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CHAPTER I

INTRODUCTION

There ig a large number of companies confined within the broad
term "electronics industry." The model vresented in this study is con-
cernad with a company specilalizing in the manufacture of electronic
equipment. Since this model employs proprietary financial information,
the actual name of the company will not be disclosed.

The company under consideration has six product lines. REach pro-
duct line 1s subject to fluctuations which are determined by the nature
of 1ts particular demand. However, 1n each of the product lines =2
typilcal relationship betwesen production rate and inventory 1s as shown

in Figure 1.
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Figure 1. Producticn-Inventory Relationship



It is significant that inventory peaks occur after the production
rate peaks and before the production rate minimum. This means that part
of the customer demand is being filled from inventory. Therefore, the
production rate at the time marked A 1s lower than the rate of sales,
whereas the prcduction rate at B 1s higher than the rate of sales. Pro-
ducticn rate 18, therefore, varying more widely than sales. This cause-
and-effect relationship between sales, production rate, and inventory has
convinced certain members of management that similar fluctuations exist
among other significant variables, and that ultimately the financial
success of the ccompany depends upon the proper control of these inter-

relationships.

Objectives

The purpose of this study is to develop a simulation model for
analyzing the effects of scme selected variables on the company’'s over-
all performance, The simulation model will be developed by meanz of
the industrial dynamics technique originated by Professor J. W. Forrester
and his associates at the Massachusetts Institute of TechnologyT. The
selected varisbles are: (1) the exogencus input to the model represented
by requisition recelving rate, and (2) structural model parameters such
as raw material price, productivity of labor, and wage rate. The com-
pany's performance is measured in terms of accounts payable, accounts
receivable, actusl inventory, backlog total, cash balance, profit before

taxes, and raw materials inventory.

Scope and Limitations

The general model to be developed is to portray the time-varying



behavior of the company cover a fifty-two week period. The model considers
only eight sectors within the company which are as follows: (1) customer
sales ordering, (2) order £illing, (3) inventory cordering, (4) manufactur-
ing, (5) labor, (&) material ordering, (7) cash flow, and (8) profit.

It is assumed in the model that customer ordering is indepenrdent
of the actions taken by the company in meeting the customer's delivery
requirements. This assumption can be made hecause the company's delivery
dates are consistent with the delivery dates of other companies within the
electronics industry. If delivery dates should become excesslive at a
later date then provisions would have tc be made in the model to reflect
the changes, These ordering patterns may be determined from past history
and projected by forecasting methods to give ug an input which activates

the model,

Prior Research

The field of mathematlical economics, commonly calied econometrics,
has a rich history of attempts to analyze economic systems or components

. 1 .. .
of an economic system, R. G. D. Allen's text, Mathematical Economics,

summarizes past attempts to analyze economic systems using classical

5

mathematics. Models developed by economists such as Harrod8, Domzr”,

-

Phillipsl s Hicksg, Samuelsonlg, and Kaleckil2 represent attempts to

describe dynamic economlc behavior using & limited number of wvariables.
A review of these models, however, reveals gerioug practical

limitations of classical mathematical methods for the analysis of large-

scale dynamic systems. When compared with the computer simulation

appreach to model bullding, classical mathematical methods have the



following limitations: (1) the number of variables must be relatively
small, (2) the effects of delays between variables are not considered,
and (3) the relaticnships between variables are assumed to be continuous
functions. These difficulties are easily overcome in the computer simu-
lation approach. The number of variables may be as large as several
hundred, the provision for delays adds to the realism of the models, and
discontinuous relationships can be handled easlily by means of table
functions,

There have been many recent attempts to analyze large-scale dyramic
economic gystems using computer simulation., The econcometric model of the
United States ecconomy developed by Duesenberry, Fromn, Klein, and Kuh
is a representative example of such analysis at the macroecconomic level
of aggregation. A number of simulation models concerned with descripticn
of particular industries also have been developed. Examples of these
models are the shoe, leather, and hide industries study of Cohenh, the
lumber industry study of Balderston and Hoggatte, the nuclear fuel
marmfacturing industry study of Hurfordll, and the copper and alumirum
industries study of Schlagergo

Economic simulation models alsic have been developed which are
sufficiently detailed as to consider individual consumers as basic come
penents of the economie system, The simulation model of Qrcutt, Gresn-

15

berger, Korbel, and Rivlin is representative of models at this level

of detail, Models cconcerned with detailed description of a firm as a

component of the overall economic system have bheen developned by Bonini3,

13

Tongezl, Hoggattlo, Nbrdlh, Kinsley ™, and Packerl6 and are representa-

5

tive of economlc models at the microeconomic level of economic system



analysis.

Analog computers have been used in the past for simulating both
economic and engineering models. Because the flow diagram of an analecg
model contains elements which represent terms in the classical mathematl-
cal model, the analog model flow dlagram assists in visualization of the
behavior of the physical system. However, other characteristics of ana-
log computers, such as scaling problems, mcdel size limitations, and
noise level effects on accuracy, limit their capability relative to
large-scale system analysis.

In 1961, Forrester7 presented a simulation method which he had
developed and named "Industrial Dynamics.” This simulation methed con-
siders any or all of six basic flows, namely: information, labor, egquip-
ment, orders, materials, and meney., The simulation computation iz in
the form of linear difference equations. The model equations are of
three main types: level, rate, and auxiliary. The level equations
algebraically sum inflows and outflows at points of interest in the six
or less basic flows, The rate equations specify the rate of inflow to
or outflow from each level, and the avxiliary eguations are mathematical
representations of the decision processes employed in the real-world
system, The auxiliary equations serve as inputs to the rate equations,
and therefore, affect the flow rates.

In 1963, Pughl8 wrote a manual entitled DYNAMO User's Manual which

describes a digital computer simulation language specifically developed
for programming industrial dynamics models. Pugh states that DYNAMO
consists of approximately 10,000 instructions written in machine langu-

age and that its development required six man-years of effort., He also



states that DYNAMO can handle models containing as many as 1,400 equa-

tiong, which provides an indication of the model size capability.

Procedure
The material discussed in the succeeding chapters of this study
is concerned with the realization of cbjectives stated earlier, Chapter‘
IT deals with preliminary model formulaticns. Chapter TIII discusses the
development of some 140 model equations. Chapter IV presents the dis-
cussion of simulation results, Chapter V contains conclusions and

recommendations for further research,



CHAPTER TI

PFRELTMINARY MODEL FORMULATTON

Model Description

In industrial dynamics, a large number of variables may be con-
gidered fer inclusion in a model. These varlables are divided inte two
parts: (1) & set of "endogenous" variables which are concerned with
the structure of the model, and (2) a set of "exogenous" variables
which describe environmental conditions affecting the model.

Any industrial dynamiecs model, however complex, consists of three
parts:

1, TInput, which is represented by a set of exogenous varilables.

2. The structure of the simulated system which is represented
by a set of endogenous varlables,

3. Oubput which consists of a time dependent printout and plot
of the values of selected endogenous and/or exogenous variables.,

Figure 2 shows graphically ihe relatiorships befween the three
parts cf an industrial dynamics meodel. Input is represented by an exo-
genous varizble "X"; the structure of the simulated system iz represented
by the endogencus variables "A", "B", "C", and "D"; and the cutput is
represented by the selected variables "A" and "D",

The first consideration in construction of a model 18 the scope
of the system to be simuwiated. This scope may later be eniarged or re-

duced, but an initial defermination of the general outiine of the bound-



BOUNDARY OF A SYSTEM
UNDER STUDY

Figure 2, Industrial Dynamics Model Concent

aries of the system must be established, 1In this research the general
boundary of the system is the company. Selected parameters within the
company will be considered asg the endogenous variables., A few, but by
no means all, examples of the endogenous variables are order filling,
inventory ordering, manufacturing, and labor, Other endogenous vari-
ables will be discussed as the model is developed,

The second consideration is the establishment of onre or more
exogenous variables. In this model the wvariable which exerts the most
influence over the behavior of the company and over which the company
exerts negligible influence is customer ordering, Customer cordering
is the result of a number of factors, a few of which are budget,
seasonality, availability, rate of obsoclescence, and quality. The
interaction of thege and cther factors produces an erratic and extremely
seagonal demand pattern which affects all companies within the indusiry.
Ag a result of these interactions, customer ordering will be considered

the only exogencus varlable in the model.



Delta Time
Inherent in aay cynamic vroblem is the concept of incremental
time, that 1s, the ezpan from one time veriod te the next. In industrial
dynamics this incremental time 1s known ag "Delta Time'" (DT). Time
lagging one veriod in the past is represented by the letter, "J"; pre-
gsent time is known as "K', and time one increment into the future is

time "L" 28 srown in Fizure 3.

PRESENT TIME

o
X
r

DT DT TIME
(JK) (KL)

Fizvre 3.  DYNAMO Time Concest

Deltz Time mz. Te egtablisked as larze or as small ag desired,
but it 1s te e rerembered that any declsion made at the start cof a
veriod must z2voly wiithout chanze throughout the pericd, If the decision

does net zrely throvzhout tre period, then DT should be decrezsed until

L

it Zoes, In this study DT 1s taken as one-fourth of a week {approxi-
mately 1.25 days). Delta Tine may be resdily changed even after comnle-

ticr of the motel; however, it msy not be changed during an actaal run

Tevel FEcustions

Resources sucn 28 =en znd ssterlials sye clecszd irto the nedel

tiy Tleval" eguaticns. Levels way ve ceonsidered as tarnks or hoxes which

\'q
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hoid an amount of the resources, and they are represented cn the flow

diagram by a rectangle such as shown in Figure b,

PIPELINE |N

MAPRO

L
20N

\ PIPELINE OUT

Figure 4. DYNAMO Level Symbol

The present level (K) is always egual to the level one time
pveriod agoe (J) plus or minus the rate of the particular resource flow-
ing intc or out of the level during the intervening time (JK). This
statement forms the hasis for all level equations.

Each type of resource has its own distinct symbol showing its
flow into and out of a particular level. Tor exa:ple, Professor Forrester
distinguishes five types of flows other than information flow, namely:
materials, orders, money, personne., and capital equipment. The symbols
whict. are used in the constructicon of industrial dynamics nodels are

ghown below.

Information ~=—-——memmmm oo

Materiasl

Orders -0-0~0-0-0-0-0-0-0-0-0
Money “8-$-5-5-5-5-$-$-$-3-8

Personnel
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Capital Eqguipment,

Tocls, factories

Rate Eguatlons

The flow of a resource into or out of a level is kncown as a "rate,"
The rate eguation may be considered as a valve on a pipeline which per-
mits rescources to flow from one tank into ancther tank. This rate deci-

sicn is represented by the symbol of a butterfly wvalve,as shown in

Figure 5.

PIPELINE I[N

PIPELINE QUT

Figure 5. DYNAMO Rate Symbol

The rate for the future time interval (KL) is always dependent
vpon the state of the levels at the present time (K} and the rate of

flows during the incremental time just past (JK).

Auxiliary Equations

In the real world, decisions are seldom based upon the state of
just one flow or one level: rather the states of several {lows and
rates are usually corbined glong with certaln varameters. The auxiliary
equations "tie" the levels, pipelines, and rates together. They repre-

gent auxiliary decisions in the flow of information within the rodel.
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Auxiliary equations are represented by circles. The flow of information
(from levels, rates and other suxiliary variablesg) is represented by

broken arrows,as shown in Figure 6. Auxiliary variables are always

PIPELINE N~
~

~
T~w= P|PELINE OUT

Figure 6., DYNAMO Auxiliary Symbol

corputed at the present time (K} from the latest information available,
i.e., time K from levels, time JK from rates, and time K from cther

auxiliaries, An awiliary symbol must always have information flow in
and infornation flow out (except in the case of the exogenous variable

where information may only flow out).

Initial Conditions

As in the case of differential and difference equations, initial
conditions for the system under study must be established, Tach level
and rate equation reguires an Iinitial condition. As auxiliary values
are corputed from information received from level, rate, and other
auwxiliary eguations, they require no initial conditions. The auxliliary

equations are simply centers of information exchanges.

Constants

A constant may be specified in the body of a level, rate, or
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auxiliary equation; or it may be expressed as a separate parameter of
the system. For example, Delta Time is a parameter of the system and is

expressed as:

DT = 0.25

Equation Format

Dynamo requires each equation to follow a specified format. The

formats available for use are listed in the Dynamo User's ManuallS, page

52. Adeguate formats exist to express most algebraical equations with

a little rearrangement. Certain special function formats also are avail-
able. Tach format is numbered and this number must be punched intec the
first space available on the IBM card. Each number 1s followed by the
letter representing the type of equation, e.g., L for level, R for rate,

A for auxiliary, N for initial condition, and C for constant.
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CHAPTER III

THE MODEL

Introduction

A formal mathematical model will now be developed that describes
in detail the relationships shown in Figure 7. This will be dcocne in
eight sections, namely: (1) Order Filling, (2) Inventory Ordering, (3)
Manufacturing, {4) Material Ordering, {5) Labor, (6) Customer Ordering,
{7} Cash Flow, and (8) Profit.

Special conditions and assumptions, if any, will be discussed in
detall within thelr regpective sections., The model will involve about
seventy active wvariables plus some thirty initiasl-condition equations.
Approximately twenty-sight constants are neseded to define the total
system.

Each section will have an associated flcow chart on which are shown
the more important variables and their interrelationships with cne ano-

ther. Conventional Dynamo notation is used on each of the flow charts.

Order Filling

The first eguations to be developed will be concernsed with the
receipt of orders and their subsequent filling either from inventory or
through manufacturing to customer order. The functions to be represented
are shown in Figure £, Inventory of finished geoods and criteria for
determining whether or not an incoming order can be filled from ilnventory

are included in this section of the model.
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Equation (1) gives the level of incoming reguisitions in clerical
processing within the company REQCP, into which flow incoming orders
REQRR, and out of which flow orders to be filled from inventory REQFT

and orders {o be manufactured to customer specificaiion REQMO.
521, REQCP.K =R EQCP,J+{DT} (REQRR ., JK-REQF I, JK-REQMC , JK+0, O) (1)
12N REQCP=(REQRR) (LELCP) (2)

Eguation (1)} is the standard form of level eguation with cne in-
flow rate and two outflow rates. It generates the number of unprocessed
orders within the company. Requisiticns from customers REQRR fTlow in
and requisitions to he filled from inventory REQFI and to be manufactured
to order REGMO flow out.

Initlally, REQCF i3 given as equal to the incoming Tlow of orders
REQRR multiplied by an average clerical processing delay DELCF. This re-
lationship is shown in equation (2).

Unfilled orders to ship from inventory SHORD are defined by the

level equation (3).
1L SHORD, K=SHORD, J+(DT) (REQF L, JK-SHFIN, JK) (3)
12N  SHORD=(REQFT)(DEISH) (1)

In equation (4) the initial steady-state level of shipping orders
SHORD eqguals the steady-state flow of orders which can be filled from
Inventory muliiplied by the average delay in making shipments DELSH.

Rate of orders shipped from inventory SHFIN is represented in

equation (%) as a fixed fraction of the backlog SHORD.
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20R  SHFIN.KL=SHORD,K/DEISH (5)
6N SHFIN=REQFT (6)
C DEISH=1 week (7

Equation (6) gives the initial value of the rate of orders shipped
from inventecry SHFIN, which, in the steady-state must equal the rate of
orders to be filled from inventory REQFI.

Inventory of finished products is given by the level equation (8).
1L ACTIN ,K=ACTIN, J+(DT) (MANRT , JK-SHFIN, JK) (8)
6N  ACTIN=605 (9)

In this model inventory of finished products ACTIN is taken as
605 equivalent product units, This figure represents 80 percent of the
tetal inventory as shown on the company's valance sheet.

Requisition rate of corders filled from inventory REQFI 1s repre-

gsented by equation (10).
ULR REQFI ,KL=(FRFIN,X) (REQCP.K) /DELCP (10)
125 REQFI=(NFFIN) (REQRR) (11)

To obtain the rate of orders that can be filled from inventory
REQFI, the total level cf orders REQCP 18 multiplied by the fraction
that can be shipped from inventory FRFIN and divided by the delay in
clerical processing DELCP. The initial value of the rate REQFIL, as

given in egquation (11), is the normal fraction that can be shipped from



19

inventory NFFIN multiplied by the initial steady-state flow rate REQRR.
The average tilme necessary to route orders is here taken as one

week.
c DELCP=1 week (12)

The rate of corders sent to the manufacturing department REGMO is

simply the fraction that cannot be filied from inventory.
4R REQMO. KL=(SUBST,K) (REQCP ,K) /DELCP (13)
TA SUBST.K=1-FRFIN.K (14)

To complete the order-filling sector, we need to establish the
fraction of crders that can be filled from inventory FRFIN., This is
intended to be a variable associated with the aggregate flow of orders
for a2ll items in the product lines. In general, we can expect that the
smaller the inventory the more inadecuate FRFIN will be. As the inven-
tory drops, & larger and larger fraction of the incoming-order flow will
be manufactured to customer order rather than being filled from inventory,

FTigure 9 shows the kind of curvilinear relatlonship that is pro-
bable between the fraction of requisitions that can bhe filled from in-
ventory FRFIN and the wvariable level of inventory represented by the
ratio ACTIN/NECIN. Several considerations form the basis for this curve.
Certain items in the product lines are so specialized that they are never
carried in finished inventory. Therefcre, there is an upper fraction
MAXFT heyond which the fraction of orders to be filled from inventory

cannot rise. Another significant characteristic of the curve will be the
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fraction of orders that can normally be filled from inventory NFFIN
when inventory is at some particular level, The fraction NFFPIN will
always be less than the maximum fraction MAYFI, Otherwise, ‘-ventory

would be unnecessarily high.

o= — —_—_——  — ——
|
I
T MAXF| |
x | T T T T T ‘_I. __________
. | NFFIN
z = — e _
m I
x
w |
I
]
I
0 |
° ACTIN.K .0
NECIN
Figure 9. Requisitions Filled from Inventory

Figure 9 implies that as total aggregate inventory rises, the
split fraction FRFIN rises slowly to approach the Llimit MAXFI, which re-
presents the items that might conceivably be found in inventory. As in-
ventory declines, the split fraction FRFIN falls slowly at flrst and
then more and more rapidly as zerc inventory is approached and no requisi-
tions can be filled from inventory. The system is set up so that those
reguisitions that cannot be filled from inventory will be sent to the
factory tc be made to customer order.

The relationship, as shown in Figure 9, giving the split fraction
FRFIN when inventory is known, could be provided in either of two ways

in the model, A table of values for FRFIN could be stored for several
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levels of inventory and then intermediate values could be found by inter-
volation., Alternatively a mathematical relationship which has the form
of the curve in Figure 9 could be used. This latter procedure will be
followed whereby the split fraction is determined by equations (15)

through (18).

12A  FRFIN,K=(MAXFI)(ROUND.K) (15)
7 ROUND,K=1-WHOLE , K (16)
284  WHOLE.X=(1)EXP(-IALVE,K) (17)
4ha  HALVE.K=(C1) (ACTIN,K) /NECIN (18)

An expeonential Tunction of this kind has one degree of freedom
represented by the constant Cl., The constant C1 should be chosen so that
the curve will go through the value NFFIN in Figure ¢ when inventory equals

the value of NECIN.
2o ¢1=(1)LOGN(REMOV,K) (12)
48A  REMOV,K=MAXFI/(MAXFI-NFFIN) (20)

Equations (19) and (20) are initial conditions eguations that de-
fine a constant which will cause the curve of Figure 9 to pass through
the deglired point at the specified value of NFFIN. The constant NFFIN
must have a value less than MAXFI.

From considerations of the plans for inventory stocking and the
fraction of orders that might conceivably be filled from inventory MAXFI

ig taken asg 0.6,



o MAXFTI=0,6 (21)

From past inventory practices and estimates of the regquirements

for adequate service for customers NFFIN is taken as 0.5,

c NFFIN=0.5 (22)

Figure 9 has been established on the assumption that in steady-
state system condition we expect to operate the ACTIN equal to NECIN,
and, therefore, with & split fraction equal to NFFIN. In fact, this is
the definition of NFFIN. Accordingly, NECIN is a constant whose value

should be that of the initial steady-state inventory ACTIN.

&N NECIN=ACTTYH (23)

Eguation (23) completes the part of the model which relates in-
coming corders to shipments filled from inventory and to shipments manu-

factured to customer order.

Inventory Ordering

The inventory crdering section is shown 1n Figure 10, Examinatlon
of reccrds and discussion with executives concerned with crdering showed
three principal fTactors influencing inventory replenishment. The firzt
was the average rate at which inventory was being depleted by shipment
to customers, The second was the adjustment to bring actual inventory
to its desired level. The third was a recognition of the crders for
inventory in process in the factory and the factory lead time for fill-
ing inventory orders.

Equation (24) combines the pertinent factors for orders to be
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produced for inventory ORMIN.
254 ORMIN ,K=ASHIN,K+(1/INADJ) (DESIN,K-ACTIN,K+ONECT ,K-OACTI K
+0.0+0.0) (2k)

The first term in the equation is the average shipping rate from
inventory ASHIN. Use of the short term average is more proper and more
realigtic., The terms within parentheses on the right-hand side of equa-
tion (24) give the difference between desired and actual inventory plus
the difference between necessary and actual inventory crders in process
at the factory. This inventory discrepancy is adjusted by ordering a
fracticn of the discrepancy per week. The fraction is given by the ad-
Justment time constant INADS. The numerical value of INADJ will detexr-
mine the rapidity with which inventory adjustments are made, and is here

taken ag six weeks.
¢ THADJ=6 weeks (25)

Equation (24) is an auxiliary rather than a rate equation becazuse
it is tentative. 1Its vurpcse is to prevent a negative flow of orders to
the factory. ©Some clrcumstances arise where excess inventory will lead
equation (24) to generate a negative order rate., This condition would
cecur ab a tTime when there sre no orders in the factory backleg to can-
cel, and is, therefore impossible. The actual rate 1s given by egquablon

(26).

56R ORAMT ,KL=CL.TP (CRMIV . K,O ,0RMIN,K,0) {26)
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A first-order exponential averaging equation will be used to con-
vert the shipment rate from inventory into the average shipment rate that

was used in equation (2Lt),
3L ASHIN,K=ASHIN,J+(DT) (TASHI) (SHFIN,JK-ASHIN,J) (27)
6N ASHIN=REQFT (28)

The average inventory shipping rate 1s intended to reflect very
recent shipments from inventory. A short averaging time 1s therefore

appropriate, such as two weeks,
C TASHI=2 weeks (29)

Degired inventory DESIN will be taken as the constant CINRA mmlti-

plied by the requisition smoothing rate REGSR.

124  DESIN,K=(CINRA)(REQSR.K) (30)

The cengtant CINRA is here taken as equal to four weeks of sales,

C CINRA=l weeks (31}

Eguation {30} requires an average level of sales REQSR. This is

obtained in the following way.
3L REQSR .K=REQSR . J+(DT) (1 /REQST) (REQRR . JK-REQSR.J) (32)
61 REQSR=REQRR (33)

Averaging of the incoming-order rate was necegsary because week-

by-week order flow fluctuates widely. Most of such flow rates must be
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averaged before making management decisions, This averaging may be a

formal numerical process or may be an intuitive or psychologlcal averaging
of the flow of available information. ZEguation (32) shows that each week
a fraction REQST of the difference between the current and aver ge sales
1s uged to correct the level of average sales. 1In the steady-state,
average sales REQSR will equal the incoming sales rate REQRR as given

in equation (33).

The average time for incoming orders is taken as thirfeen weeks,

C REQST=13 weeks (34}

The normal number of items cn order for lnventory in process at
the factory ONECI would be the average inventory shipping rate ASHIN

multiplied by the manufacturing delay for inventory in the factory VDEIM,

128 ONECT ,K=(ASHIN,K) (VDEIM,K) (35)

The actual orders in process in the factory for inventory QACTI
will be the sum of two components, the backlog of crders not yet started

BIGIN and the orders in the process of manufacture CIPIN.

TA CACTI.K=BLGTN,K+0OIPIN,.K {36]

The description of the inventeory cordering section is now completed.

Next the manufacturing section of the company will be described,

Manufacturing

The manufacturing operation is represented by two flows, cne for

goods that go to inventory and the other for goods mamufactured to custo-



mer order. In actual practice these are intermixed in the same production
lines, but in the model they will be treated separately to provide the
necessary variables representing each of the two flows. Consequently,
Figure 11 shows two Dbacklogs of orders and two production delays. Since
in the process being represented the inventory orders and the custcomer
hacklog orders were intermixed, there will be no priority given to

either of the production lines,

Equation (37) gives the backlog of orders to be manufactured for

inventory.
IL BLGIN . K=BLGIN,J+(DT) (ORAMI , JK-BLGRR.JK) (37)
6 BLGIN=180 (38)

In equation (38) the initial value for the backlog of orders for
inventory is given as 480 equivalent prcduct units, This is 60 percent
of the total backlog of the company.

The backlcg of work in progress for goods belng manufactured to

customer order is given by equation (39).

1% CURLG ,K=CUBLG, J+{DT) (REQMO, JK-PZORD, JK) {39

6N CUBIG=320 (Lo}

We now allocate manufacturing manpower to each of the order flows.
In normal operation the two backlogs are intermixed which implies that
manpower 1s to be allccated in provortion to each of the backlogs. How-
ever, there may be times when the available labor can produce more items

than are in the backlogs during a period in which the work force is
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being reduced. At such times the backlogs should not become negative,
instead the excess labor should be devoited to making inventory. Eguations
(41) through (47) refer to the allocation of manufacturing manpower,

Eguation (41) makes available the total backlog of orders.

7A BLGTL, K=BLOIN. K+CUBLG K (%1}

Beth backlogs must not drop below & length equivalent to some
minimum producticn scheduling time. This minirum delay in the backlogs
defines the maximum production rate, which in turn ftells us the maximum
manpower that can be effectively assigned to backlog reduction. Excezs

labecr will make unordered items for inventory.

L2a MMBLG , K=RILGTL.K/(MDELB) {CPROL) (42}

In equation {(42) the total backlog BLGTL is divided by the minimum
delay in backlog MDELB necessary for scheduling the work to give the
maxirmm rate at which orders can enter production.

The resulting rate is then divided by the labor preoductivity
CPROL to give the maximum work force that can be assigned to production
for the reductilion of backlog.,

The minimum scheduling time is taken asg one week,

C MDELB=1 week (43)
Productivity iz taken ss 107 units per man/week,

C CPROL=107 (bh)

A contrcl equation necessary to determine the number of men to
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work on backlog reduction is given by equation (45).

544 MWBLG . K=CLIP(MAPRO,K,MMBLG.K,MVBLG.K,MAPRO.K) (45)

The number of men to be used for backlog reduction are proportional

to the backlog sizes, The fraction in each backlog is given by eguations

(L6) and (47).

208  FRLIN,K=BLGIN,K/BLGTL.K (40}

204  FRICO,K=CUBLG.K/BLGTI.X (&7)

The fraction of men avallable for work on customer orders 18 given
by equation (L7). This fraction multiplied by labor productivity CPROL

gives the following production rate on items for customer corders.

13R  PCORD.KL=(FRLCO.K) (MWBLG .K} (CPROL) (48)

TN PCORD=REQRR-REGFI {497

In the same manner, production rate on inventory backlcog orders
is calculated., It is here considered ag an auxiliary equation because

it will be used in several cther equations.

134 PINCR,K={FRLIN,K) (MWBLG ) (CPROL) {50)

éR PINOR .K=BLGRR.KL (51)

The actual items produced for inventory PRSIN will be the sum of
those manufactured to fill inventory orders PINOR plus those manufactured

to occupy excess labor above the number who can work in response Lo back-
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log orders PEINV. The excess workers and the rate at which they can pro-

duce will first be calculated using equations (52) and (53).

74 METNP, K=MAPRO, K-MWBLG , K (52}

124 PEINV.K=(MEINP,K) {CPROL) (53)

Total production rate for inventory PRSIN is given by the sum of

the two components already calculated,

7R PRETN .. KI.=PTNOR.K+PEINV,X (5L

&N PREIN=REQFT (55)

The production process is here approximated in two steps. Tne
first is the point at which labor is applied, and therefore controls the
rate at which the orders in process for inventory OIPIN, equaticns (56
and (57), and the customer orders in process CORIP, eguations (60 and
(61), are stated in production. Secendly, the producticn start rate
MANRZI, equations (58) and (597, a2nd SRMOR, equationz (627 and (63} are
followed by their resgpective production process delays before the fin-

ished goods become available.

1L OIPTN,K=0IPIN,J+{DT) (PRSIN.JK-MANRI,JK) (56
120 OIPIN=(DELPR ) (REQFI) (57}
39R MANRI .KI=DELAY3(PRSIN,JK,DELPR) {567

Production delay for inventory DELPR is here represented as z

third-order exponential delay of average length six weeks.
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c DELPR=6 weeks (59)
1L CORIP.K=CORIP.J-(DT) (PCORD. JK-SRMOR . JK) (60)
18N CORIP={DPCOR) (REGRR-REQFT ) (61)
3SR SRMOR . KL=DELAY3{PCORD . JK,DPCCR ) (62)

Production delay for customer order DFCOR is here represented as

a third-order exponential delay of average length twelve weeks,

v DPCOR=12 weecks 53)

The raw-material level RMATS is produced by the raw-material re-
ceiving rate RMARE and two depletion rates, namely: production rate
starts for inventory PRSIN, and production rate starts for cuztomar

orders PCCRD.
52L, RMATS . K=RMATS , J+{DT} (RMARE, JK-PREIN. JK-PCORD, JK+C A1)
BN RMATS=148 (65

The total delay in the manufacturing department is needed in de-
cisions elsewhere within the system. The delay consists of two parts,
namely: the delay whiclk an order experiences waiting in the bhacklog,
and the deley in the actual production. Eguation {66) gives the delay
expected for inventory production VDELM as the size of the backleog BLGIN
divided by the rate at which the backlog is being depleted PINCOR vplus

the actual manufeacturing delay DFEILFR.

274 VDEIM.K={BIGIN.K/PINCR,K)+DELFR {66)
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Likewise, the delay for manufacturing tc customer crder DMCOR ig
composed of the variable delay that the order experiences in the backlog

CUBLG/PCORD plus the constant manufacturing delay DFCCR.

274 DPCOR,K=(CURIG.K/PCORD. JK ) +DPCOR (67)

Even though production rates are proportionsl to the backlogs,
the delays 1in producing to inventory DELPR and to customer orders DPCCOR
are different. This is due to the nature of the demand of each of the
products belng manufactured for inventory PINOR and to customer order

PCCORD.

Material Ordering

The rates at which materials enter and are uged within the company,
and the policies governing changeg in the status of materials are impor-
tant parts of the system being studied. 8Since the availability of mater-
lals does contrel a number of decisionsg within the manufacturing cpera-
tion, the egquations feor the ordering of materials and the materials de-
livery delay are included in this section. The flow diagram for the
material ordering section is shown in Figure 12.

The material-ordering eguaticns are developed in the followirng
paragraphs. The concept of raw materials desired at the factory DE:ZRM
is defined by eguation (68) as the product of reguisitions smoothing

rate REQSR multiplied by the raw material supply constant CRMEP.

124 DESEM.K=(REQSR.K) (CRMSP) (68)

The raw materisl supply constant is taken as five weeks.
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c CRMSP=5 weeks (69)

The raw-material purchasing rate EMPUR depends upon the rate of
usage of materials in production PCCORD and PRSIV and contains a term

MABEL for adjusting the inventory stock and the raw material pipeline

content.

&R RMPUR , KL=PCORD , JK+PRSIN, JK+MARET, . K (70)
2ha MABEL,K=(1/TRMAD) (DESRM.K-RMATS , K+NRMAV ,K-ARMAV . K+0+0) (713
&N RMPUR=REQRR (72)

The time constant TRMAD controls the rate at which inventory and

pipeline discrepancies will be corrected, and is taken as eight weeks.

¢ TRMAD=8 weeks (73)

The necessary raw-material orders and material in transit in the
material supply plpeline NRMAV are proportional to the average level of

business activity REQSR and the length of the pipeline DELRM.

124 NRMAV.K=(REQSR.K) (DELRM) {74)

Yere the orders are passed through a third-order delesy from which
the materials return to factory raw-msterial stock. This reqguires a
level equation, its initial-value eduation, and the designation of 1ts

delay function:

1L ARMAV.,K=ARMAV,J+{DT) (RMPUR , JK-RMARE. JK) (75)
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12y ARMAV=(REQRR) (DELRM) (76)

30R RMARE , KI=DELAY 3 (RMPUR , JK ,DELRM) (77)

The average delay in procuring raw materials DELRM is taken as

three weeks.

C DEIRM=3 weeks (78)

Labor

The laber supply and the policies governing the changes in labor
force are important parts of the system under study. Of primary concern
is the interaction between the varying flow of incoming orders from the
customers and the resulting manufacturing rate, which in turn is con-
trolled by the labor force and adjustment.

The labor section shown in Figure 13 consists of a laber pool, a
hiring decision IHRRA, an initial training period LINTR, the level of
manpower available for production LENPR, a dismissal decision ILADNR, and
employees who have received termination notices but have not yet left

the payroll IATER.

1L LINTR,K=LINTR.J+{DT) (LHRRA , JK-LENPR,JK) (79}
6N LINTR=0 (80)
39R LENPR ,KL=DELAY3 (LHRRA, JK,DLATR) (81}

Under the steady-state conditions, when there are no changes in
levels of activity within the system, the number of trainees will be =zero,

ag given in eguation (80). Equation (81) specifies the rate at which
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labor enters producticon LENPR., The nonproductive training interval is
used here both as training and as a methed of representing the ineffici-
enclies attendant on an increasing production rate.

The training delay DIATR is taken as two weeks,

C DIATR=2 weeks (82)

The number of active production workers MAPRO is given by the

level equation (83).

11, MAPRO,K=MAPRO,J+(DT) (LENPR . JK-LADNR . JK) (83)

20N MAPRO=REQRR /CPROL (84)

The initial level of preoducticn manpower MAPRC as given by equa-
tion (84) is equal to the steady-state constant level of business acti-
vity REQRRE divided by the productivity of labor CPROL.

The labor-termination rate IATER is given by equations (89)

through (87).

1L LLFAV ,K=LLFAV,J+{DT) {LADNR , JK-LATER , JK) (85)
A LIEAV=0 (86)
39R TATER.KI,=DELAY3(LADNR ,JK ,DLLEA) (87)

Equation (85) gives the number of persons in termination status,
Equation (86) indicates that this number is zero in steady-state pro-
duction conditions. Equation (87) defines the outflow rate IATER, which

ig the rate at which labor is leaving the payrcll. The termination delay
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is considered as a nonproductive pericd in which salaries will be paid.

The delay in labor leaving DLLEA is taken as one week,

C DLLEA=1 week (88)

We now turn to the desired labor force and the hiring and layoff
rates, First, there is a labor level that will produce at the average

level of the incoming-crder rate.

204  IAVES,K=REQSR,K/CFROL (89)

Bquation (89) gives the number of workers who could produce at
the incoming saverage order rate,

Next i1s a consideration of the backlog conditions within the
company. Backlog NBLOG is expressed as the product of requlsitions

smocthing rate REQSR and normal delay in backlog NDBLG.

124 NBLOG . K=(REQSR.K) (NDBL3) (90}
The normal delay in backlog NDBLG 1s taken as twelve weeks.

C NDBLG=12 weeks (91)

Since the actual backlog BLGTL will often be different from the
nermal backlog NBLOG, we must generazte the amount of labor LBLAD that
is necessary to adjust the backlog to the desgired level at some speci-

fied correcticon rate.

21A LBIAD ,K=(1/DOTTY K) (BLGTL,K-NBLOG . K) (92)

128 DOTTY .K={ CPROL) (TRIAD) (93)
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Equation (92) gives the man-weeks of work necessary to correct
the backlog tc its normal value., The numerator must be divided by the
period of time over which the correction is to be accomplished DOTTY to
give the number of men who are to be employed for the purpose of adjust-
ing the backlog., The constant DOTTY 1s defined as the product of the
constant labor productivity CPRCL and the time required for backlog ad-
Justment TBLAD. The adjustment time period TBLAD is taken as twenty

weeks,

C TBLIAD=20 weeks (ol)

Tt is now possible to determine the desired level of labor at
the factory. The desired level of labor DESLA consists of three parts,
namely: the labor necessary to produce at the average sales rate JAVET,
the labor necessary to adjust the backlog level IBIAD, which may be
either positive or negative, and a reduction by the number of workers
who are producing for inventory beyond the rate covered by inventory pro-

duction ocrders MEINP.

8A DESLA ,K=ILAVES ,K+LBLAD ,K-METNP . K {953

The desired labor level DESIA minus the asvallable labor level
LABAV gives the excess or deficit in the present level of production man-

power ILCIND.

7A LOIND  K=DESLA ,K-LABAV.K (96)

In equation (96) the available labor force IABAV is reguired. The

available labor TABAV consists of men actually producing MAPRC and labor



in training LINTR,
7A LABAV.K =MAPRO,K+LINTR.K (97)

In additlon, another possible factor in the labor force hiring-
layoff decislion has been included. Managers within the company follow
the practice of making no employment change until the labor discrepancy
has reached some percentage of the work force. When employment differs
by more than the percentage or threshold, hiring cor layeff takes place
until employment again falls within the threshold., Since 1t may later
become desirable to study the effect of such an employment-change thres-
hold, the necessgary terms will now be incorporsted.

Equaticns (98) through (103) indicate the threshold and the rate

at which discrepancies in the work force are corrected.
20A  LCRAH.X=JERRI.K/TFLCH (98)
1hA JERRI.K=LCIND.K-{CLCTH) (MAPRO.K) (99)

Equations (98) and (99) are closely interrelated and it is desir-
able to discuss equation (99) first. In equation (99) the threshold for
hiring and layoeff is given by the percentage CLCTH multiplied by the
present labor force MAPRO., The desired labor change JERRI i1s the differ-
ence between the labor change indicated ICIND and the tareshold. In
equation (98) the labor change rate for hiring LCRAH is defined as de-
sired labor change JERRI, divided by the time constant TFLCH.

The time constant TFLCH, which represents the rapidity in making

the labor change, is taken as ten weeks,.
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C TFLCH=10 weeks (100)

Because the hiring threshold is not to be ordinarily used, the

normal value of CLCTH will be ftaken as zero.
C CLOTH=0 {101