
134-1=63

sL°0/23=83

2L°0/23=L3

(23/7(%3-11+4%3)/1=93

¢3/1=%3

VHd IV /1=%3

(VHdIV/1-1)/1=¢£3

1-VHdIWv/v138=Z3

VHd IV/VHRVYO=13

J

J

SINVISNOD J2IVvHB397V ONV SIN3INOdX3 ¥0d S3T8VIYVA 40 NOILINI430 D
J

XVd * XYWWSXVWHL YL *HID*1INDI*NIWC!XVHO* DU T




v e Bt It v, - g

070471=Sv3471 (07A471°47°SvIITL) JI
NIWTL=SVidTL

J
(SGNY 07 40 XVYW) 3417 7001 NJ INIVYHLISNOD d3IMOT ONIGNIS 40 NOILVINDWD D
p)
0¢ 01 09 (NIWIL°LT"HMdTIL) 41
T134x (013 x( 13 %dWxIWXZD )R (6IF2xdN/9D) ) =UMd L
0t 01 09 (XVYKRIL°19°D1ST1) 31
€32 ( (13 %2dWxlW)/TI)(B8Iex(dW25T)))I=DL1STL
E3xx((ETIx2dWelW ) /T )% {L3%x(dW2Y D)) ) =1SHLITL
0€ 01 09 ((XVYRIL®°L9°0T4STL) “HO°(NINTIL*1LT°dNdSTIL)) 41
93w (G k{ T adWELWAZD )ANTWADI /(T A2xdWxXED) ) =01dST1
93%%( (G2 (1T xndWELWHZ I VXVHAY /(T %2dW2ED) ) =dNdST )
0t 01 09 ((XYWIL°19°0T7Q4T1)°U0°(NIKIL*11°dNAdL)) 1
€32 (T3 xxdNLN ) /7 (23%xXYHI21D))=0T0311
€2k (13 0edWelWI/(ZIxNIN4%1D))=dN0A3TL
{1)IN=1HW
1=1
(M) dN=dW
dOLSdN*TI=% 02 00
1=1
2
dN ONV IN 40 ALITI9ISVY3I4 40 NOJTLVYNIWY3IL30 D
J
INNTAINOD 01
((T-1)-XVNWINT}/°T=(I)LN
N¢TI=1 01 OC
TH+NIWINI-XVWINI=N
(XVWIN/T)LNI=NINWINI
(NIHIxLYXVHAXNIWTLI/ (IaNVIOx1d ) =XVRIN
Ik ((VIIGNINIRVWWYVORR (XYHAIN/DUIENINTL) /D) =LV XVHA
INININ/T )AINI=XVNINI




81

0% 0L 09 (tW)LdI*211°1dOLdT) J]
1%2=n 0% 2a

T=d3IN
(1)1dJ=1d014D
1-1=1
1=HW
J
INTVA NOILINNG JALILD3r90 WNWINIA 40 NOILVNIWY3L3Q D
J
INNIINGD 02
IONTINDD Ot
1+473=7
(Y12HII+ (M) TESATLx NI I (L TISVISINR(TISVISINI=(T) IdD
(1322 (V102 (VHATIV/VIIE) (V) A+ HIxx(TITESITLI /(%3 2%D)=(T)A
GIex {1322 (VISVIAIN®(TISVIIINAZI*(¥I-T)xx (1) 8SITLI=( N} 4
(11SV3d4dN/Ia=(T10
SY3471=(7)18S411
IWN=tT)SV3IILIN
\ dH=1T)SVI4dN
3
NOILYINWY04 ¥3dvd TOYINOGD 3AIL4VAV ONIZITILAN D
INTIA NOTLINNS JATLDI3r80 40 NOILIVINDIVI D
J
0€t 01 09 (dWMdIL°19°SV3I4TL) 41
0t 01 09 (dNdSTL°19°SVv3I4TL) 41
0€ 01 09 (dNA471°19°SVI4TL) JI
J
GNNGE ¥3ddN ANV S3LVIOIA 3317 001 319ISV3Id WNWINIW 41 NOILVNIWYW3IL3Q D
J

OLSTL=Sva3iTL (OASIL*LTI°SV3IdTL) dI
LASHLTL=SV34TL (ASHLVL®LT°SVI4TL) 4]
01dST14=Sv3I4TL (DdST11°171°SV3I4NL) 41




—

l!
|

aN3

dots

(G°84%s :SI 1IND 30 H1d30 TVWIL1d0O 3HL.*//7%6°214%, :S1 Q33dS 3IWNI
1dS TWWILADD 3JHLs*/7/7°G°84%: :SI1 31vY Q334 TVWILAO 3HL14%e0s) LVKYHI4 00%

1d00 ‘140N 31404 (00%°9) 3)11UM

(eI*xZ*,2y31
GWNN NOILVYILL L1V 34V SYILIWVEVD ONINIHIVW TVWIL4D FHL*e—s ) IVWHO4 00€

dID (00E*?) ILIYM

INNTEINDD 09

{(s°014¢x81
$G°B4'XG L T 42XG4G°B44XBG"BI¢XB4G*B46XB42I*X01°€1%021¢%,404)1VHINS 002

(DA LIIOCUIDA (14 (IDTI8SITL  (TISVISINS(T)SVIIIN®T (00249)ILIUM

I'1=1 09 0OQ

1=1

teldVd 43d 1S02:%X9%:1ND 40 HIdIA+*X9%:¢0IFdS+*XB2 03334 XT
OT%e3417 M00Le*XOT*s AN *XOT*adNs*XG*s*ON NOTRVYILT +*HT1°%414)1VWHO4 001

(061%9)3114M

(13%+1d00%x(VYHAIV/V139 ) exid0dxHe21d0T1 )}/ (%3 2%D) =1d0A

1d0dN/J0=1d03G

GIkx (13%%x | JOINRLdOIN%ZIx($3I-T1)%xx1d011) =1dD)d

82

J
SYIL3IWVUVd ONINIHIVW 40 SINTIVA TVWILLD 40 NOTIVINDIVI D
J

(dIIN)T8S4T1=14071

(d3I3ANISVISIN=14OLN

(d3INNISVIIIN=1d0dN
INNILINQD O%

H=d3a

(W) 1dI=1d01d2




APPENDIX B

COMPUTER CODE FOR MACHINE REQUIREMENTS
PLANNING MODEL SOLUTION PROCEDURE

sasheiiaoton




84

NOILINNI NOILISNVYL 40 NOILYOd IVAVINVA - ASNVY ] J

1NINT 39VLIS W03 NOIL1ONNJd NO1LISNVEL 40 NOJIL¥0d Q3X13 - 4ISNvu i J
39V 1S d3d SIONVY JO YIGWON 3IHL INTWHILIC O H3ILNNCD - 1INNOIT J
{($) 1S0D 03)NC3Y vIOL -~ JHi10t J

($) 1S0J 433NA3d¥ 141IHS ONOI3S - Jdlo J

{$) NV3TEVL X3TIWIS KkOYd 1S0D G3IIN03IY L4IHS LSHI4 - LS J
39V1S V iv NOIIVY3I4U NI S3INIHIOVW 40 d¥38wAN - W J

JONVY NOJ1INn3d0¥d v 40 ONNOY ¥3ddN - dNINY J

JONVY NOTILINGOUd V 40 GNNO9 ¥3NM0TY - OTONY J

{($) NOLLONNZ 3A1123rd0 A0 NOILYOd 1S0D G3IXI4 - X14Y J

($) NOILDONNI IATLII3IFR0 40 NOILAOJ ISOD 3TM8VI¥VA - dVAY J
SISve NI 31avIidvA 20 X3aONI - Sve J

INIVA 1S0J3 3IQVIYYA JISvy - $91S92 J

XTdivW SISve - q J

39v1S HIV3 Y04 NvIT8vL 40 301S ONVH IHOIY IVILINI - 1SHY J
NV3idvi X3IVdWIS Y04 XTYLVW Ve TVILIINI - 1v J

(YNOH/SLINN) S3IAT133430 ¥04 G3ING3IY ILvE - 3ivyy J

39vIS HIVI 1V WITONY 32n03d 0L ¥O1Ivd4 NOILINGIY - U 3IYSNY J
(SLINN) NOI12NA0OYd G3INNVId 40 LIWIT d3ddN -~ WITONY J

{$) AVO ¥3d INIWLIND3 40 1S0D QG3XI4 - 24 J

3OVIS VvV 1V S3IAIL1I3430 IN3IDH¥3Id -~ 33043d J

39VLS v LV (S3T6VIYVA) S3LvY 40 ¥3IEGWNN - rr J

J

WHLIY09TIV HILOdW0D SINIWIBINDIY INIHIVW UO4 NOILVION 3

J

J

W3ILSAS ONINIHIVWN 3FH1I 04 S3INIHIVW JO YIEWNN 3HL 32IWIL4d0 0L SS3I)TYd J
ONINIHIVW FOVISILINK V 40 39VILS HOIVI LV SdILS ONIWNVHODYd HVINIT HLIM J
NOILVINW Y04 ONIWWVYO0Ud JDIWVNAQ V S3SN 3¥NG3I0¥d NOILNTOS ¥W JHL w
WH11¥8097V NO11N10S F300W ONINNVTId SINIWIJINDIY 3INIHIVR D

J

T




e eyt

85

€=SMNY (T1°0I* N} 41
N®T=X € 13Q

(NST=X *tXIrrT *av3ivd
HITONY *N *0V3d

S39VLS IV ¥0J viva NDIL1DNOUO¥Yd 1NdN]

/0%01/4NNDI T4/ *0%00L2/A3WTL*/ 040042/ 4314/ °0%0CLZ/ 3G
1vdd0*/°0#00€/ 4308344 /1°1201/034INY* /020 1/ */°0%006/ASNVYL* /0% /b
S81S03%/°0%005/ 4SNVYL®/ “0%00€/3LVY*/*040€/VLIIHL*/*0%0E/NTLVYE*/*0xE
O0€/3LvYd*/°0x0€E/FITZ*/°020021/1V*/°0201/244/04006/W*/°02006/01INYZ
$7°02006/dNINY*/ *0+006/UYYAU*/ *0%006/XT4Y*/ 0204/ TSHY*/ *0*02€/AMNIBI
$7°0~02€/9°/°0%00€/1S0I*/ °0x009€/SHY* /0%x009€/SVB*/°020021/V Vviva

A3WIL *J3WI1 *3LVYdU SONYYW NP2

‘SELS0D *ASNVYL “4SNVYL ‘3avid *3LVY ‘FIFZ *D4 *W “0T9NY *dnoandl
YYAY ‘X14Y Y1SOD ‘SHY ‘1SHY *ANIG *8 ‘Svg sv 4TV ‘0 *T1 *X NOWWID
(OTYINNODY ‘(E*06°0TIAINIL *(E06°0T)43WIL *(E°06°01)31VHJO0S
10€*0T1)330U3d “(OTIQIUINY “(OTIFT *(O6°DT)IASNVIL *1%)SH1SODY
‘(06°01)ISNVYL ‘I0E0T)ILVY *(0E)VIIHL *(OE)DILVY *(OEOT)ILAVYYE
CLOEIFIrZ (0E*%C0T )V *LOT1)Dd *(06°0TINW “(06°0T10TINY *(06°011dND2
NY “(06°0TIUVAY “(06°01)XISY *(H4T°0T)TISHE (B 0T )ANTIT “(B*Y*0TIGT
00e*01)1SDD *(%*06°0T)ISHY “(%*06°01)SVE *(0E*%*0T)Tv NOISNIWIQ

Sve SMIINI ¢Z *SMOY *H ‘D ‘X ¥I9IINI
OLYNIW *VI3IHIW TV3d

319ISV3Id ATIVIIWONODA

SI 3NIHJIVW V ONIGGV HIOIHM LV INIOd NOIL1JINQGOUd - Idwve

T-1 NI 3ONVHDI SNYN13¥ 01 3Nnd 3NTIVA 3IONVY gaisnrav - favony
(SHNOH) 3KI1 NO11INQ0Yd 40 NOI1Y¥Od 316VIY¥VA -~ AINI L
(SYNDH) 3WI1 NOILIONQODYd 4 NO11y¥0d 03X13d -~ EELO D]

J

WWOWWOLWLWWW




86

(FON)IUVE—=(P4H )TV (T°19°N) 41
0°1=(10rrée )tV
(F4N)31VvYd=(LOrr T *X)1Y
(CENI3LVvYe=( LOCC NI ILVY
HIEC+=10rr

0°1=(r¢z%ily
(Fé)Itvad=(rereMty

HEF 1= %1 N0

(CrX) 4308Id=-T ) r*NITLVHE=({r* XN} I1vdd
HFC*T=r 21 90

CIXCO=HIT

Viva L1NdNI WOY4 X1diVW LINIVYLISNOD AVILINT 40 NOILIVWYOS

(N)IeF=A4T
1=0
=7

1°19°3) 11
1°03%M) 41
T=(1)W
O GIAINY/WTTINY=N] TON I
N*1=X 01 UQ

(IN*1=1 *(1)24) ‘av3iv
3NNTINOD

OIFr*T=r *(r*3¥)1s0J3) ‘aviy
ore=yre

NfT=X 11 0a

INNIINOD

(HFF S T=F *(f*¥)43QY3d) ‘Ov3ad
(HFrC*1=r *(r*3)atvy) ¢ov3iy
2/ONTe=Hr T

H=SMOY (T°19°N) i1

Z1

11

J
J
J




87

Nv3i8vl d7 304 S3INIVA SHY TVILINI HSIAVIS]

1=1
d33x ¢ INT¥d
INNTINGD 61
Ff=d3IN
(C)I211vd=0LuNIW 2}
G1 01 09
11 01 39 tOLUNIW*LT°(riorivy) 41 9
T=d33N
(1)OIAVH=01YNIW
91 01 09 (1°19°r) 41
(CIDTAVY *INIUd
(FOTIsN)TIV/Z7EIrey)1SND)Sav=(riolivy
L 41=r 61 0Q

FTEVIUYA ONIYIINT ¥Od 31VvY NOILIONCGOUd 1SOJ LSIMOT INIKAILIO

O°T=(yr Yo NYIV (T1°19°N) 41
O°1=(ertec NIV
o*1=(gr*z*yyv
0" I=(vr*1 3Ny

YaACC=Y1
earer=cr
cnirr=2r
TIACC=VYCT

XTJLVAW ANIVYLSNOD IVILINI ANIWONY 0L XTYLVW ALTAINIQAT 40 NOT1VWIOA

INNTINCD %1
(FOA) ILVE-=(L0rT Y D) TY (T°L9° ) 41

ro ekt OBy T2

DU w

J
J
J

J
J
J




AD=A084 062 ARMY MILITARY PERSONNEL CENTER ALEXANDRIA VA F/6 13/8
A GENERALIZED MACHINE REQUIREMENTS PLANNING ALGORITHM FOR SERIA==-ETC(U)
JUL 78 6 M HAYES

UNCLASSIFIED NL

i
nare
—80
oTIC

20 p

an




T ————

flio

ol

i

- e "=
o - e
— &

22 s is

. . 4

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS~J963-;1




T=N=%)
$3INOG SI INILVINDITIVI 3IONVY ANV ONILvVOdN

42 = Wvdvdl 41 $3INOCO S1 ONILVGdN NV3IT8YL AINO T = WVdVdl 41 °Nuni3y UL
HIIHM WOYJd 31vdadn 3INILNOYENS NI AINIOE 3HL S3ILVIIAONI +WVHVYdIs ¥3134VHVd

m SHY GNV MOY 1S0D *XIY¥iViW INIVYASNOD 3H1 ONILlvOdn

VWWWUWWLUVWLW

(E13°11) ANI TW)D
((EF*3)1S02)SAV=(€)S4L1S0D
((2r*%)11S02)S8Y=(2)S91S0D

((d33%*3)1S021S8V=(1)SE1S09
: INNTINDD 12
m P INNTINOD 22

W «© (FAITIV=0T*M8

WO —F=AN

areze=r zz 00

yr=4F (1°19°%) 41l

Ef=4r (1°03°M) 41

(3N I TV=(T1°1°)]Q

I1%1=1 12 00

YOAPT=9C (1°19°%) 41

EMNCP=Er

ZeNrr=2r

THIrr=vr

J

XIdlVW SISve dN L3S D
J

0°0=(%*T*3) TSHY
0°8=(ECT N)TSHI=(2*T*N) TSHY
(dID*NIILVEY*0°8=( T4 T*X) TSHY




caevamd

*1 = DMYVW 41 INILNOY D '
3LVAdN LSYT 3HL N] (3¥¥NJI0 LITdS IONVY V SILIVIIANT LONYVHe d313WVAYD O ,

y)
11174S 3ONVYY V 340 NOLLI¥Dd Y3ddN 3IH1 HSITNGV1ISI O1 3INLINDY D
o)

CIRTYENIN=CTI N

INNTINCD 0%

(14IWTINISYA=(1414NISVE

I1%1=1 0% 0Q

1-1=1

1+31=1

8 01 09 (WITON¥*IO (1N )IdNINY) 41 %2

)
o *SIINVY NOIL1INAU0Y¥d HSITEVLISI OL SNOILVYILL 41 INNILINGD *INN D
© 41  *034Iv3Y N3I39 SVYH NOILINAOWd G3INNVI4 40 LIWIT ¥3ddN 41 INIwgILI0 9D
)

0=(1°Y)019NY

CTETONDISHA=(T*N)ANONY (T1°03°N) 41

OIS CTI*NIN=(TIN) X139y

(d3INHIALVHY/(dIINNILSOI=CT NI UVAY
3
31V0dN NI O3NIWY3IL13Q 3ISOHL 3032¥3dNS HIIHM SIONVY IVILINL D
)

(663 *WYYVdI *d33X *Y3INI *93N) ILvadn 1IWV)I
Sr=($*3N)Sva (1°19°N) 41
er=(etyNiIsSvy
Zr=qz*atxisve
dIPA=LTLNISVE €2
((%r*%)15S02)SaV=(%)SELSDD
(ONIYVAY=(HF*X)1S0D
€C 01 09 (1°D3°N) 41
Z=WVYuYdl

o o > e A ENEOONINNNS 1. e ..




N*1=X 0S 00
. (/77°sNOILVWNYO4N]T NOILINAOYd GILYINIIVI 40 dVIIVL*0SL°eTs) LVWHOL 021
ﬂ (0Z1°9) 3I11dM

INNT INDD

I=(X)121NNODT

%2 0L 09

(WVYVAT ‘11 *d33aN *UIAINT *O93N) NIHIVAW TIVI
Le 01 09

2€ 04 09 ((YN)1D24°19°20101) i1
J41042¥15=24101

((erIf3rZ«8)1S8v=2410

((CrIFIrZx"8)SUVY=Ju1S

90

NOS1¥YdW0d JIWONOD3
INVYKW 0L INILINOYENS HOHIVA TIVI ¢3791SV3Id 38 AVW INIHIVW V ONIOOV

(663 ‘Wvyvdl *d3IN *d3ILINT *93N) 3ivadn 1WI

. 2=HVYVd]

(€T13¢11) ANI TW)D

(%23 ‘HVYVdAI *d33% *vr *I1 *¥3ILIN3 “93N) WIT3Y¥d T1WVI

- JONTINOD
o¢ 01 09

(663 ‘Wvyvdl ¢d33N *d3IN3 *93IN) 31vAdN T1WVI

Z=WVAVd 1

¥y 01 N9

2% 01 09 t1-D3°DNYvH) 411

NOIINT0S W3T93¥d ¥0J4 vivo NOJLINOO¥d 40 1IndinD

ot
8

Le
ct

ot

NV
J1

G31VOIL1S3ANT 368 ATINOHS INIHIVW ¥3IHIONV ONIOGV 41 MI3HD

Yy

ey

[SR® RS

WVWWDWwW




M OUN3
: d01s €1
a INNTINOD 66
; INNTINDD 05
) INNTINDOD 26
b INNTINDD %S
M (9°L3°%X9%2°L3°XE*Z°94°XL%21°181%40,) LVH¥OS 0%
CICTODAINTLELTSIONIS3WTL S (14T1%0)IUVHdD *(I*14XN)ISVE (0%1°9) IL1YM
£41=1 %5 0Q
N CAFELDS1
- €2 B3 X2 LI XESZ ANV 20X HP 2oL APXT22°L I XY 2T CTL%¢04) LVWYOS SET
w CTISIUVAY SCTONIXTSY LT
SNIASNVULECTIENDISNVELS CINDIWA CINDANINYS (TN I0TONYEY (SET9) ILTHM
INNT INOD 28
(0€E1*9) 311yM 08
; 28 01 09
w 08 01 09 (0°D3I*39vd) 41
i 28 01 D9 (2*11°71) 31
(L*7)Q0W=39vdT (L°39° 1) 41
dnisI*1=1 26 0Q
(¥)ANNOI1=d01S T
(7% 3NTLUVAL* XY o IWTLXTHs *E
Xy 0 JAVUYAO o * XY ¢ o THUASY o * XH® (NLUUVA 1 XY (NLUXT Ao’ XH S JASNVY L S XH¢ 42
ISNVYLs *X¥® sHIVW o S XH ¢ o dNONY ¢ * X 9% sOTONY ¢ * X% % 4TOVIS40TL%sT14) LVWHOS OET
(0E149) 3JLTYM

91




92

FTFEVIYVA D1ISVE ONIYIINI INIWHIL3C OL 37INY OILvY WNAWINIW 3SN

0°000000T=V13HLIW
O=dNV W
INNTINDGD GE
INNT INDD 61
s€ 01 N9
I=03N 971
st 01 09
91 0L 09 (%0-3°1-"L71°(VC'I*N)V) 41
I1*1=1 61 UQ 22
Taire=ve
Vi3HIW V3
0 ‘Sve “YIINI ¥3IOIINI

NWHNT0D VI 141448V 3HL NI 3INTVA  3AT11LVO3N 3HL SYH MOY HIIHM 3INIwWY3IL30

A3niL *43IWIL *31VHd0 ‘ONYVW *Nrf2

$S81S0D *ASNVHL *JSNVUL *3AVHY *3LVY ‘TIrZ 23 *W ‘DTONY *d4nTNUL
$YVYAY *XTIJY LSOO ‘SHY *1SHY °*ANIG ‘9 ‘Svg ‘v *Iv %0 *7T *% NOWWUD
(OTIANNDDY *(E‘06¢OTIAINIL *(€E06°0T143WIL “(E°06°0T1)31VH4DS
(0€*0T1)230%3d *(OT)GIYONY *(OT)IFF *(O06°OV)ASNYIL *(¥%)SALSNIY
$106°0T1)4SNVYHL ‘(0€0T1)3LVY *(OE)VL3HL *(0C)IOTLVY *(OE‘OT)I3LVvIYE
$LOEIFIrZ *(0E*H*0TIV “(0T)DF *(06°0T)KW *(06°0TINTINY *106°0T)dNI2
N3 *(06°0T)UVAY ‘(06°'0TIXIJY ‘(H*TS0T)TISHY (8BS OTIANIE *(8'%*0T1)91
“{0E‘0T1114S0D *(%*06°0T1)SHY ‘(%%06°01)SVE *(0E*%*01)TIV NOISNIKICG

(x *Wyvdvdl *‘d3I ‘ve *11 *¥3LINT “‘S3N) WIT3Yd 3INTLNOYENS

*3ANA3II0Yd XITVdWIS TVNRA 3IHL ONISN IT8VIYVA OSNIAVIT
ONV ONTY¥3IN3 3HL1 ONV OIiv¥ V1I3HL WAWINIW 3INIW¥3IL130 01 3INILNODYENS

@YW

W W




i Bl s

93

Al o=

aN3
Nd¥Nn13y 0%

. 1 NdNi3y

(WVY¥Vdl *d33N “11 “YIINI *93IN) CQVHIVW I1IV)I
THOYONN=(I W 9¢

WITONY 3d0438 SIAVY TV ONITLSNVHXI GL 3NG SINIHIVW 40 YIGWNN NI 3ISVIYINI

0% 01 29

YIANI=(9INC I NSV E

CCYIINI*N)ILSOD)ISAV=(9IN)SALSUD
INNTINOD TE

(YIANI L NI TV =(9aNC TN E

IT41=1 1€ 0Q

IOV IYVA ONIAVIT OGNV ONTYILINI d0J XIHAVW SISve 3STIA3Y

9¢ 01 09 OIFC*D3I*MYVHW) J1
3NNTANOD 8¢
THNYYR=NUVH L2
gz 01 39
r=431IN3
{(FIV13HLI=V13HIW Ot
8z 01 N9
0e O1 09 (VLEIHLIWLT1*(T)IVIIHL) J1 62
(CEOINMIV/(LIFICT={(r)IVIIHL
12 01 09 (%0-3°1-°39°(r*9aIN*AHIV) 41
NFFeT=r 82 20

(SR )

(SRS R




0°0000001=V13HLINW
0=NUVW
INNTINDD SE
0% 01 N9
INNTLNOD o2
st 01 49
I=93N 9¢
sZ 01 09
92 01 09 (%0-3°1-"L7°(14 %) SHY) d1
11°1=1 s2 Na )

X3ITIWIS TvNG 01 HIIHM NO 3NTIYA SHY IATLVIIN 3INIWY3ILIA

W W

YACC=4rr (4°03°11) 31

ENNFF=4rT (e°03°11) 41

VAIHIW Tv3d

0 ‘Sve “d3IN3 d393IINI
ASRIL *H3IWIL *31vYdO *OMdvW *NPrre
$SE1SUD *ASNVYL ‘JISNVYL *3LviY *3LivYd *FOrZ ¢J4 *W ‘OTINY *dNINUL
SUYAY “X14Y $1S0D *SHY “ISHY *ANIS *8 ‘SvE ‘v ‘Tv ‘0 *71 3N NOWKOD
(O INNODY *(E°06°01IAIWIL “(E06°0T14aWIL *(E°06°0T1)31VUJOS
$(0€*0T1)35083d *(0T)Q3YINY “{OTIFT *(06°0TIASNYVYEL *1%)}SE1SDIY
$(06401) 4SNVYL “(0E0T)31VY *(0EIVLIIHL *(0C)DILVY “(0Et01)ILVANE
$(OEIFIrZ *(O0E*H*0T)V *(0T)34 *(06°0TIW *(06°0T)DTINY ¢ (06°01)dNI2Z
NY “(06°01)YVAY “(06°0T)IXISY *(4*T40T)ISHYC(84H*0TIANTIE *(B8°%%0T)81
$10g%0T1)1S0D “(H°06°01)ISHY *(v*06°0T1)SVE *(O0E*%*0T)1V NOISNIWIQ
(d33% *I1 *Y¥3INI *93IN) NISHY 3INILINCYSNS

94

INIHIVA V ONIAQAV ¥31d4v ALITIGISY34 OL MIOvE NOTLIAT0S 3HL ONTAINO NIHM
IONVHI SISVE ONY 3NTYA SHY JATLIVOIN 3IHL INIWYILIG 0L INTLNOYENS

J
J
)
J




“ = bt A S ST .. oA 3 0 -4 ARS8 1 4 = 5 A omir v 8

95

N3

Ndni3d 0%
d01S

»376ISVIANT ST NOILNTDS 3HL. ‘*INIdd OF€
0% 01 29
YIINI=(9IN* 1 NISVH
((¥IINI*N)LSTD)ISHV=(SIN)SE1SOD

: INNTINOGD 1€
(Y3IAINILTI*N)TV=193IN¢1°N) 0
1t'1=1 1€ 00

3T8VIYVA ONIAV3T OGNV ONI¥IINI HO4 XIHLVW SEISVE 3SIAIY

9¢ 01 09 (4Fr°DI*MuvH) J1
3NNIINOD 8¢
TNV =NUVYW L2

03¥04S3Y¥ 36 NV ALITIGISV3d 41 MI3HID 01 YIINNOD V ST «NUVH,

82 01 09
r=¥31IN3

{(riIviHli=viiuinW Ot
82 01 09

0t 01 09 (VI3IHIW LT°(CIVLIIHL) 41 62
(CEOINNIV/LFITICT=(CIVLIHL
L2 01 09 (%0-3°1-"39°(F*93aN*NIV] 41
4rr 1= 82 00

31GVIYVA JISvE ONTYIUINI 3INIWEIL3A 01 ITINY JILVY WOWINIW 3ISN

(SRR

(SRR




96

11%1=1 11 0O
1+11=3F

XTdIVW SISVD 40 LHOIY 01 XI¥AVW ALTAINIQI QQV

INNTINDD 2t
INNIINGD 4E
(eI oMa=(r*1‘11010H8

*INILINCYUBNS 30 ONI LV ONILONYLSNODIIY ¥O4 SISvVE OTOH

I11%1=C %¢ QQ

I1'1=1 Z2¢€ 9a

Wel=CW

1I=W

D *d *A *7 ¥3931W]

/7°0x2€/010H8 viva
ASWIL S43WILE ‘3LYHdO *ONEYW *Wrre

$591S07 SASNVYL SJSNvVUL *3Livdyd 43UV *CIrZ 33 ‘A ‘OT9NY *dnINYL
SUVAY XI4Y *1SOD *SHY *ISHY °*ANIS *9 °*Svg ‘v *1v D *2 *3 NOWhO)D
(8°%41)Q13HT NOISNIKIQ
(OTIANNTGIT *(€®06°0TIAINWIL *(E%06%0T)4INIL *(E406°01)ILVHIOS
SL0€*0T1043043d *(OTIQIYINY *(OTIFF *(06°01)ASNYIL *(¥)1S9151D2%y
"(06°01) JSNYYL *(0E’OT)34VY *(OEIVLIIHL *(0E)0TIVY *(OE‘OT)ILVHYE
${(OEITICT *(O0EH%0TIV *401)D4 *“(06°%0T)A 2{06°0TINTINY *(06%011dN92
NY *(06°0T1)UVAY *(06°0T)IXIJY (Y T°OT)TISHU*IB Y 0T )IANID *‘(B*%*01) 0T
$(0E'0T11SOD *(H°06°011ISHY *(H406°0T1)ISVY “{0E*H*OT)TVY NOISN3INWIU
{x%11) ANI 3NI IND¥WONS

*3¥N0300Y¥d NOIAVYNIWII
SSNYS 3HL ONISN XIWIVW SISvE 3IHL 40 3SYIANI 3HL GNIZ 0L INTLNDUANS

(SIS NS

J
2
J

J
J




0s 01 09
INNTENDD OL
INNTINGD 08
(10118110 14Y N )E=(1% Y8
Zutl=1 08 0da
(1¢y)0=11
0L 01 09 (W°19°11) Il
wW'11=4 0L OdJ
7ertreig=(re1¢x g o9
ZW'l1=r 09 0C
{1¢1*%)8=1 25

XIYAVW YV INONVIYL d3ddnN ONINIV1ED

WoW

68 0L 09 (90-3°1°31°((1*1¢N)a)sSav) JI
1+1=11
W'l=1 0s 0Q 211
3NNTINOD 91
T=(Ir*14%)9
c+I=1r
I1%1=1 91 00 %1
L1 U1 09
INNTINOD ST
1=tIrti¢ng
Y+I=1C
I1141=1 S1 0OQ
ST 01 09 (1°D03°NM) 41
INNTINDD 11
IONILINDD 21
0°0=(r*1*xg
Zwtar=r 21 0Q

sl S 2, o -




i s T amn

s b+ 5 AR 1L AR - SADS 5= 11

98

CINETENIB=IN* TN IANT G
N+W=1H
WeT=N 6% 30
W¢1=1 0% 0d
’ INNTLINOD O1
3NNTAINDD O¢
INNTINDD Ot
(TWOER NI (ER T NI (TW TN A=(TWE TN E
NN-T +H=CW
GWeT=NN 0t 90
T-W=9W
AN=T4+H=1
WiZ=AN 02 0O
N+W=1W
Wé¢T=N O1 NC

JSU3AN] XIYIVW NIVIAGO 01 NOIiNL11SUYNsS»dve

VWO

JNNTAINDD 0§

T N¥nl3y

sG31¥3ANI 38 LONNVD ONV YVINONIS SI XI¥LVW S1ISvVD 3HLs ‘INIYd
INNTLANOD 06

é¢s 01 19
ANNLILINDD S6

21=t3*'r*"g

irHrE=(yt1* N8

(4¢1°M)g=21

ZW*1=4 S6 NG

06 0L 09 (90-3°1°37°((1'r*M181S8V) J1
W'TI=F 06 0OQ S8

SISVE J0 TYNCUOVIA NO +0s ILVNIWITI OL ONIHILINS MOY¥ D




N 3

Ndni3y

ANNTINGD

3INNTLINJD
(F*I*1)0T0HB=Lr*1¢M) 9
I11°1=r %S DG

11%1=1 €5 UQ

INNTAINDD

INNTLINDD

1 31
4S

34
QY




J
XIMLVW INTVYLISNOD Vs (N0 O¥3Z D
J
E4NCF=4rT
£=11 0%
1% 01 09
Yr=4rr
$=11
0% 01 09 (1°03° %) 41 ¢
Z=0N3VNW
S 01 D9 (1°D3 "WvdvdI) d1

J
ALTT1GISYV3I4 O1L ONIXITAWIS VNG 41 T = ONYYW 40 3NTVA ONINIVLIY J¥ASNT D
J

YIMC=Y I
T-d=yN
TIrr=vr
SVYa SNIINI 20 *H YI9TINI
AIWEL *JIWTL %31vdd0 *ONYVN *drfe
$SYLST) *ASNVIL *JASNVYEL ‘IJivyd *31vd °rIarZ *Id ‘W fOTINY fdNaNYL
SUYAY XISy 41SDD SSHI S1SHY *ANIB *9 Svg v *Iv D ' ¢y NOWWU)D
(OTIINNODT “(C®06°0TIAINIL *(EO6°0T)I3NTIL *(C*06°01)31LVUIDS
S(UE*0T)43a83d “(OT1QIUINY *LOT1ICE *{06°0TIASNVYL *(¥%)SE1SNIY
S(06%0T1)ISNYYL *(OEOT)I3LVY *(OE)VIIHL *(0E)OILVY *(0C*0T1)3iviYE
SIOEIFIFZ *HOE*H*0TIV 2(01))24 *{06%01)W *(06°0T11019NY *(06°011dN92
N3 C(06°0T)UVAY *L0620TIXIH4Y *(Y*TPO1)ISHYL (8 H40TIANIT (8% 401)aT
$(0C*0T11SOD 4 (H406°0TISHY “(%*06°01)SVT 2{0E*%%01)TV NOISNIWIO
(2 *WYBVAI *d3IIN *WIINI ¢93N) IFivadn 3INILNOUUNS

100

*NOILVWYO4INT 3ONVY NJOI1INGYd
ONY SNENL3Y *SHE $SafIFf7 *XIYLVW ANIVJILISNOD 3LivadN 01 INILNDIONS

J
J
J
J




101

P el A I A Pl 8.1 Pl 54 137 A b s 4 B S ot 1. e s 100 1003 e e Bty

30 SNWNIUD GNvV ¥OL1I3A 1S0D J1ISVE ONISN SIN3II14430) 1S0I3 40 3Ilvadn

INNTLINOT 0%

INNT INUD 269
(CETONITSHYR TS TENIANT G+ (TSN ISHE=LT* 14 %) SHY
1141=r ¢5 0C
I1*1=1 05 0OC

“3ISHUIANI SISVG HLIM ONIATIILTINWIYD A9 SINTIVA SHY 40 ILvodn

INNTLINOD %1
0°0=(1*71*%)SHY
I141=1 %1 J¢

NWNIQD «SHYs LNOC 04932

INANTANDD 2%

ANNTAINOD 4%

ANNIINOCD 9%
(CETONVHILCHEN)TVRIHETNIANTB=(r TN Y
11¢1=H 9% 0¢
ArF1=r %% 0aQ
I1ér=1 2% 0@

ISYIANT SISVE A8 XIMAVW INIVILISNOD TVILINI ONIANAILTINHING A8
XTdhVviW INIVYLSNDD 3HL N1 S3NTVA 31vdadn

INNTIANOD 21

3ANT INDD ST
0°0=(rtiI*MV
Fre1=F st 00
IT41=1 21 10 v

(S S ]

(SRS

[SRE RS N &

£ \

2 S A

o o
o




102

O CTENINHCT ST TSHE TN AVAR-CTINIXTIY=( VN )IXTIN 66
: 08 01 29
O3 CIN)IWH LTS TN TSHY= C TN NYVAY- (OO X TP+ (1N IXTIU= (V4N ) XTIY
65 0L 09 (1°03°M) 4d1
' 3NN 1 LINDD 8S
CYENDYUVAYS (VI LTENIVR(TDSALSNI=(T14N) UVAY
CINIXTIEH (T THISHY#(TDISALSODI=(T4N)IXIIY
I1¢1=] 85 00
0°0=(1*%)Y¥vAY
0°0=(*M)Xx144 L6

S ININOIWOD 3VIVINVA ONV 03XI4 40 SWY3IL NI SNYNL3IY 40 3ILvadn

[SRSRS

1 N3ni3y 86
L6 01 99
86 0L 09 (T1°D3°Hvdvdl) 41

*NITLYWYOANT 3IONVY ONILvaAdN ¥O4 O33N ON 41 INIWILVILS T1T7vI 01 NdINi3d

VWO

INNTINDD %S
JNNILINDD 99
s 01 29
(CICICZ4(C*NILSOI=(FIFIFT SS
9¢ 01 19
66 01 09 (11°03°1) 41
(CIFICZH(LTINIVE(T)SELSOI=(FIFINr2
Ir*1=1 9¢ 00
Irr41=C %5 00
0°0=(r1rlrz ol
icr¢1=r 01 00

*Nv318vL X31dWIS 03Lvadn I

MDA AN . _ Ay F v n.

IR b f e <
. A




103

(VPATESNIV=(T4NIASNVYL
CCTEUSMITSHAR(VISTEN V) =( TSN ISHA=L 1N ) JSNVHL
%9 0L D9 ({T°D3I°TVI°GNY"(T1°19°N)) d]
49 01 29 €1°03°%) 31 09
CTETRITSHE+ LIV OINENIVISBY/ (OINCTEN)ISHA=(T* N) dNONY
(TR I4NINY= (T4 N) DTINY
1-1=11
09 0L 09 (1°03°7) 31
(TPTSXITSHE=(T*NIANONY (1°03° T} 4]
’ (EUVAISNIIAVE=(ELTI*N)IILVULO
(CUVAT ‘)3 LVY=(Z*T*%)ILVYdO
(TIVAI O ILVE=(T 4T N3 LviEdO
(ETI4N)ISVE=EUVAL
(2°1%%)Sva=2yvAl
(T8 )ISva=T14vAl
ANNTINGID OC
(VT OMV=CTSTINIA3NT L
COTCT N ISHUR(VE TNV —(T S ISHISHY=( 14 0)4IKI L
€E'T=1 02 00
INNTINOD 88
JONTAINND S8
88 01 19
I=93IN 98
58 01 99
98 0L 09 (%0-3°1-"L1°(VF*I*N)V) 41
I11°1=1 s8 0a

® oV INIWUND Y04 S3IONVY J0 3LVAdN JLVEITIOVL 01 93N ILvINIVINY
AFLSAS 3HL HINO¥HL 9NISY3A3IY ¥D4 SINTIVA NOILISNVIL GNY SIONVY 30 3J1vadn

INNTINOD 08

(SRS RE NSRS




GN3
N3Nni3y
(A3VNNIIAVEY/(IINNIIAVY=CTIONIASNYVYL (103 NI4T L9

((YCXILSAI)ISEV=(41SaLSTD

(DM NYVASE=(Hr NI 1SDD

1+0=0

T=0NUVNW
FOVONY={T4N ) dNINY ST

L9 01 09

$9 01 09 (CFOVONU L9 (1N )dNINY) d1
CIENIASNVYEL/ZEETN) SSNVEI—LD XN)dNONY) =FQVINY 02

104

JIVLS SNUIAINd WOYY LSOOI SNANL3Y NI 3INVHI ¥O4 INNDIIV 01 S3IONvY 40 L11dS

O W

(YPLTL*MIV=(T*N)ASNVYL
O=(T*}N}4SNVYL %I
0oL 01 29




105

CYONIXT3d=NIX1 44

NOI1INA0Yd 3INITISVE GIONVHI OGNV SUNDOH IYOW ILVYOJYODINI 01 SHY ONISIAIY
31vadN ANV NVY3T19vL 1SYTY 01 SUNUH INIHIVW Qv

U SR NS

(% T9) ISHY=YHTSHY
(ELT*%N) TSHY=EHTISHY
(ZCT*N)TISHY=CHTISHY
(TATAN) TSHY=THISHY

@300V SI INTHIVW CN 3SVI NI TSHY INIYAND QI0H

SR NS

T-d=X)
HYHACC=%r
/0°02009€/dASVE */7°0209T/ANINIE ¢/°0%091/X%I4 Viv(Q
/0°0%00LZ2/4d0H * /0°0%00LZ/A3IWILH */0°0200L2/23INILH VIVY
YOHSVE* CAHSVE* ZOHSYE* TOHSYE *SvVd 4D *QgT0H *aTHINI *¥3 INI ¥IIIINI
AJRIL “AJWTL *3LVYLO *DWUVW *MFP2
‘SELS0D CASNVYL *JISNVYL *3Lvy¥ “IUIVY ‘FIFZ 434 *W ‘OTINY ¢ dNONYT
CUVAY XT4Y “1SOD *SHY *TSHY *ANIG *9 *Svg ‘v *1V *D *7 ¢y NOWWOD
(2606401 )d0SYR *({H°H*0T)ANINIG *(%*5%011%I8 NOISN3INIQ
(E°06°01 )UJOH *({E06°0TIAINILIH *(€°06°0T)JIWILH NOISNIWIQ
{OTIINNQJT *(E*06°01IAIRIL *(€*06°0TI4INIL *(£%06°0T) ILVNIOS
(0€*0T)43083d *(01)03YONY *(OT)FF *(06°0TIASHNYYL ${y)1591SN0Y
$(06°0T)ISNVYL “(0€*01)31vy *(OE)VIIHLI *(OE)OTLVY stoctotTi3ivye
SCOEIFIrZ *(0E*H 0TIV (01133 *(06°0T)NW *(06°0T)0T1INY *(06°01)dN92Z
Nd C06°0118VAY *(06°0TIXTSY *(4*T1°0T) ISHU*(B*Y*OT)IANIE *(8°%*UT)01
10E*0111S0D *(%'06%01ISHY *(%*06°01)SVYE *(0E*%*01)1V NOISNIKWIQ
(NVYVdT *I1 *d33¥ *YILINI *93N) MIHOVW INILNOYINS
4]

“3INIHIVW Vv 00V 01 37€ISV3d ATIWWIINONOI3 ST 1T 41 ¥I3HD O1 INILNO¥ANS I
J

-

il




P ——

SITOVIYUVA D1ISvE INIYUND Q04

INNILINOD 29

INNTINGD %9
(CETONIANTE=(F*T*HIANIYIE
(rersn)a=trt 1My
I11%1=f %9 00
I1'1=1 29 0@
d3IPI=AT0HIN
T=0T0H
Y3 INI=QTHINT
93IN=0 THIIN

U300V S1 3NIHIOVW ON 3SVD NI JSHIANI ONV SISVY LIN3IYENI INIOQTIOH

106

CIT4N)IILVAdU=(T*TI*N ) UdH OF
€'1=1 0¢ 00
CUEMIASNVUL=ASNYLH
(M) ISNVYL=4SNYLH

INNTINDD 02
(FEAOIATIWIL=(T TN IAINTLH
ALEAOMSINTE=(T* TN ) S3RILH
£¢1=1 02 20

113dS 39Nvd 40 NOIL1d0d ¥3M07 Y04 VIVA NOILISNVYL ONV NOTLDNROO¥d OTUH

O=(H*T1*N)ISHY
0SB+ (ET*NITISHY=(ELT* W) TSHY
0°B4+(ZT*H)ISHE=(2Z*T*N)TSHY

(THIOTONY=(TT* %) ISHY
1) UVAY=NIYVAY

J
J
J

J
J
J

LSS )




107

INNTLINDD 66
(663 *WYYVdI *d433X% *d¥3LINI “93N) 3L1vadN I1TIVI
1=KVYVd]
(E13411) ANT YWD
(43I ‘11 *Y3IINT “93IN) ¥ISHY TIWI 99
(993 *WVYVHI *d3IIN *YIINI *93N) 31vadn 1TV

g3aay S1 3INIHOVK V 4314V ALITEGISY3S OL NOTLNIOS 3AIN0

1=Wviuvdl
CVEN)IANINT=NNIONY
(I HI0TINY=TRIONY

03aav SI 3INIHIVH ON 3SVI NI S39NVY AINIYEND ONIQTIH

(%)S91S03=5A1THI4
(€)$815S02=0THIE
(2)S815S02=20MD8
(11591S02=10H29Q

S3IMVIYVA DISVE LINIYIND d¥O04 SINTWA LSOOI OI0H
(LerNILSOD1S8V=(»)SE1S)D

(0D MMUIYVAY=(H*N)1SOD (T°DI°ONUVW) d1
1-0=00

Q30Cv HOVW ON 3ISV3 NI LI7dS 39NVY ISV 3403439 3ISOHL OL S3INTVA 1SOT NiaNL3Y

(%480 )SVA=YQHSV ]
(€1 )Sva=EqaHSV A
(2°1°N)SVa=20HSVE
(T8 )Sva=1a4sSve

(SRS WWW [SRSRS

QW




1174S 01 3N0G 3IINVY 30 NOILYOJ Y3IMNOT 304 NOILNIOS 3ISVE HSI9vVLIS3IIY

*NOTINTOS J2Isvg ANIWY¥ND JHE
ONINIVINIVH 3 TIHM 3INTHIVW VvV INIGAVY 0L 3ING LIT4S 39NVY VvV ONIHSITGVLSI

GLRLYWLVWW

0L 01 V9
69 01 09 ((AXIINU®LTI°LdIVI)I"ANV ((I4%)d1
NONY*LT1°4dTIVE) ANV " ( THIONY 19 Ld TVE) *ANY *CC TN%I0TINY 19 °14TVE ) ) 41
COIERDBYAY-NIBVARD/ (OIDXTE—- (NI D4+ 1 INIXTI4d)=2d WV O
0L 01 09 (e0-3°1°471°4d1q) 4J1
(CIN)AVAY-INIUVAYISBY=3410 89

HILVW 39ONVY v S3UVIIGNI 3INVIVE NOILVNO3 3IHL 41 3INIWG3IL30

108
VOV

oL 01 N9

89 0L 09 CUMIIONY"LIT(TINIDTIONYI OGNV ° (INIINE°LI° (1*NI4NIONY DY) 41
(663 ‘WVMVEI *d33N *YWIIN3 *93N) 3tvadn 1W)I

((H0 ) LS02)SAV=(%)S8L1SN)D

OO BVAS=(HTENILSDD (T1°19°NW) 4]

1-0=0 (T1°03°ONYVW) 41

Z=WVYvdl

SNOILIVINITIVI ¥0d S3INTAVA YILIWVIVY TIV ILVISNI3Y 01 INILINOY JLvadn

W

INNTAINGD L9

99 01 09 (€0-3"T1-"1T7°(I*1*N)SHY) 31
IT41=1 19 ua

SHY NI ALITIGISVIINI SI 3Jd3HL LVHL JUNSNI 0L MIIHD I




e e it e L R e mrmEb] 2 < - Tovr W, g =T L T ¢ ma— whyeaEn S eI IT e e ima < e s wes e e me e e e e e - - . e e

IV ¥IHOVW N3IHM NOIIN10S 3ISVE ¥0J Q3ILSIXI HIIHM S3INTVA HSI9vIS43Y I
3
sL 31 09
1dIVE=(1%) 019N
. (663 *WYBVAI *dI3% *¥ILNI $93IN) 31vadN 1W)I
b ((5E*N)1SDIISHV=1H)SH1S)D
(OSMNIYVAE=(YF*¥) 1SN (T°19° %) 41
1-0=0 (1°03°0NuVW) 41
T+ R=( 1) W
: Z=HYYVd I
i (TR ANSYI=(I*1*%)SVE 08
, 1141=1 08 JQ
i 1-1=11
w 1+1=1
. (1°7%)YdOH= (1 *1*%)31V¥d0 06
€41=1 05 0a
_ SOHSYI=(%*1°¥)SVQ
: EOHSVI=(E*1*))SV D
ZaHSV8=(Z2°1*%)SvE
10HSVE=(T1*1*¥)SVE
NIYVAY=(T4N) UVAY
WIXT3u=(T1*N)X14Y
ASNYLH= (13 )ASNVYL
JSNYIH=( VM) ISNVAL
CI4T4N)ISVE=( 151 N) NSV @ GY
I1%1=1 §% 0Q
IONTINGD OY
(1S TENIAINTAH=CT VNI AINIL
(IS TN IINTAH=CT 1N 4INT L 1
€41=1 0% 90 A
INIONY= (TN 0T19NY
14IvE=(1*%) dNONY 69

109




aN3 | ,

Ndni3iy st

d01s €1
st 0L 19
(667 *WYYVd] *dIIN *AIINI *93IN) IJLivadn 1IvI
((Yr*NI1SDI)ISAY=(4)SA153)
(OO UVAY=(HT*N)ILSOD (T1°19°Y%) d]
1-0=0 (1°03°DMY¥VYW) J1
Z=WVvuvdl
gI0H=1
GIHINI=Y3IIN3
G THSIN=93IN
QIOHPI=dIIN
YQTHIB=($)SALSDD
€3IHIB=(E)SH1SOD
201H428=(21S9891S0D
dJQTHIEG=(11S91S0D
YOHSYE=(%*1M)Svd
EQHSYI=(E*I*MN)SVYH
2AHSVY=(Z2*1¢M)ISVO
TAQHSYE=(T1*I¢N)sSv g
SHISHY=(%*T*MN) ISHY
EHISHY=(E*T ) T1SHY
CHISHY=(Z'T*N)}TSH:
THISHY=(T*T M) 1Siid

ANNTINDD 2L

INNTINDD %1
(reTEMIANINDG=(rI*MN)ANIS
(FEE9AMDY=(r*1*M)8
I1*1=r %L nq

11¢1=1 21 0Q Ot

a3aavy A18ISv3Id4 39 GINDI 3INIHIVWN ON 3IONIS D




111

T=WVYvd I
(E13°11) ANI 1T1V)

td33% ST *¥3ILINI “93IN) NISHY TWVvI OY
({083 ‘WVYVJIL “d33N *¥YIINI *93IN) JL1vadn 1WI

INTHOVW Vv ONICGVY Y314V ALITIQISVI4 0L NOILMIOS 3A14d0

1=WVYVdl

0°0=(H*T*N)T1SHY

0°8+(E T NITSHU=(ECT*N)TISHY
O°84(Z'T*NITSHU=(Z*T*N)ITSHY
(TN ININB=(T4T N D ISHY

*ONNDY ¥3ddN JINVY SNOLAIYd 0L INIANOdSIHE0I gNAde
YIMOT IONVY ANV INTHIVW Vv ONIGAY 1037434 0L SHY TVILINI 3ISVIUIN]

1-1=11
D *¥3ILNI ¥3I9IMNI

AJWIL *JINTL *ILVHAT *ONIVW *¥rrZ

‘SULSOD *ASNVHL *ISNVML 43ILV¥E *IUVY *FOFZ ‘D3 ‘W *0T19NY *dNONNT
SYVAY *XI4Y *1503 “SHY ‘TSHY ‘ANIY @ *SvE ‘v ‘1v ‘D *71 ‘Y NOWWODD

(OTIINN3DT *(e*06°0TIA3NIL *(E°06°01)143WIL *(E°06°0T)I1VHIOS

$(0€4011330¥3d *(0T1QIYINY *(OTIFF *(06°0TIASNVYL *1%)SALSDIY

(06011 4SNVYL *(0€°0T)31VY ‘(OEIVIIHL *(OE)OILVY *(0E*0T) ILVANE

SLOEIFINZ *(OE* 0TIV *(01)24 *(06°CTIH *106°0T)DIINY “(06°01)dN92

NY *(06°0T1)3VAY “(06°0T)X1JY *(H*T0T1)TISHYCIBHOTIANIG *(8°%‘0T) 81

$L0E*01)1S0D *(%*06%01)SHY *{%*06°0T)ISVE *“(0E*H*0T)1V NOISN3WIC
(WVYVd] ¢d33% 11 “Y3IUIN3 *93N) GVHIVA 3NILNOYHINS

*S3ISVIYINI FLVY HINOYHL OINIVILV
38 NVI NOILINOOYd NI 3ISV3IYINI ON NIHM INTHIOVW VvV aQVv 0L 3INT1LNOYANS

Ahanincid, e

[SES IS

(SRS

(SRR

Wvago

i




112

ON3
Ndni3y o8
doiLs €1

68 01t 09

(663 *Wvdvdl *d3a3xM *A3IINI 493N} 3ILIvadn 1W)I
Z2=RVyvd1]

*Q300Y INITHIVYW HLIIM NOTILATOS
319ISV3Id Y04 NOILVWYOINI 3ONVY OGNV NV3IT9VLE 313ITVIN0D HSTIT8VLSa

WL

INNTINOD Z8
08 01 09 (€0-3°1—"LT7°(I*T*NISHY} 41
11°1=1 28 Q¢
INNTINOD 66
(663 *‘WVYVAI *d33X *HIINI *93N) 3ivadn 1D




APPENDIX C

OPERATIONAL DATA RESULTS FOR MACHINE REQUIREMENTS
PLANNING MODEL USING 4 STAGE EXAMPLE
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STAGE

RNGLO

RNGUP

MACH

TRANSF

TRANSV

FIXRTN

VARRTN

BASVRBL

OPRRATE
FIXTIME

VARTIME

NOTATION FOR THE INTERPRETATION OF HEADINGS FOR RESULTS

114

Number of the machining center of the system
Lower Bound of the production range for the current solution 3
Upper bound of the production range

Number of machines at the machining center

Fixed value of the transition function which specifies the
lggg: to the current stage and the output from the previous

Variable value of the transition function which is multiplied
by the production output required

Fixed portion of the cost function for producing a specified
output through the current stage

Variable portion of the cost function which must be multi-
plied by the production output required

Index number of the basic variable which is analogous to the
rate of operation. The variables are indexed through twice
the number of operating rates to account for both first and
second shifts. Second shift rates are indicated by index
numbers which begin one greater than the number of operating
rates for the machine.

The operating rate of the machine

Fixed portion of the amount of time in hours which the
machine should be operated at the specified rate

Variable amount of time for which the machine is to be
operated. This value must be multiplied by the output
needed from the stage and added to FIXTIME to obtain the
total time of operation. Total units processed at the stage
can also be obtained by multiplying the time by the operat-
ing rate and summing for each stage.
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A GENERALIZED MACHINE REQUIREMENTS PLANNING ALGORITHM
FOR SERIAL FLOW MACHINING SYSTEMS

by
Glenn M. Hayes, Jr.

(ABSTRACT)

The machine requirements planning problem is one which is appli-
cable throughout the manufacturing industry. The use of automation
and computer technology makes the use of machine requirements modelling
particularly attractive, and the vast capital investment in machining
equipment offers significant opportunity for savings through optimi-
zation. The machine requirements problem must be modelled as a mixed
integer linear program. However, a dynamic programming solution pro-
cedure with linear programming postoptimality techniques at each stage
of the machining process is utilized to provide an efficient, flexible
algorithm. The machine requirements model is capable of optimizing
any type of machining system, whether of a discrete or continuous
operating mode. Through discretizing the machine parameters problem,
by 1imiting tool changes to between passes of a tool, any continuous
mode system is approximated as discrete for optimization purposes and
a direct interface with the machine requirements planning model is pro-
vided.

The dynamic programming solution procedure is compared with a mixed

integer procedure. The DP formulation is not only more efficient in




both time and core but provides sensitivity information and offers a
broad spectrum of further application into more complex aspects of

manufacturing systems.




