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CHAPTER I

INTRODUCTION

Description of the Problem

The classical economic lot size model determines the order quantity
that minimizes the sum of set up costs and inventory carrying costs for a
single production or procurement operation. The analysis leading to the
development of the model assumes that the acquisition of the item stocked
is from an external source and that the requirements satisfied by with-
drawal from inventory are imposed by a second external source. Although
such models are widely used for controlling inventories of finished goods,
in-process items, and purchased materials, these assumptions are never

true for a production system. For any given inventory stage in a produc-

tion system requiring lot size decisions in the resupply process, there
1s at least one predecessor stage or successor stage whose replenishment
decisions are also under contrel. To obtaln lot size policles that have
some claim to being optimal, the interdependences among related lot size
decisions must be explicitly considered. The purpose of this research
was to investigate the determination of economic lot size policles in

multistage production systems.

Before giving a more complete description of the problem, it is

convenient to define the terms stage and level.

A stage is a point in the production process where materlal remains
for a period of time, and where the material may or may not receive pro-

cessing that increases its value.



A level indicates the specific position of a stage in the multi-
stage structure, according to the number of successor levels in series
following it. Figure 1 1llustrates the concept, where Stage 5 produces
the finished product. Note that a Level 1 stage must supply requirements

imposed by extermnal sources.

Level 3 Level 2 Level 1

5 Stages

3 Levels

Figure 1. General Structure

The stages may have many different structural arrays and this fact
serves to classify the kind of system under study. Multistage systems
have been classified Into four principal types for investigation: seriles
structure, assembly structure, arborescence structure, and acyclic struc-
ture.

Series Structure

This 1s the case where each stage may have at most one stage as im-
mediate predecessor or immediate successor. The demand at each stage is
determined by the requirements of the next stage, except for the final
stage, which must satisfy the external product demand., The first stage
obtains its input from an external supplier, who responds to the ordering

policy used by that stage.



Figure 2. Series Structure

In the series structure, the number of stages is exactly equal to the number
of levels (see Figure 2).

This structure is commonly found in industry when the process starts
with a unique raw material; and it is processed, operation by operation,
until it is transformed into a final product. (For example, many metallic
parts require a sequence of pressed operations that are executed in lots
which are moved from stage to stage in sequence, representing exactly the
series structure described above.)

Assembly Structure

Each stage in a multi-stage assembly system may have any number of
immediate predecessors, but has at most one lmmediate successor. For
example in the assembly network of Figure 1, stage 4 has two immediate
predecessors (1, 2) and one immediate successor (5). Figure 3 gilves a
more understandable presentation of the assembly structure.

As in the series case, the demand at any stage will be determined
by the successor's demand, except for the final stage which must satisfy

external demand.



D = Product Demand

Figure 3. Assembly Structure

This kind of structure is, as its name implies, found in the produc-
tion systems where products are assembled from components. It may be
called a pure assembly system, since it is assumed that a component is
used in exactly one higher level item. Examples of this particular struc-
ture are found in the electric and electronic industries, the automobile
industry, the furniture industry, and many others.

It is interesting to observe that the organigrams in any kind of



organlization follow the same pattern as the assembly structure, where the
sub-assemblies are the managers and their predecessors are their subordi-
nates., Now consldering the information as material, it is possible to find
an optimal cycle time for reporting information to the next level and the
amount of the Information, based on the transmission information cost and
the omission of information cost.

Arborescence Structure

In the arborescence structure, a stage may have any number of suc-
cessors, but at most one predecessor (Figure 4). The demand at a stage
will be determined by the sum of the immediate successors' demands with
the exception of first level stages, whose requirements are dictated by
external sources,

Typlcal examples of this case occur in the chemistry industry, where
a common raw material is transformed into different sub-products or
finished products. A situation where a purchased material is packaged
into a varlety of package types 1s a classical example of a simple two-

level arborescence system.

Figure 4. Arborescence Structure



Acyclic Structure

The acyclic structure can be considered as the most general, with
the assembly and arborescence structures beilng special cases. (The
serial system i1s a speclal case of both the assembly and the arborescence
structures.) Here any stage (except at the first and last levels) may
have any number of successors or predecessors. A filrst level stage will
have no successors, but it may have any number of predecessors. Its de-
mand will be the corresponding product demand. A stage at the lowest
level will have no predecessors, but may have any number of successors.
In order to understand the system, consider the three level acyclic struc-
ture shown in Figure 5. It could represent a large electric company,
where it might be possible to identify the third level as purchased com-
ponent inventory, with stages for transistors, circuit boards, tubes,
wiring, etc. Then the second level would represent principal products
like televisions, radlos, refrigerators, and washing machines. Finally
the first level stages would represent the points where all the products

will be distributed or sold to the publiec.

Level 3 Level 2 Level 1

Figure 5. Acyclic Structure



Obiectives of the Research

The purpose of this research is to gain a better understanding of
multi~level systems and how the interrelations between stages affect the
determination of optimal lot sizes.

Since the classical approach has emphasized its attention to the
one-level production system, the logical next step would be the study of
two-level production systems. Consequently this research has been directed
toward organization and consolidation of existing relevant methodology and
analysis of important cases not yet treated in order to provide a compre-
hensive analysis of the two-level system. In addition to it being a
logical extension of single stage economic lot size analysis, this research
is conducted on two-level systems because there are a variety of production-
inventory systems that consist of only two levels, and the results should
be of wide interest. Finally, the solution methodology develcped for the
two-level case may lend insight and contribute to heuristic approaches to

the sclution of general multi-level systems.

Scope of the Research

In studying multi-level systems, one encounters a variety of proper-
ties that characterize a given situation: the nature of external demand,
the type of costs, the number of items, the structure of the system, and
so0 on, Specifically the problems that have béen considered by this re-
search are: (1) a single item preoduced by each stage of a two-level
system, with stationary external demand and infinite planning horizon;
and (2) a single item produced by each stage of a two-level system, with

time~varying external demand and finite planning horizon. For each of



these situations, the four types of structures described at the beginning
of this chapter (series, assembly, arborescence, and acyclic) will be
analyzed. It is desirable to emphasize that the term "single item" refers
to a unique item at each stage of the structure.

Costs are assumed to vary among stages. The production or procure-
ment cost at a stage is assumed to consist of a fixed set up cost for each
lot produced plus a ceonstant variable cost for each unit in the lot. This

1s the usual fixed charge production cost model of the form

S+¢Q, Q>0
c(Q =

0, Q=20
where S is the set up cost, Q is the lot size, and ¢ 1s the unit variable
cost. The inventory holding costs are assumed to be proportional to the
average Inventory level in the infinite horizon case and proportienal to
end-of-perfod inventory in the periodic review, finite horizon case.

Only deterministic demand situatlons are considered. In all cases,
it is assumed that no shortages are allowed; however, for many of the
static demand models it is relatively easy to extend the results obtained
to permit backlogging.

The case of multiple items competing for production resources at a
given production stage was not consldered.

The systems analyzed in this research are multi-level production
systems where requirements on a given stage become exactly the require-
ments imposed on each immediate predecessor stage. This 1s in contrast

with a multi~level distribution inventory system where the requirements



equal the sum of the requirements on its ilmmediate predecessor stages.

Organization of the Material

The first section (Chapter II) of this thesis is devoted to the
study of the stationary demand case, while the second section (Chapter
IIT) treats the time-varying demand case. Within each section, the four
baslc system structures are analyzed in sequence. For each situation,
the approach is to describe the problem, review the literature, present
the analysis and one or more solution algorithms, give results from
running test problems, and discuss these results. The final section
{Chapter IV) contains conclusions and recommendations. Listings of all

computer programs used In the study are given in the Appendix.
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CHAPTER II

STATIONARY DEMAND CASE

Series Structure

Problem Definition

The problem as it was described in the previous chapter, consists
of two stages, or facilities, where the product item produced at the first
stage 1s required in the production of the item at the second stage. It
may be assumed, without loss of generality, that one unit of the first
stage item is required in producing one unit of the second item. The
requirements to be satisfied by first level ptroduction are assumed to be
known and constant at a rate of D units per unit time. The problem is
to determine the production policy to follow at each stage to minimize
the relevant costs while satisfying the requirements.

The production policy adopted affects two types of costs: produc-
tion cost and inventory holding cost. It is assumed that production costs
have the fixed charge structure, where the cost of producing a lot of Q,

units at stage n is given by

. S, + CpQy» 1f Qu > O
nom 0, 1 Q =0

The inventory holding costs per unit time at stage n are assumed to

be proportional to the average inventory level, I,; that is,
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Hn(iﬁ) = hniﬁ

The objective may be stated as minimization of the total average cost per
unit time for production and inventory.

A better understanding of the system is achieved by considering the
first stage as a purchasing function to provide a material or component
for use in the second, or production, stage. The procurement rate at the
purchasing stage 1s infinite since it is assumed that the entire lot 1s
delivered at one time, The average demand per unit time on the purchasing
stage will be equal to the demand rate acting on the second stage, or
finished goods, inventory. However, while the demand on the finished
goods inventory occurs at a constant rate, the demand on the material in-
ventory 1s discontinuous in time and depends on the production program at
stage 2. It is assumed that there i1s a finite time required for the with-
drawal of a unit of material from inventory until it is converted through
production into a finished item. This interval is called the production

lead time and i1s denoted by T2.

Figure 6 shows the system that has been described.

1

Raw inished
Purchasing Material Production P, Demand
Inventory Inventory
Stage No. 1 Stage No. 2

Figure 6. A Two-Level Serial System

The following notation will be needed:
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Ql = Purchase lot size

Q2 = Production lot size

Py = Procurement rate (infinite)

P, = Production rate (finite)

D = Demand rate

CT_ = Cycle time at stage n, n =1, 2

T, = Production lead time at stage 2

£, = Time to produce a lot at stage 2

hn = Inventory cost per unit per unit time at stage n, n =1, 2
Sn = Fixed cost per lot, n =1, 2

T = Total cost

ﬁé = Average unavallable inventory at stage 2

ﬁé = Average work-in-process at the production stage

Vﬁ = Average available Iinventory at stage n, n =1, 2

i; = Average total inventory at stagen, n =1, 2

The models that will be analyzed do not allow shortages. Alsc, the
production and consumption of a lot of finished product may or may not be
simultaneous. The latter situation results in the creation of an unavail-
able inventory, consisting of units that have completed production, but
that will not be available for satisfying demand until the entire lot is
completed.

Two policy structures will be consldered. The first requires that
lots be produced or purchased at equally spaced time intervals. This is
called a cyclical policy. The second requires a cyclical policy at the
production stage, but permits material to be carried in inventory only

during the time production takes place.



13

The Cyelical Policy Solution

For a cyclical policy to function efficlently without shortages, it
appears rational that the cycle time at the first stage should be an inte-

ger multiple of the cycle time at the second stage; this implies
Q; = k3Qp where ky = 1,2...

Many writers have assumed this policy in their derivation of multi-
stage algorithms, Crowston, Wagner and Williams [5] prove for pure as-
sembly systems (of which this is a special case) that an optimal set of
lot sizes exlsts such that the lot size at each facility is a positive in-
teger multiple of the lot size at its successor facility. Taha and Skeith
[{25] allow non-instantaneous production, delay between stages, and back-
orders for the product of the final stage. Johnson and Montgomery [11]
obtain average inventory equations for each stage as a function of the
lot sizes. Those equations will be used in the present analysis.

The Simultaneous Production and Consumption Case

Figure 7 illustrates the integer multiple policy for the case

Ql = 3Q2 and where simultaneous production and consumption of the produc-

tion lot occurs.

The following results for average inventory levels are obtained

from Johnson and Montgomery [3, p. 157}:
Ei = ﬁi = Qp/2(k; - 1 + D/Py)



K \_
L
Raw Material Ql
Inventory P,
Finished I
Product Q,-Q,D/P
Inventory %j 2z 2-D D
t2=Q2/P2

Figure 7. Inventories Under Integer Multiple Policy
With Simultaneous Production and Consumption

The average cost per unit time would be

— 51D 82D Q2 D Qy D
T(ky, Q) = ——+ — +h3— |kg -1+ | +hy [T2D+ |1 - —
k1Q2 Q2 2 Py 2 Py

where the variable cost of procurement and production has been omitted
since it is independent of the production policy.
For a given kl

1/2
2(Sl/kl + S5)D

—— =0  Then Q¥ =
- * -
20, hy (k=1 + D/P,) + hy(1-D/Py)
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and

1/2
T(ky,Q,%) = | 2(5;/K; +5,)D[hy(ky~1 + D/Py) + hy(1~D/Py)] + hyToD

These results give the conditional optimal production lot size and cost
as a function of kl. To find the optimal value of ki, we calculate the

first difference of Tz(kl,Q;) as

Sl(hz—hl)(l—D/PZ)

by, T%(k1,03) = 2D|Sphy -
kq (kq+1)

The cptimal kl satisfies

. . S1(h2-h1)(1-D/Pp) .
(kg -Dky < <k (kg H1)
Sohy

Once k; is obtained, the optimal lot size is found using the expression
above.

The Nonsimultaneous Production and Consumption Case

The case of nonsimultaneous production and consumption is illustrated
in Figure 8 for Ql = 3Q2. Note that the entire production lot is completed
before the lot is transferred to the available inventory.

Johnson and Montgomery [11] give the following expression for average

inventories:



_ QD Q Q2
Vy=TyD + -+ = TyD + ;_(1 + D/Py)

12= W2+ U2+
2P2 2

Raw Material
Inventory Q

Fl
)

2.
Time
Unavailable L
Inventory in__'
__’ i__ ] Time

t2=Q2/P3

Availlable Q \\
Inventory %L_
__J L—- ) Time

CT=Qy/D

.

Figure 8. Inventories Under Integer Multiple Policy
With Nonsimultaneous Production and Consumption

The average cost per unit time would be

_ $4D  S5D Q, Qy
T(k;,Q) = — + —_ + hy__(ky-1 + D/P,) + hyTyD + (1 + D/P,)
k1Q2 Q2 2 2

For a given kl

1/2

at . 2(S7/ky + Sy)D
= 0 = Q2=.-
aQ, hy (ky-1 + D/Py) + hy(1 + D/P,)

16
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and

1/2
T(kl,Q;) = 12(5;/k; + 5,)D[n; (k-1 + D/P)) + hy(1 + D/P,)] + hyT,D

Differencing with respect to ky,

§1[hy(14D/Py) - by (1-D/Py)]

AT2(ky,Q5) = 2D | Sh; -
ky (kg + 1)

and then the optimal kl satisfies

. . 81[hp(14D/Py) - hj (1-D/P3)] .
(ky - 1)k] < <ky(ky +1)
Sahy

*
The optimal lot size (QZ) is then obtained using k;.

A Deviation from the Cyclical Policy

In most research on multistage systems, the integer multiple policy
is assumed to be the optimal structure. However, 1f we permit non-cyclical
policies, this may not be the case., To show an exception, consider the
purchasing-production system of the previous section (Figure 6), and sup-
pose that material may be stocked only while production is in progress.
Thus during each finite interval of production, ty = QZ/PZ’ a total ma-
terial requirement of Q2 units will be experienced at a uniform rate of

P Schwarz [22] shows that for the finite horizon lot size problem with

2



18

uniform demand, the optimal policy 1s to use equal size lots. Thus the

policy structure Qy = Qzlkl, ky = 1,2,..., is used here. We call this

the integer divisor policy.

The Simultaneous Production and Consumption Case

When simultaneous production and consumption of the production lot
is possible, the Integer divisor policy 1s as shown in Figure 9 (for Q1 =

Q2/3).

'{"’

Material Q
Inventory L
Time
Available
Finished Q2=Q2D/P2
Product
Inventory I
Time
£2=Q/P; - CTat™ %
CT, . . Tzi%ﬁ_i

Figure 9. Inventories Under Integer Divisor Policy
With Simultaneous Production and Consumption

The average inventories may be calculated as

= 9 oty Q QP D Q,D
I = __ = _ =

1

2 €T, 2 Q,/b 2 P, 2P,



Vé = Q,/2(1-D/P,)

IZ = WZ + V2 = TZD + Q2/2(1-D/P2)

The average cost per unit would be

T(kq,Qy) = (k357 + 85)(D/Qy) + Q,/2[hyD/kyPy + hy(1-D/Py)] + h,TyD

where the variable cost of procurement and production has been omitted

since it is independent of the production peclicy. For a given kl,

1/2
aT . 2(kls1 + SZ)D

2 =
and

* 1/2
T(kl,Qz) = [gé(klsl + Sz)[th/kle + hz(l—D/Pz)E] + h2T2D

These results give the conditional optimal production lot size and cost

as a function of kl.

Differencing with respect to kl, we obtain

*
2

S,h (D/P )
Mk 1% (k ,Q3) = 2D|S h, (1-D/P,) iy
kq (ky+1)

19
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Then the optimal kl satisfies the following 1nequality:
Tk < / §;h <k
(kl"'l)kl = SZhl(D/P2) Sl 2(1-'D/P2) < kl(kl'l-l)

* %
Using k;,Q; is then obtained.

The Nonsimultaneous Production and Consumption Case

When simultaneous production and consumption are not possible, the

situation is as shown in Figure 10 (illustrated for Q; = Qy/3).

Material Ql
Inventory ]

l____ ty ________l Time

Q
Unavaillable
Inventory I

1_____ﬁ__ QZ/P2~—————~J Time

Available Q2

Inventory —}ﬂ

Qy/p  __ Time |

Figure 10. Inventories Under Integer Divisor Policy
With Nonsimultanecus Production and Consumption

The average inventory levels are computed as



- Ut QD
Il =, . =
CT, 2k;P,
A
Una = —— =
2
2 cr, 2p,
V2 = Q2/2

The cost function is
T(kl,Qz) = D/Qz[k s, + 52] + Q2/2[h1D/klP2 + h2(1+D/P2)] + 0, T,D

For given kl’

3T 2D(k,S, + S 1/2

0 2
—_— = - Q
2 =
an th/klP2 + h2(1+D/P2)

and

T(k

1/2
l,Q2 = [}D(k s, + Sz)[th/kle + h2(1+D/P2)i] + h2T2D

21

These equations give the conditional optimal production lot size and cost

as a function of kl'
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By differencing, we obtain

S,hy (D/P,)
Ak T? (ky,Q5) = 2D|S hy (14D/P,) - 2
kl(kl+1)

Then the optimal kl satisfies the following inequality:
* % x %
* *
Using kl, Q, is then obtained from the expression above,

A Comparison Between Integer Multiple and Integer Divisor Policies

Computer subroutines were written for the solutions obtained in the
previous sections for the four cases of integer multiple or integer divi-
sor policy with simultaneous or nonsimultanecus production and consump-
tion, These subroutines are shown in Appendix B. A program that generates
problems, and using the subroutines, computes optimal lot sizes and costs
under each policy was written and is also given in Appendix B. The poli-
cies are compared for different ratios of D/P,, S;/S, and hy/hy, to
determine the effect of these parameters on the choice of policy structure.

The Simultaneous Production and Consumption Case

Using the information obtained by the program mentioned above, graphs
were constructed for each of the 81/52 ratios. In each graph there are
curves corresponding to the seven levels of utilization ratios generated
by the program; the horizontal axis is the h2/h1 ratio and vertical axis

is difference (in dollars) of the integer multiple solution less the
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integer divisor sclution. Thus, below the horizontal axis the integer
multiple policy is preferred and above the zero level, the preference
changes and the integer divisor policy is desired.

To analyze the behavior of the preferences as the ratios are wvaried,
first consider h2/h1. As this ratio is increased, the curves fall denot-
ing preference for the integer multiple policy. This 1s because 1f h2/h1
increases, then h; increases and the lot size decreases, and since h1 is
constant, Q, 1s reduced relative to Ql, and at some point the shift is to
an integer multiple solution. Now as D/P2 increases the curve 1s rising
and tending to prefer integer divisor policies. This is because the
greater the ratio, the greater the production lot slze, so that for a
constant Ql’ Q2 tends to be greater. Alsc observe that as D/P2 increases,
the slope of the curve increases, showing indifference to the hZ/hl ratio.
Finally as Sl/S2 increases, all the curves are moved down preferring the
integer multiple policy. The reason is the greater the ratio, the greater
Sl for fixed 52, and the greater Ql relative to Q.

The Nonsimultaneous Production and Consumption Case

In general the effect of the nonsimultaneous production and consump-
tion has been a movement of all the curves toward the side of integer
multiple policy preference, and a closer spread among the seven curves in
each graph. This can be explained because of the greater finished product
inventory, resulting from the addition of the unavailable inventory, which
causes a reduction in Q2 relative to Ql'

Again as in the simultaneous case, h2/h1 produces the same effect and
it could be explained with the same arguments. On the other hand, the ratio

D/P2 now moves the curves downward. Let us observe the ratios that k; has
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to satisfy, the only difference between multiple and divisor policies 1s
just a sign in the denominator, —D/Pz and +D/P;, respectively, so if D/P2
increases the first ratio increases while the second decreases. Then k;
(multiple) tends to be greater than k; (divisor). Looking at the cost
equations, we see that Increasing D/P2 decreases the integer multiple
solution's cost while increasing that of the integer divisor solution.

Note alsc that increasing D/P_ decreases the slope of the curves giving

2
less elasticity to hz/hl ratio. The 81/82 ratio causes the same effects
as in the simultaneous case; that 1s, moving all of the curves downward.

The graphs are presented in Appendix A.

Assembly Structure

Problem Definition

A multi-stage assembly system requires at each stage, or facility,
inputs from a number of immediate predecessor stages, and supplies, in
turn, one immediate successor, Specifically in the two-level system
there is just one stage at level one and any number of stages at level
two (see Figure 11). The case of constant demand over an infinite hori-

son, with instantaneous production, will be considered.

Level 2 Level 1
1
2 N b— demand

Figure 11. Two-Level Assembly Structure
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The objective is the choice of a lot size for each facility so that
the average total costs of production and inventory are minimized. At
each stage, the production cost per lot is assumed to have the fixed
charge form used in the previous section and inventory costs are assumed
to be proportional to average inventory. Because the variable production
cost 1s constant (independent of lot sizes), it will be omitted in the
analysls to follow, and only set up costs will be considered.

The Echelon Stock Concept

Clark and Scarf [3] define echelon stock assoclated with a given

stage in an assembly system as the quantity of the item produced at that
stage that is still in the system, either at the stage in question or at

some successor stage. This is in contrast to installation stock which may

be defined as the inventory at a given stage (or imstallation). For multi-
level assembly systems, there iz an advantage to expressing inventory
carrying costs in terms of echelon stock because the average echelon stock
is a function only of the lot-size policy at the producing stage.

For a better understanding, consider the following analysis of the
series structure of Figure 12:

total inventory at stage n, n = 1,2,...N and

Let In

EIn echelon inventory at stage n, n = 1,2,...N

Figure 12. Series Structure
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Then

and let hn be the unit cost of carrying installiation inventory at stage

n and ha be the carrying cost per unit of echelon inventory, then

I hE, - InEE, - Dn )T
Total Cost = h! = h EI_ = L
n=1 nn n=1 non n=1hn J=n J

= hy(I; + I, +.. I 5 + Iy)

+ hN-—l(IN—l M IN)

+ b (Ty)

N n

n
= J[Ih;I, and h* = J h
ne1lgZy 9|0 noogn Y

Then hi = hi—hi—l can be considered as the additional unit carrying

cost caused by processing at stage n.

Clark and Scarf [3] and Crowston, Wagner, and Williams show that
the average echelon inventory at any stage n is Qn/2, assuming instan-
taneous production {that is, P, = ) and the integer multiple policy to

be defined below.
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To formulate a model based on echelon inventory, let

Qn = Lot size at stage n, n = 1,2,...N,

N = Index of the first level stage,
Sn = Set up cost at stage n,
hn = Inventory holding cost per unit time per unit of stage n
echelon inventory
D = Demand rate on stage N,
a(n) = Successor facility to stage n,

]

Cost of production and echelon inventory at stage n per unit
time, and

T = Total cost per unit time.

We shall require that Qp = ana(n)’ k, = 1,2..., so that the lot size
at stage n 1s an integer multiple of the policy at stage a(n), the successor
facility using stage n's production. Crowston, Wagner, and Williams show

this to be the optimal cyclical pelicy under relatively general conditlons.

The cost relations defining the problem are the following:

S. D Q
£(Q) = LI hn_ﬂ
Q"2
N
T = nzlfn(Qn)

The problem is to choose Ql’ Q2..., Qn to minimize T subject to the
integer multiple requirement.

Literature Survey and Results

Crowston, Wagner, and Williams [5] prove the optimality of the integer
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multiple policy where the lot size at any stage 1s an integer multiple of
its successor, They also present graphically the difference between in-
stallation and echelon stock, and they give a dynamic programming algorithm
for solving the assembly system problem.

Crowston, Wagner and Henshaw [4] present four different approaches
for the assembly structure, The first 1s the dynamic programming algorithm
given 1n [5]. The other three are heuristic rules which they compared with
the dynamic programming solution. They ran six test problems and found that
even though the dynamic programming obtained a lower cost in three problems
by 0.07%, 0.16%, and 0.60% respectively, than the best heuristic, it con-
sumed four times the computation time. They also show that the difference
in computation time between the best and the worst heuristics is only 16%
and conclude that their best heuristic is a good approach.

The third important paper treating the assembly structure with con-
stant demand is by Schwarz and Schrage [24]. They suggest some adjustments
for the parameters in order to use a branch and bound algorithm and present
theoretical and empirical evidence for the near optimality of system myopic
policies which are easy to understand, require less information, and are
fast and easy to compute. Essentially the system myopic policies consider
only two stages at a time in lot size determination.

Analysis

The following analysis presents seven different approaches: the dy-
namic programming described in [5], the three heuristic algorithms of [4],
the branch and bound mentioned in [24], the myopic policies presented in
the same paper, and a dynamic programming algorithm similar to that of [5],

but with a slightly improved method of computation.
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The Dynamic Programming Algorithm. For the two level system

described by Figure 11, we require Qn = anN, n=1,2,...,N-1.
Let Tn(Qn) be the optimal cost at stage n and all prior stages when
Q, is given.

Then at level 2:.

T,(Q) = £,(Qy) = £,k Q)

and at level 1:

N-1
Ty Q) = £4(Q) + I Minimum T_(k Q)
n=1 k eI
n
The optimal cost is:
N-1
T* = Minimum | £f4(Q) + ] Minimum[f (k Q)]
QN n=1 knEI

The solution proceeds from second stage to the first, computing
TN(QN) for all possible Qy, and then finding T.

To improve the computational efficiency of the algorithm, Crowston,
Wagner, and Williams [5] propose the following procedure for bounding QN'
For each stage, compute

o = (205 /n )"/
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A lower bound for the cost at stage n is
= 172
LZn = (258,h,D)

and therefore a lower bound for the complete system would be

An upper bound for system cost may be obtalned from any feasible solution,
such as one obtained by setting all k's equal to 1 and QN = Qﬁ. The re-

sulting upper bound would be

N
DS
B = J |24 WP
n=1} O 2

The upper and lower bounds on total system cost are used in the fol-
lowing manner to obtaln bounds on QN. The maximum cost that can be asso-

ciated with stage N is UB - (LB—LZN). Since the cost at stage N 1is

DS. Q
N+NhN

W

which is convex in Qy, solving the following quadratic equation will yield
two positive values that can be used as bounds on the optimal lot size for

stage N:
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DSy Qnby
e—-+t —— =UB - (LB-LZN).

Qy 2

An Alternative Solution Procedure. The algorithm presented above

suggests that the k-value for each stage at level 2 is found by searching

on its possible range until the minimum cost is obtailned.

*
An alternative approach to find kn is to assume kn is continuous

and differentiate
Tn(ann) = SnD/k'nQN + anNhn/Z

and equate the derivative to zero to obtain

2. |1/2
Ky = 25, D/Qh,,

Secondly, to limit the range of search over QN to find the minimum

of TN(QN), a different bounding procedure was used, QN was limited to the

range

min Qg £ Qy £ max Qﬁ

where

1/2

QS = |28,D/h_
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Single Pass Heuristic Algorithm., Substituting Q = k,Q,, where

kn = 1 in the total cost equation, then

=
L}

N
zl(DSn/anN + anNhnlz)

n=

Then requiring 9T/2Qy = 0 ylelds for a given set of k.

N N
* 120§ (Sp/k)/ ) kahy|M2
n=1 n=1

D
=
|

Steps in the routine:
1. Set all kn = 1 and compute QN’ TN, and do Best = Ty, set n=N.
2. Subtract one unit from n, and 1f n equals zero, stop.
3. Increase one unit the value of kn'
4. Compute Qy and Ty with that set of k's.

5. Compare T,, with Best and 1if Ty 1s greater than or equal to Best
subtract = one unit from k, and go to step 2.

6. Do Best equal to TN and go to 3.

Multiple Pass Heuristic Algorithm. This algorithm is similar to the

single pass. The differences are that in multiple pass the answers (k's)
of the single pass are used as the initial set of k's, until no improve-
ment is registered. This procedure also allows the reduction of kn, that
is after step 5, if TN was greater than or equal to Best, then the al-

gorithm will search for lower values of k,, in other words.

5. Compare T, with Best, and if T _ is greater than or equal to
Best, subtract one unit from k, and go to 7.
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6. Do Best equal to TN and go to 3.
7. Subtract one unit from kn.
8. Compute Qy and Ty with that set of k's.

9, Compare T, with Best, and if T, is greater than or equal to
Best, add one unit to k, and go to 2.

10. Do Best equal to Ty and go to 7.

Modified Multiple Pass Heuristic Algorithm. This final heuristic

is didentical to the multiple pass heuristic except that it does not begin
with kn = 1., Instead for each stage n = 1,2,...N the "unconstralned" lot
size is calculated (the classicial EOQ Model is used), and beglnning with
Qq rounded to the nearest integer value, the lot sizes of all predeces-
sors are adjusted to the integer multiple of Qy nearest their "unconstrain-
ed" lot size.

The Branch and Bound Algorithm. Consider Qn as the optimal individ-

ual lot size, that is computed using the classical lot size determinations

for a single stage.

_ 1/2
Q, = (25,p/h )

Now, applying this formula to our total problem, minimize

N N
nzl(sn/kn)/czN + (QN/z)nZ]_knhn

yvields

N N
Qy = |20 L (8,/% )/} k h
n=1 n=1

1/2
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which is exactly the same formula derived in the single pass algorithm,

Note that thils corresponds to the standard EO0Q where N is the
$ /k
average system setup cost per lot and N n=1 * T
Y kb
1s a composite system holding cost. n=1

The search begins by solving:

minimize

N
Zlcsnn/qn + h,Q,/2) (2.1)
n=

Subject to Q, E.Qa(n) for n = 1,2,111,8-1 {2.2)
with the next procedure:

(a) Compute Q, for n = 1,2,...N

{b) 1if all constraints (2.2) are satisfied, i.e., Qn Z-Qa(n) for
all n, then stop; else find the set such that there is a n for which
Q, < Q- Find Je (1,2,...,N-1) that minimizes Qn and then modify (2.1)
- (2.2) in the following fashion:
Sn < Sn + Sj

hn - hn + hj

. -
SJ 0
h; < 0
]
if this solution satisfies the next constraints
Qn = anN forn=1,...,N (2.3)
kn.i 1 and integer (2.4)

That is if k = Q,/Qy is integer for J = 1,2,...N-1, the optimal
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policy is at hand, otherwise a noninteger k. 1s chosen for branching.

System Myopic Policies. System myopilc policiles optimize with

respect to any two consecutive stages and ignore other multi~stage in~
teraction effects, The system myopic policy we chose to ilnvestigate
determines the kn values for problem (2.1) - (2.4) by considering each
stage n and its a(n) = N as a two-stage system. Schwarz [24] has shown
that the optimal integer k, = G,/Qy for such systems is the smallest inte-

ger kn satisfying

kp(ky + 1) > My
where M 1is the "Myopia Ratio" defined 4s

Mn = (thN/SNhﬁ)

Results
In crder to compare the alternative algorithms, seven computer pro-
grams were written and tested with 10 different problems.

Those programs are given in Appendix B and correspond to the algo-

rithms in the following way:

Program Name Approach
THE 1 Dynamic Programming
THE 2 Single Pass
THE 3 Multiple Pass
THE 4 Modified Multiple Pass
THE 5 Branch and Bound
THE 6 Myopic Policies
THE 12 Alternate Dynamlc Programming

The problems are presented in Table 2 of Appendix A, and as it can
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be observed they represent a varlety of cases: drastic changes in set-
up costs, with inventory constant costs and vice versa; smooth changes
in set up costs with constant inventory costs and vice versa; increasing
functions in both set up costs and inventory costs; and increasing set
up costs with decreasing inventory costs.

A summary of all the results of the seven programs is presented in
Table 1. The asterisks in the table mean that the program dimensions
were not adeguate to solve those (three) problems. A brief summary can

be presented as follows:

Times it was the Percentage over

best solution the best time
Dynamic Programming 3 90.38
Single Pass 4 64.18
Multiple Pass 8 72,71
Modified Multiple Pass 9 96.74
Branch and Bound 7 287,28
Myopic Policies 2 0
Alternate Dynamic Programming 4 75.50

These results suggest that the heuristics (Multiple and Modified
Multiple Pass) are the best algorithms to calculate lot sizes in assembly
structures. Branch and Bound has good results but it takes too much
time; even though the Alternate Dynamlc Programming is not the best one,
it seems to be better than the other two policies (Dynamic Programming
and Myopic Policies) and equal to Single Pass. For the case of smooth
changes 1n set up cost, constant inventory cost and low value in set up
cost at stage N (problem 5), it yielded the best policy.

Dynamic Programming performs well when the inventory carrying cost

at stage N 1s greater than or equal to the highest inventory cost at



Table 1. Results For Assembly Structure
Dynamic Single Multiple | Modified Branch Myopic Author's Best
Programming Pass Pass Multiple and Policiles Approach Solution
(THE 1) {THE 2) (THE 3) Pass Bound (THE 6) (THE 12)
Problem : {THE 4) (THE 5)
$6877.50 7652, 89 7195.48 | 6877.50 6877.50 | 6877,50 THE 1, THE 4,
1 128 437 303 128 128 128 *k THE 5, THE 6
1.29 1.065 1,147 1,281 2.417 .675
11329.17 9590.36 9590,36 | 9590,36 9590.36 | 10436.94 11329.17 THE 2, THE 3,
2 1265 590 590 590 590 796 1265 THE 4, THE 5
1.211 1.072 1,114 1.237 2.707 ,658 1,191
10646, 67 10557.78 |10557,78 10641,71 | 12939,97 38443,07 THE 3
3 * 111 101 101 109 147 894 THE 4
1,074 1,089 1,220 2.482 .655 1,155
11738.89 11878.31 11738.89 |11738,89 11738.89 |11739.18 11738.89 THE 1, THE 3,
b 30 96 90 90 90 91 30 THE 4, THE 5,
1.244 1.027 1.106 1,260 2.460 .637 1.126 THE 12
2588.45 2645,75 2645,75 | 2587,23 2627.98 | 2588,46 2586.83
5 90 212 212 122 162 130 94 THE 12
1.241 1.088 1.086 1.325 2,463 .658 1.070
2899.49 2828.43 2828,43 | 2828.43 2828.43 | 2829.95 2899.45 THE 2, THE 3
6 283 226 226 226 226 219 283 THE 4, THE 5
1.18 1.035 1,096 1,234 2.516 .689 1.163
6259.07 4695,74 4695.74 4695.74 4695.74 | 4800.00 6259.07 THE 2, THE 3
7 894 383 383 383 383 400 394 THE 4, THE 5
1.158 1.158 1.320 2,502 1643 1,130

1.168

8t
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preceding stages.

The reason dynamic programming did not always obtain the best solu-
tion as expected 1s that the methods of bounding QN programmed into THE 1
and THE 12 excluded the optimal Qy in certain of the problems. For ex-
ample, in problem 7, the best sclution was obtained with QN = 383, while
the lower bound computed in the dynamic programming solution was 894.
The bounding methods used were modifications of the previously described
procedure of Crowston, et al. Obviously their approach, while requiring
more computation time, is to be preferred over the methods tried here.

Single Pass gives fair results for all the cases, especially for
high values of set up cost at stage N. Multiple Pass ylelded very good
results, failing primarily for low values of set up cost at stage N.
Modified Multiple Pass, the best one, being 90 percent of the time opti-
mal, failing once by Iinsignificant difference. Branch and Bound was op-
timal seven times and for the three remainder problems it was only 1.35
percent over the optimal cost. The great disadvantage of this algorithm
is the computational time that it requires, even though Myopic Policies
give an optimal solution just two times. The costs achieved by this al-

gorithm were only an average of five percent above the optimal,

Arborescence Structure

Problem Definition

Let us now consider the case where there are any number of stages
at level one and just one at level two. Such systems are encountered
frequently; for example, a group of company-owned gasoline service sta-

tions supplied by a single company-owned bulk storage facility, or a



Table 1. Continued
Dynamic Single | Multiple | Modified | Branch Myopic Author's Best
Programming Pass Pass Multiple and Policies | Approach Solution
(THE 1) (THE 2) (THE 3) Pass Bound (THE 6) (THE 12)
Problem (THE 4) {THE 5)
5041,50 5061.29 5041.50 | 5041.50 5041.50 5045.68 | 5041.50 THE 1, THE 3,
8 331 349 331 331 331 312 331 THE 4, THE 5,
1.230 1.027 1.096 1.293 2.427 .619 1.093 THE 12
20712.98 |20712.92 | 20712.92 {20712.92 {20712.92 | 20712.92 |20712.92 THE 2, THE 3,
9 634 632 632 632 632 632 632 THE 4, THE 5,
1.296 1.125 1.090 1.261 2.535 .589 1.130 THE 6, THE 12
17672.67 |16151.38 |15925.24 |15925.24 |16206.49 {16730.30 THE 3
10 632 376 346 346 381 411 *hk THE 4
1.167 1.022 1.154 1.261 2.467 627
Time 1,228 1.059 1.114 1.269 2.498 .645 1,132
Averages
A
B
Cc

A - Cost of production program (dollars)

B - Lot size of stage 10 (units)

C - Computer time used in the problem (seconds)

6¢



Table 2. Data For Assembly Problems
1 2 3 4 5
Problem
S h D S h D 5 h D S h D S h D

Sfage 10 | 1.25 10 | 1.25 100 | .25 100 | .25 10 | 1.25

2 100 | 1.25 100 | 1.25 100 | 2.5 100 | 2.5 15 | 1.25

3 1000 | 1.25 1000 | 1.25 100 25 100 25 20 | 1.25

4 10 | 1.25 10 | 1.25 100 | .25 100 | .25 25 [ 1.25

5 100 | 1.25 100 | 1.25 100 | 2.5 100 | 2.5 30 { 1.25

6 1000 | 1.25 1000 | 1.25 100 25 100 | 2.5 35 § 1.25

7 10 | 1.25 10 | 1.25 100 | .25 100 | .25 40 | 1.25

8 100 | 1.25 100 | 1.25 100 | 2.5 100 | 2.5 45 | 1.25

9 1000 | 1.25 1000 | 1.25 100 25 100 25 50 | 1.25
10 10 | 1.25 | 1000 } 1000 | 1.25 | 1000 | 100 | .25 | 1000 | 100 25 { 1000 | 10 | 1.25 | 1000

S5 - Set up cost (dollars)
h - Inventory carrying cost (dollars)
D - Demand (units)

0y



Table 2. Continued
7 3 9 10

Problem | 5 } D s | n D S h D s h D s h | D
Stage

1 10 | 1.25 100 | .25 100 | .25 50 | .25 50 | 1.00

2 15 | 1.25 100 | .50 100 | .50 100 | .s0 100 | 6.00

3 20 | 1.25 100 | .75 100 | .75 200 | 1.00 200 | 5.00

4 25 | 1.25 100 | 1.00 100 | 1.00 300 | 1.50 300 | 4.00

5 30 | 1.25 100 | 1.25 100 | 1.25 500 | 2.50 500 | 2.50

6 35 | 1.25 100 | 1.50 100 | 1.50 800 | 4.00 800 | 1.50

7 40 | 1.25 100 | 1.75 100 | 1.75 1000 | 5.00 1000 | 1.00

8 45 | 1.25 100 | 2.00 100 | 2.00 1200 | 6.00 1200 | .50

9 50 | 1.25 100 | 2.25 100 | 2.25 1400 | 7.00 1400 | .25
10 50 | 1.25 | 1000 | 100 | .25 | 1000 | 100 | 2.25 | 1000 | 1000 | 5.00 | 1000 | 1000 | 5.00| 1000

%
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chain of discount department stores supplied by a single regional ware-
house. Figure 13 illustrates the two—level arborescence structure. The

demand rates on the level one stages are known and constant.

Level 2 Level 1

Figure 13. Arborescence Structure In Two Levels

The objective is to determine lot size policies at each stage in
order to minimize the average cost per unit time for the system as a whole,

It is clear that the demand of the stage 1 will be the summation of
the level 1 stages' demands, that {is,

D, = LD
1
n=2 "

it is assumed that stage 1 receives material instantaneously and that it
delivers to any facility at level 1, instantaneously. Backlogging is not
permitted at any stage and costs of production and inventory have the

same structure as in the previous section,

The total cost equation 1s therefore,
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N
T = I (SnDn/Qn + thnlz)
=1

the same as in the assembly case. The goal 1s to choose Ql’ Qos---,Qy to
minimize T.

Literature Survey and Results

There are two relevant papers in the literature that treat this
problem. Schwarz [23] considers the case of one warehouse and several
retallers, develops equations for cycle times, and suggests a heuristic
methodology to solve the problem. He does not show numerical results.
Graves and Schwarz {10] provide a more general and comprehensive treatment
of the problem, giving a branch and bound algorithm, and alsc a set of
myoplic single cycle policies. Finally they present an improvement pro-
cedure using the myopic policies. They give computational results, using
500 problems with 2, 3, 5, and 10 retallers. Their results are reproduced
In Table 3; and in order to understand their meaning, define:

{Cost of Heuristic Policy) - (Cost of Branch and Bound Algorithm)
E=100

(Cost of Branch and Bound Algorithm)

It may be observed that as the number of stages increases, the heur~
istics turn out to be less accurate. However, they still perform very
well since in the worst of the cases (10 retailers), the myopic policy
averages just 1.74 percent over the optimal cost, and the improved myopic
is 0.05 percent over optimal. In general, they show the convenience of
using simple heuristics rather than complicated algorithms.

Graves and Schwarz also give the following characteristics of



Table 3.

Heuristic Results

Number Number of _
of Policy Times E* Op EM

Retallers Optimum ax
Myopic 492 0.01% 0.12% 1.9%

2
Improved Myopic 492 0.01% 0.12% 1.9%
Myopilc 463 0.07% 0.42% 4.6%

3
Improved Myopic 467 0.05% 0.32% 3.1%
Myopie 399 0.38% 1.12% 8.0%

5
Improved Myopic 451 0.05% 0.22%2 2.0%
Myopic 221 1.74% 2.85% 15.2%

10
Improved Myopic 429 0.05% 0.23% 3.2%

*Variable defined in Section B of Chapter 1I.

vy
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optimal policies for arborescent systems (stated here for two-level
systems):
1. Stage n produces (orders) only when its inventory is zero.

2. Stage 1 produces only when at least one of 1ts successor stages
{n=2,3,...,N) produces.

3, For each stagen = 2,3,...,N all lot sizes produced in the time
interval between successive production runs at stage 1 are
equal.

They also prove that the optimal stationary policy for the two-level

system has the following structure, for n = 2,3,...,N:

Q Il
Dl D

, k= 1,2,...

n

N

where Dl = z Dn' Thus the problem is to find the optimal Ql and the in-
n=1

teger variables kjp,kq,...,ky.

Analysis

As for the assembly case we will also develop here the different ap-
proaches mentioned in the literature survey, that 1s the heuristic proce-
dure suggested in [23] and the branch and bound and the myopic policies
given in [10], as well as a dynamic programming approach developed in this
research.

Heuristic Method of Schwarz [23]. Define t, as the cycle time at

stage n, so

th = /Dy

Let fl(t) be the average cost per unit time for stage 1 1f a cycle time of



t 1s used. Then,

fl(t) = Sllt + hlnltlz

This cost is minimized for a cycle time of

1/2
€)= 125,/ (@yn) 1

and the minimum cost is
*

k
Let £,(t) = Average cost per unit time for stage n, n = 2,3,...,N,
given a single cycle policy of length t at stage 1 and
k deliveries from stage 1 to stage n during the cycle,

This cost is

£5(t) = kS_/t + h_D_t/2k

n n nn
Since f%(t) is convex for all t>0, it has a unique minimum at
1/2

£*(k,n) = k[25_/ (D h)]

Then

11/2

k _
fn(t*(k,n)) = {25 h D_

46
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The solution algorithm proposed by Schwarz is as follows:

1. Compute tf and tf(l,n), the first local minimum of f%(t) for
n=2,...,N.

2. 1f t;_i max [t*(1,n)] set t* = tf, go to (4); otherwise go to
(3).

3. 1f tI < max [t*(1,n)] then let J = [nlt; < tI(l,n)]. Let t*
be the value which minimizes

£,(t) + );flll(t_) , that is t* = |2(5; + §Sn)/thl + Ehnnrg 1/2
Go to (4).

4, Determine k;, n = 2,...N, the value of k  that minimizes fﬁ(t*)
for the chosen cycle length,

The Branch and Bound Algorithm. Graves and Schwarz [10] prove that

the problem can be defined as follows:

N {S,Dp bhnQq
MIN Z = ) |— ¢+

n=1 Qn 2
subject to
Q ann
constant = — =
Dq D,

and kn-i 1, integer

From this, it follows that the problem may be restated as

N |k S D hDQ
MIN Z = ) “o%a%1, Mol
a1 o 2k D,

(2.5)
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where

kn > 1, integer, n = 2,3,...,N and kl =1 (2.6)

Solving for the optimal Ql’ given kz, k3,...,kN.

N 172
ZDlnzlanﬂ
QF (kyskgy v pky) = [ ——————| , where k = 1 (2.7
N hD_
n=1 knDl

When branching at level n we set kn for that level equal to scme
integer (1,2,3,...). For a set of specified kq, kyseoiky {n>1) values,
problem (2.5) - (2.6) becomes the following minimization problem for the
remaining k. values, J = nt+l,...,N:

J

N 1kySyDy hyDyQp|  S1D; hyQp
+ + +

MIN Z =} (2.8)
subject to
kj > 1, integer, J = ntl,...N (2.9)
~ n
J=1
n h{D
J5J
hy =h; + ) (2,11)
J=1k.D

J71
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Thus as 1s clear from (2.10) and (2.11), branching at level n cor-
responds to "collapsing'" stage n's order and holding costs into their
respective costs at stage 1. The lower bound on (2.8) - (2.9) for a given
branch at level n is determined by ignoring the integrality constraint

(2.9) and optimizing (2.8). This yields lower bound LB, where

N ~ ~
1
J=E+1[ZSJDJhJ]1/2 + [25;Dyh,1%/2 (2.12)

LB

il

for n = 2,3,...N, LB 1s the cost for the specified single cycle policy.
The search begins by generating a feasible sclution by sequentially

setting k, at stage n. Branching then begins at stage 2 and proceeds un-

til all k, values have been enumerated, at which time branching begins at

stage 3,etc.

System Myopic Single Cycle Policies. Arborescence structure 1is

characterized by one stage at level 2 which has relations with N-1 stages
at level 1. Myopic policles optimize individually those relations, focus-
ing on two stages at a time. Then for a given pair of stages, the objec-

tive function would be

$103  h3Q3  SpPp  hpQy
+ + +

Q1 2 Q4 2

ninimize

subject to —_=
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)

D, = D

1 n=2 "
kn_i 1, integer

Substituting Q = QlDllknDn and optimizing with respect to Q for

fixed kn, we obtain:

2 1/2
2k, D, (S1D12 + S,Dy k)

Qj(k,) =
Dy (h1kpDp + hpDp)

This is substituted on cost equation and by differencing, the system

myopic kg value is found as the smallest integer kn satisfying

ky(ky + 1) > 8, (D,/Dy)h, /S hy

Given the kp, n = 2,3,...N, QI(kz,...kN) is determined as in (2.7). The

corresponding Q_ values, Q*(k Y, n=2,3,...N, are determined.
n n'‘'n

Dy

oy (idh = QF (K7, ..., k)

M
knD1

* .
Improvement in Myopic Policies. Using the Ql(kg) as determined in

(2.7), we may determine new kn values as follows:
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k (k, + 1) 2_(hnDnQ%)/(ZSnD%)

These kn values may in turn be used to compute a new Q;(kn)' This
process may be repeated until the kn values converge or until cost improve-
ments no longer justify further iterationmn.

A Dynamic Programming Approach. Using the property of the optimal

single cycle solution,

Qan

knD1

and making the same assumptions for the limits of stage 1 lot size as in
the assembly structure, we define the following recursive procedure.
The process starts at stage n and finishes at stage 1, using the

next recursive equations,

SnknDl Qanhn
Tn(Ql) = MIN + + T

ky Qp annl

n+l(Ql)

T* = optimal T = min T1(Qy)
Q

To determine the value of kn that minimizes Tn(Ql), we approximate
k, as continuous and, noting that Tn+l(Q1) is independent of k , differ-

entiate to obtain,
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1/2
* _ * 2
k;(Q)) = |Q)D h /2D S

T1(Qp) is computed for all integer values of Q; within the predetermined
range.
Results

Computer programs were for each one of the methodologies described

above, the corresponding names are:

Computer Name Approach
THE 8 Schwarz's Method
THE 9 Branch and Bound
THE 10 Myoplc Policies
THE 11 Modified Myopic Policies
THE 14 Dynamic Programming Approach

The ten problems used to test these algorithms are presented in
Table 4. The average demand over the nine first level stages is the same
for all problems.

Table 5-A contains the results. The asterisk under the branch and
bound title means that those programs exceeded the time limit because of

the great number of branches searched., A summary of the results is the

following:

Times it was the Percentage over

best solution the best time
Schwarz's Method - 27
Branch and Bound 6 190.83
Myopic Policies 1 -
Modified Myopic Policies 6 27.33

- 172.33

Dynamic Programming Approach

Schwarz's Method definitely was inferior in four of the cases

(Problem Numbers 1, 2, 6, 7), being far from optimal for problems with



Table 4. Problems For Arborescence Structure
1 2 3 4 5
Problem —
S h b S h D S h D S h D S h D
Stage
1 10 { 1.25 10 | 1.25 100 | .25 100 |.25 10 | 1.25
2 100 | 1.25 | 1000 100 | 1.25 | 1000 | 100 | 2.5 | 1000 | 100 2.5 } 1000 | 15 | 1.25 | 1000
3 1000 | 1.25 | 1000 | 1000 | 1.25 | 1000 | 100 25 {1000 { 100 | 25 | 1000 | 20 | 1.25 | 1000
4 10 | 1.25 | 1000 10 | 1.25 | 1000 | 100 | .25 | 1000 | 100 {.25 } 1000 | 25 | 1.25 | 1000
5 100 | 1.25 } 1000 100 | 1.25 | 1000 | 100 | 2.5 | 1000 | 100 |2.5 | 1000 | 30 | 1.25 | 1000
6 1000 | 1.25 | 1000 | 1000 | 1.25 | 1000 | 100 25 | 1000 | 100 | 25 | 1000 | 35 | 1.25 | 1000
7 10 | 1.25 | 1000 10 | 1.25 | 1000 | 100 | .25 | 1000 { 100 ;.25 | 1000 j 40 | 1.25 | 1000
8 100 | 1.25 | 1000 100 | 1.25 | 1000 ; 100 | 2.5 | 1000 | 100 |2.5 | 1000 | 45 | 1.25 | 1000
9 1000 | 1.25 | 1000 | 1000 | 1.25 | 1000 | 100 25 | 1000 | 100 | 25 | 1000 | 50 | 1.25 | 1000
10 10 | 1.25 | 1000 10 | 1.25 | 1600 | 100 | .25 } 1000 { 100 1000 | 10 | 1.25 | 1000

S5 - Set up cost (dollars)

h - Invenvory carrying cost (dollars)

D - Demand (units)

€S




Table 4. Continued
6 7 8 9 10
Problem
s h D ] h D s h D S h D 5 h D
Stage
1 10 .25 10 .25 100 .25 100 .25 10 1.25
2 100 .25 200 100 .25 200 | 100 | 2.5 200 100 2.5 200 | 15 1.25 200
3 1000 .25 400 1000 .25 400 | 100 25 4007 100 25 400 | 20| 1.25 400
4 10 .25 600 10 .25 600 | 100 .25 600! 100 .25 600 | 25( 1.25 600
5 100 .25 800 100 .25 BOO | 100 | 2.5 800, 100 2.5 800 | 30( 1.25 800
6 1000 .25 | 1000| 1000 .25 1000 | 100 25 § 1000{ 100 25| 1000 | 35| 1.25 | 1000
7 10 .25 | 1200 10 .25( 1200 | 100 .25 | 1200| 100 .25 1200 | 40( 1.25 | 1200
8 100 .25 1400 100 .25 1400 | 100 | 2.5 | 1400] 100) 2.5| 1400 | 45| 1.25 | 1400
9 1000 .25 | 1600| 1000 .251 1600 | 100 25 [ 1600{ 100 25 1600 | 50| 1.25 | 1600
10 1000 .25 | 1800 1000 .25 1800 | 100 .25 | 1800 100 25| 1800 [ 10| 1.25 | 1800

we



Table 5-A.

Results For Arborescence Structure

Schwarz's Branch and Myopic Modified Author's Best
Method Bound Policies Myopic Approach Solution
Problem (The 8) (The 9) (The 10) Policies (The 14)
(The 11)
1 T 79689. 40 12259.69 11512.60 61712.56
379 * 4903 5878 492 The 11
. 782 .578 .758 1.578
2 103169.31 13958.87 13244.02 79822, 32
379 * 5583 6428 492 The 11
.761 .612 .797 1.636
3 10658.59 10382,68 10658.33 10658.33 10542.77
2683 4854 2702 2702 3244 The 9
.755 1.706 .621 .779 1.598
4 12534.40 12365.27 12525,97 12525,97 12453,92
2683 4803 2586 2586 3180 The 9
.770 1.669 . 605 .771 1.610
5 7115.12 3549,65 3549.65 3549.65 5736.95 The 9
379 1419 1419 1419 492 The 10
.770 1,703 . 607 .766 1,582 The 11
6 79689.40 12259.69 11315.84 61712,56
379 * 4903 5678 492 The 11
.755 .613 JT47 1.636
7 103169.31 13958, 87 13343.96 79822.32
379 * 5583 6218 492 The 11
.758 .575 .770 1,711

49



Table 5-A. Continued
Schwarz's Branch and Myopic Modified Author's Best
Method Bound Policies Myopic Approach Solution
Problem (The 8) {The 9) (The 10) Policies {The 14)
(The 11)
8 10208.89 9877.25 10195.42 9927.74 10001.86
2683 4920 2824 3988 3487 The 9
.755 1.801 .619 744 1.648
9 12825.09 12571.53 12824.85 12824.85 12658.11
2683 4868 2666 2666 3487 The 9
.762 1.819 .587 .732 1.680
10 7115.12 3521.01 3549.65 3521.01 5736.95 The 9
379 1482 1419 1482 492 The 11
.749 1.769 .584 771 1.661
Time
Averages 62 1.745 .600 .764 1.634
T A
B
c

A -~ Cost of production program {dollars)
B - Lot size at stage 1 (units)
C - Computer time (seconds)

9¢<



Table 5-B,

Detailed Results For Modified Myoplc Policiles

Lot Size at

Total
%g;t ?Eiﬁ:s§ K2 K3 K4 K5 K6 K7 Kl0
Problem
1 11512.60 5878 2 1 5 2 1 5
2 13244.02 6428 2 1 6 2 1 6
3 10658,33 2702 1 3 1 1 3 1
4 12525.97 2586 1 3 1 1 3 1
5 3545.65 1419 1 1 1 1 1 1
6 11315, 84 5678 1 1 4 1 1 5
7 13343.96 6218 1 1 4 2 1 6
8 9927.74 3988 1 3 1 1 5 1
9 12824.85 2666 1 2 1 1 3 1
10 3521.01 1482 1 1 1 1 1 1

LS
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substantial variation in set up costs. In the other six problems, the
results were better but not optimal. Branch and Bound exceeded the time
1imit in the four problems that caused troubles in Schwarz's Method, but
in the other six cases gave the best solution with approximately twice

the lowest time. Myopic Policies obtains the best solution only once,

but the cost performance is very good and times is excellent. Modified
Myoplc Policies was the best for problems where Branch and Bound did not
obtain any result, and best for two other problems. Finally, Dynamic Pro-
gramming procedure yields somewhat better solutions than Schwarz's

Method, but requires about twice the computation time.

Table 5-B shows detalled results for modified myopic policies; the
first column presents the total cost in dollars; second, the lot size for
stage 1 in units; and the remaining columns are k-factors (kn = Dan/QnDl)
for stages at level 1.

In the first five problems, demand is kept constant for the nine
final products while the last five problems have differing requirements.
Note that the average value of these requirements is exactly the demand
used in the first problems.

By comparing problems with equal first level stage demand with
those having similar costs but differing first level stage demands, (1 vs.
6, 2 vs. 7, 3 vs. 8, 4 vs. 9, 5 vs, 10), we observe that the lot sizes at

stage 1 do not vary significantly, but the lot sizes of level 1 stages do.

Acyelic Structure

Problem Definition

Up to this moment we have analyzed specific two-level structures
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of the serial, pure assembly (at most one successor stage), and pure ar-
borescence (at most one predecessor stage) forms. A more general system,
known as the acyclic structure, allows any number of stages at any level

(see Figure 14).

—— D, + 2

Level 2 . Level 1

Figure 14. Acyclic Structure

In thls structure, there may or may ncot be a relationship between
given level 1 and level 2 stages. Any stage at any level must have at
least one relation with a stage on the opposite level. The stages on
level 1 possess thelr own demand, and stages at level 2 obtain their
average demand rate by the summation of all the demands at level 1 stages
that place requirements upon them,

The assumptlons made before are alsoc applied here: the demand is
static, the deliveries and production are assumed to be instantaneous,

and no backlogging is allowed.
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Then the objective is to

N
minimize } (S$;D4/Qq + Q;hy/2) (2.13)
i=1

The literature on multi-stage systems with constant demand in-
cludes assembly and arborescence structures, but nothing was found on
more general structures.

Analysis

Consider equation (2.13) subject to the policy constraint.

Qg Qg
_ = kiJ“' kiJ‘i 1, integer 1 < 1 < L; I+1 < J < N (2.14)
Di DJ

L

| - Q/D ] Time

Figure 15. Inventory Model

Since Q/D is the cycle time, as shown in Figure 15, equation (2.14)
can be interpreted as: the cycle time on any stage at level 1 must be an
integer multiple of each of its successor stages' cycle time.

Let us define Qic as the optimal individual lot size,
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1/2
Q% =1 28,0, /hy (2.15)

and let t be the cycle time defined as Q/D.
Using the same approach as in assembly and arborescence cases, op-

timal individual lot sizes are used to determine the bounds on cycle time,

consider
[ c
tmin = Lower cycle time bound = MIN Ql /Dl
t = Upper cycle time bound = MAX Qlc/Dl where1 < 1 < N
max >+
vl

Then assuming constraint (2,14), the optimal cost for a stage located at

level 2 given a t cycle time is

£7(k,t) = MIN|S /k,t + k,tD h /2
k

" (2.16)
and for stages on level 1, the cost is
*
fn(knt) = ﬁIN Snkn/t + tD h /2K, (2.17)
n

Observe that cycle time for stages at level 2 is a multiple of t while

for stages at level 1 is a divisor of it. Then total cost (T} for a given

t is as follows:
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N
T(t) = ] £ (kit) (2.18)

n=1

and the optimal cycle time t will be the one with minimum total cost

(T(e)],
% *
T = T(t") = minimum [T(t)] (2.19)
tminiti Enax
Results

A computer program was written (THE 15) to apply the algorithm for
solving any kind of acyclic structure in two level systems. The data, as
for the other programs, are the set up costs, inventory carrying costs
and demands; but THE 15 also requires a matrix of zeroes and ones with L
rows and (N-L) columns that correspond to the existence or nonexistence
of the relation between a stage on level 1 and a stage on level 2 (de-~
noted by 1 and 0 respectively). Program THE 15 is in Appendix B.

Again ten problems were selected to test the behavior of the al-
gorithm, all of them correspond to the specific structure shown in Figure
16, where stage 1 supplies stages 3 and 4, and stage 2 supplies stages 3,

4, and 5.

Figure 16. Acyclic Problem
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Data and results are presented in Table 6. To interpret the re-
sults obtained, we note all that variations among the problems are (a) a
decrement on the demand in the last five problems, (b) changes in set up
costs, and (c¢) changes in inventory carrying costs.

Variation (a) results generally in an increase in the cycle time.
This is explained by the relation t = Q/D, so decreasing D increases t.
This does not happen always, because of the optimal t invelves other fac-
tors besldes demand. To explain the effects of (a) on k values let us
derive some formulas.

At level 2, the cost at stage n is
fn(kt) = Su/kt + ktDnhnlz (2.20)
Minimizing for a given t, we obtain
K* = (2sn/t2nnhn)1/2 (2.21)
At level 1, stage n,
f (k£) = Snk/t + tD h, /2k (2.22)
Again minimizing for a given t,
k* = (20 n /25 )1/2 (2.23)

Then, at level 2, k increases as D decreases, while at level 1 the reverse



Table 6. Data And Results For Acyclic Structure
1 2 3 4 5
Problem
S h D S h D S h D S h D 5 h D
Stage
1 10 1.25 100 { 1.25 100 | .25 100 | 2.5 10 ] 1.25
2 100} 1.25 1000 | 1.25 100 | 2.5 100 | - 25 15| 1.25
3 1000 | 1.25 | 1000 10 | 1.25 | 1000 | 100 25| 1000 100 | .25 | 1000 | 20| 1.25 | 1000
4 10 [ 1.25 | 1000 100 | 1.25 |1000 | 100 | .25 | 1000 | 100 ( 2.5 {1000 | 25| 1.25 | 1000
5 100 i.25 1000 | 1000 | 1.25 1000 | 100 | 2.5 | 1000 | 100 25 (1000 | 30 | 1.25 | 1000
S - Set up cost h - Inventory carrying cost (dollars) D - Demand (units)
Problem 6 7 8 9 10
Stage
1 10 1.25 100 | 1.25 100 .25 100 2.5 10 1.25
2 100 |} 1.25 1000 | 1.25 100 | 2.5 100 25 15| 1.25
3 1000 | 1.25 200 10 | 1.25 200 | 100 25 200 | 100 | .25 200 | 20| 1.25 200
4 10 | 1.25 400 100 | 1.25 400 | 100 | .25 400 | 100 | 2.5 400 | 25| 1.25 400
5 100 | 1.25 600 | 1000 | 1.25 600 | 100 | 2.5 600 | 100 25 600 | 30 | 1.25 600

?9



Table 6. Continued
Problem 1 2 3 4 5
Total Cost 4769.48 6288.24 5043.75 10859.08 1414.22
Stage 1 1119% 1619 1500 544 282
Stage 2 1679 2428 750 408 424
Stage 3 560 135 83 136 141
Stage 4 140 405 250 136 141
Stage 5 560 809 250 68 141
Cycle Time .5597 . 8094 .25 .1359 L1412
Computer Time 1.403 1.361 1.336 1.286 1.277

*Lot size (units)

<9



Table 6. Continued
Problem 6 7 8 9 10
Total Cost 2844,72 3939.50 2870.75 7329.46 867.21
Stage 1 578 787 772 196 132
Stage 2 1156 1475 386 98 263
Stage 3 193 61 16 16 44
Stage 4 77 246 129 33 88
Stage 5 289 736 193 49 132
Cycle Time .963333 1.228833 .321500 .081667 .219167
Computer Time 1.324 1.327 1.272 1.335 1.33

99



is true. Equations (2.20} - (2.23) also show that demand is directly

proportional to the cost,

of the system,

Then, the lower the demand, the lower the cost

67
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CHAPTER III1

TIME VARYING DEMAND CASE

In this chapter, we consider the case where the external require-
ments imposed on first level stages vary over time. Instead of the con-
tinuous review, infinite horizon analysis used to treat the stationary
demand processes of the previous chapter, we now assume a finite planning
horizon, divided into M periods. External requirements in each period
are assumed to be known. All units scheduled for production at a stage
in a period are assumed to be produced as a single lot. The problem is
to choose the lot sizes at each stage in each period to meet the require-
ments with the least total cost for production and inventory over the
planning horizon. The series, assembly, arborescence, and acyclic struc-

tures are analyzed in the following sectioms.

Series Structure

Problem Definition

The two-stage series system is illustrated in Figure 17. As in
the previous chapter, it 1s convenient to think of stage 1 as the raw
material inventory and stage 2 as the production process and the finished
goods inventory. Backlogging is not allowed. Production is assumed to
be instantaneous (the presence of a finite production lead time will not
affect the lot size decisions). The time dimension illustrates that 1in
addition to considering the flow of material from one stage to the next

within a period, we also must concelve of flow of material from one time
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perlod to the next at a given stage. The latter is the inventory carried
forward. Thus, the requirements placed on an inventory at a stage in a
given perieod can be satisfied by a combination of two sources: (1) pro-
duction (stage 2) or procurement (stage 1) in that peried, and (2) inven-

tory brought forward from the previous period.

. D
1 2 M
1 2 e—_ D, e

m

7 i

1 2 — Dy
Process
Level 2 Level 1

Figure 17, Dynamic Series Structure

Let Qni be the quantity produced at stage n In period i and define
Ini to be the inventory at the end of period i at stage n. The production
or procurement cost of a lot size Qni at stage n in period 1 is assumed to

have the fixed charge form:
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Pn1(Qqi) = 6(Qpe)Spi + <nilni (3.1)
where
1, 1 Q> 0
§(Q) = | 0, 1£Q =0

Inventory holding costs in a period are proportional to the ending inven-

tory level; that is,

Hug(Ing) = hgylng (3.2)

where h 4 i1s the cost to carry one unit in inventory at stage n from

period 1 to i+1l. The objective function to be minimized by the cholce of

lot sizes is

2 M 2 M
T= ) J [6(Qp1)Sni *+ cniQntl + I I bpyTng (3.3)
n=1 1=1 n=1 1=1

where, 1if Di is the external demand on stage 2 in period i,

Tog = 13,41 % Q1 - Dy (3.4)

(the finished goods inventory balance equation for period i}, and

Ty " L,00 Q1 Qg (3.5)
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(the raw material inventory balance equation for period 1).

Literature Survey and Results

Zangwill [29][30] analyzes the multi-stage series system with dy-
namic demand and proves that, 1if production and inventory costs are each
concave, there is an optimal solution having the property that In,i—l
Qni=0’ for all i and n. He then proposes an algorithm based on dynamic
programming, with simplifications resulting from his characterization of
the optimal secluticn. Love [16] also considers the series case and obtains
additional results defining a class of solutlons containing an optimal cne.
His most important result is that Qn+1,i=0 implies Qn,i=0’ if costs are
concave and inventory costs are non-decreasing in n. Applied to a two-
stage system, this '"'mested" property implies that no raw materlal lots
are scheduled for delivery in periods when there is no production. John-
son and Montgomery [11] give a discussion of Zangwill's algorithm and a
numerical example illustrating its application for a three-stage system,
However, the literature contains no true computational results and the

methodology 1s not well-known.

Analysis
This section presents the dynamic programming algorithm of Zangwill

[30], adapted specifically to the two level series system. He considered
the general series structure with concave production cest functions,
Pni(Qni)’ and concave inventory holding cost functions, Hni(Ini)‘ No back-
logging is permitted. Zangwill's model for the case of two levels 1s the

following:



72

M 2

minimize X E IPh1(Qni) + hpi{Ini)l (3.6)
i=1 n=1

subject to, for 1 =1,2,,..,Mand n = 1,2,

I1,i-l T Q= Il,i + Q2,i (3.7)
Ip,1-1 +Q 3 = Iy 4 +D; (3.8)
Ini 20, Q320 (3.9)
Ino=Iy =0 (3.10)

Zangwill observed that this is the formulation of the problem of
finding the least cost flow in a network consisting of a single source
note, M transhipment nodes (representing stage 1 in each of the n periods)
and M transhipment-sink nodes (representing stage 2). The network analogy
iz shown in Figure 18. Note that the flows represent elther production,
inventory, or demand. There is a cost assoclated with each production and
inventory flow, and Zangwill assumes that the cost 1s a concave function
of the amount of flow. He uses the fact that for a static, single source,
concave cost network flow problem, there 1s an optimal solution that is an
extreme flow. An extreme flow has the property that flow into any node
will come from at most one arc. Practically this means that In,i~1Qni = 0,
for all nodes (n,i). Making use of this property characterizing an extreme

flow, an algorithm can be developed to efficiently find the optimal extreme
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flow and this solution will be an optimal solution to the problem (3.6) -
(3.10), The implications of the extreme flow property for the two-level

system are discussed in the following paragraphs.

. (1,M) stage 1

stage 2
Q3 Q) Q4 QA 8
1(2,1) (2,2) (2,3) (2,M)
L4 b [ - P ——
In 122 I3 I M1
|
Dy D, P3 Dy
Period 1 Period 2 Period 3 Period M
Figure 18. Network Representation
The flow into any node (1,1) is restricted to either 0 or
B
! Dy (3.11)
L=0

for some i<a<f<M. In other words, the amount of flow into node (1,i) 1s O
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or the exact requirements for periods a, o+l,..,,B, i<a<B<M. Assuming
Dy>0, we must produce at stage 1 at least Dl units in period 1; therefore
i=1 implies a=1. Similarly for stage 2, we have the flow into any node

(2,1) restricted to one of the following values
B
I D (3.12)

where i<f<M. Note that the stage 2 inventory is restricted to one of the

following values:

B
0 or E DL , 1<B<M
L=1+1

v B
If the flow into node (1,1) is ] 1—q D;, for some i<a<B<t, we have
the following:

{(a) If o=i, there 1s an integer vy, 1 < ¥y < B, such that

=

Q, = (3.13)

D and 1
L!
L

B
= z D
L
1 1,1 L=y+1

Il B~

(b) 1If o>i,

B
=
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A dynamic programming algorithm for calculating the optimal flow
will now be developed. Suppose the flow into a first-stage node (1,i) is
ZE=aDL and define Cl,i(a’B) as the optimal cost of shipping these units
from node (1,1) to their destination nodes (2,a), (2,0+1),...,(2,B). The
decision at node (1,i) is to divide in the flow into two parts, the pro-
duction at stage 2 in period i, Q21’ and the inventory carried to the next
period, Il,i' If a=i, we must select the optimal vy in (3,13), and if a>i,

{3.14) holds. Thus we have the following recursions:

min Y B
i<y<B|Pp ;I D)#Hy 4C L D) + €y L (A,)40; o0 (LB [ (3,15)
7T L=i *7 L=y+1 ’ .
Cl’i(a:B) = if 1 = aiBS_M
B
Hl,i(LzuDL)'*'Cl,i.,.l(a,B), if 1<a<B<M

_B .
where C2 i(i,B) is the cost of allocating a flow of ZL=1DL units into node
H]

(2,1) to satisfy the requirements in periods 1,i+l,...,B. We have

B

C. (1,8) = Hy (] Dy) + Co :yq(i+l,8) (3.16)
2,1 2,1 - L 2,i+1

We next allocate the flow 1into the source node in an optimal manner,
This is equivalent to making decisions about what to produce at the first
stage in each period. Let CO,i(a’M) be the minimum cost of shipping XE=aDL
units from the source to satisfy requirements at nodes (2,0), (2,0t+l),...,

(2,M). If a=1, we must produce in period 1; otherwise Q1,1 might be zero.
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If we produce in period 1, the quantity can be described by an integer

Y
a<y< M, since Ql,i = X D;,. There are three equations defining Co i(Ot,M):
L=ct ’

If 1< o<,
—
min Y
a<y<M Pl»i(LzaDL) 05 (@Y) +Cy L (LM
CO,i(a’M) = min (3.17)
Co,1+1( »¥
If 1 = a<M,
Y
Co ;(1,M) = min [Py (] D) + Cqp,,(c,Y) + Co .., (Y+1,M) (3.18)
0,i o<y < 1,15 2 "L 1211%s 0,i+1
If 1 =g=M,

The algorithm infitially calculates the cZ,i(i’B) using (3.16), then
the Cl,i(a’B) using (3.15), and finally the CO,i(a’M) using (3.17), (3.18),
and (3.19). The minimum cost is given by CO,l(l’M)'
. Results

A computer program (THE 16) was written for the algorithm using the



77

fixed charge production cost form and proporticonal inventory holding costs.
(See Equations 3.1 and 3.2.) To simplify the analysis, the cost coefficients
were assumed to be stationary in time, This meant that the variable pro-
duction cost would be independent of the lot size policies and could be
ignored.

There remained three interesting parameter sets to analyze in this
problem: set up cost, inventory carrying cost, and demand, Nine problems,
each with M=5, were used tc understand the behavior of the three wvariables
(Table 7). The first three problems vary only the set up costs which in-
crease from 50 to 150, At each stage the results shown in Table 8 indicated
the expected tendency to increase the lot size and keep units on inventory
rather to produce at each period of time. The second set of problems (4-6)
have variation only in the inventory carrying costs, from ,05 to .15. It
can be observed that the greater the inventory carrying costs, the greater
the tendency to produce in each of the periods rather than maintain stocks.
Finally the last three problems have time varying demand at increasingly
higher levels. As it was expected the effects are the same as when the
inventory costs were increased. This 1is because the set up costs are not
altered with the variation on the demand, while the ilnventory carrying
costs are; the greater the demand, the greater amount of units that have to

be carried, and consequently the greater the inventory costs.

Assembly Structure

Problem Definition

Now that the idea of time varying demand has been developed, it is

not difficult to extend the model of Chapter II, Part B, to this condition.



Table 7. Problems For Series Structure

Stage 1 | Stage 2 Stage 1 | Stage 2 Stage 1 T Stage Stage 1 | Stage 2
Problem 1 Problem 2 Problem 3 Problem 4
Set Up 50%* 50 100 100 150 150 100 100
Inventory .10% .10 .10 .10 .10 .10 .05 .05
Demand 1 1000 1000 1000 10006
Demand 2 1000 1000 1000 1000
Demand 3 1000 1000 1000 1000
Demand 4 1000 1000 1000 1000
Demand 5 1000 1000 1060 1000
*Dollars

Demand {1 = Demand at Period 1

8L



Table 7. Continued
] stage 1 T Stage 2 Stage 1 Listage 2 Stage 1 [ Stage 2 Stage 1 4[ Stage 2

Problem 5 Problem 6 Problem 7 Problem 8
Set Up 100 100 100 100 100 200 100 200
Inventory .10 .10 »15 .15 .10 .20 .10 .20
Demand 1 1000 1000 200 400
Demand 2 1000 1000 400 800
Demand 3 1000 1000 600 1200
Demand 4 1000 1000 800 1600
Demand 5 1000 1000 1000 2000

Problem 9
Set Up 100 200
Inventory .10 .20
Demand 1 800
Demand 2 1600
Demand 3 2400
Demand 4 3200
Demand 5 4000

6/



Table 8. Production Schedule In Series Structure, Time Varying Demand

Problem 1 Problem 2 Problem 3 Problem 4 Problem 5 Problem 6 Problem 7
Stage 1 2 1 2 1 2 1 2 1 2 1 2 1 2
Period
1 1000* | 1000 |1000 | 1000 | 2000 {1000 { 2000 | 1000 1000 | 1000 | 1000 | 1000 600 200
2 1000 1000 |1000 | 1000 - 1000 - 1000 | 1000 | 1000 | 1000 | 1000 - 400
3 1000 1000 1000 | 1000 | 2000 |1000 | 2000 | 1000 | 1000 1000 | 1000 |1000 | 1400 600
4 1000 1000 |1000 | 1000 - 1000 - 1000 | 1000 | 1000 | 1000 | 1000 - 800
5 1000 1000 [1000 | 1000 | 1000 {1000 | 1000 | 1000 |1000 | 1000 1000 |1000 | 1000 | 1000
*Production units
Problem 8 Problem 9
Stage 1 2 1 2
Period
1 1200 400 800 800
2 - 800 (1600 | 1600
3 1200 |1200 |2400 | 2400
4 1600 [1600 |3200 | 3200
5 2000 |2000 |4000 | 4000

08
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The problem will be to obtain a production program for all stages over an
M-period horizon, The idea of Figure 19 is an assembly structure displaced
through the time; in other words, we are adding one dimension to our old

problem. Stages at level 2 (1 to N-1) are considered independent among

1 N 3
2 M = N —D

Process

Figure 19. Dynamic Assembly Structure

themselves, and each one can receive material from two sources, The first

one corresponds to the suppliers and the second one i1s merely the same
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stage but displaced one period of time earlier. Obviously there are two
alternatives, non-exclusive for disposition of the output. They are to
send material to stage N In the same period i and to keep material in in-
ventory until the next period,

Stage N has two possible exclusive inputs, the first 1s the N-1
deliveries from stages at level 2, and the second is inventory from the
same stage N, but from period i-1. Logically stage N has two possible
outputs to supply the demand of period i and optionally, store final pro-
duct to satisfy further demands.

Costs, as in previous cases, are concave and composed of set up
costs, which are incurred }ust if a new order or production takes place
on the period i, inventory holding costs, which are proportional to the
units carried at the end of the period.

Mathematically the problem can be expressed as

N M N M
minimize T = J §6(Q S, + I I h I g (3.20)
n=1 1=1 n=1 i=1

subject to: In i + In 4-1 +Qu i -~ Y,4 B= 1,2,...N-1
’ i ’ ’ =1,2,...M
(3.21)
Q 20 mn=1,...,N [1if Q> 0
’ §(Q) =
1,120 1=12,...8 01f Q=0

which is the minimization of all the costs incurred at the N stages during

the M periods of time. 5, and h, represent the set up cost and carrying



83

inventory cost respectively. It is assumed that these values do not change
through the time.

Literature Survey and Results

The assembly structure with time varying demands has been considered
by Crowston and Wagner [7] who, using an approach suggested by Love [16],
extended his results to the assembly problem, and proposed two algorithms.
The first one is a dynamic programming approach whose solution time is
linear with the number of stages, but exponential with the number of time
perivds. The second is a branch and bound algorithm. Though the authors
refer to computer experience, they do not give any results.
Analysis

Between the two algorithms proposed by Crowston and Wagner, the dy-
namic programming approach was selected to be developed in the presenﬁ
analysis, but initially let us consider the form of the optimal solution.

Veinott [26] shows that at least one optimal solution is an extreme

flow, that is

i 1 Qn,i =0 1i=1,2,...M n=1,...,N (3.22)

n,i-

Love [16] proves the additiomal "nested" property for the facilities

in series case:

oM (3.23)

Q .
n 2,000 N

; > 0 implies QN,i >0 for 1 =

] n=

|
(.

under the conditions that:
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(1) the system is a pure series system,
(2) production costs are non-increasing in time,
Cn,i(Q) f.cn,i—l(Q) forn=1,...,N (3.24)
i=2,...,M

(3) installation inventory holding costs are non-decreasing over

stages
ho . > “ . for meb(n), (3.25)
m,1 1 n=1,2,...,N
i=1,...,M

Crowston and Wagner at this point add the following assumption for assembly

systems.
his > Tneb(myfmis B = LoeesN 5 1= 1,001 (3.26)

Note that (3.26) refers to installation inventory carrying cost rates.

For echelon inventory (3.26) implies

hog = hpy - zmeb(n)hmi >0 (3.27)

Let us now Introduce the algorithm:

Let II = (HJ, HZ""’HM) be a vector of 1's and O's. We interpret II
as a production profile vector, such that if the profile Il is chosen for

stage n

(3.28)

Qp,q >0 if Ty =1

Then according with the optimal solution form



Q=0 if My = 0

]

Qn,i = D, 1£ My =1 and M,y =1

Qg = Dy +Dyyy 1if My =1, M, =0, and My, = 1

(= LD if My =1, T =0 for t = 1+1,..,.,1" and N5 = 1
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(3.29)

Let us denote the total production cost assoclated with the choice of pro-

duction preofile for stage n by Cn(H). Thus
M
(M = 121 Cy, i, 1)

and the inventory would be

n’i = tzl (Qn,t - Dt)

with a total carrying inventory cost for stage n

M
h () = 121 by 4In,1

(3.30)

(3.31)

(3.32)

Using the nested schedules property, let N(II) be the set of production pro-

files which "nest" II, that is,



NI"e N(T) if and only if L, - H; >0; 1=
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(3.33)

Theorem 1 given in (7) and proved in (8) specifies that if Il is chosen for

stage n, the production profile for each of the immediate predecessors of

stage n must be an element of N(I).

Let £,(l[) be the minimum total cost from stages 1 through n of using

production profile II at stage n given that II is chosen for stage n and

given optimal choice of production profiles for all predecessor stages.

£ = by (M) + Co(M) + Jpep (nymindmumpy o oy £, (07

(3.34)

Let N1(T) be the set of profiles that nest Tl and differ from T in

only one element; thus

M
N = (meNam | § @p-ngp = %]

1=2
Then
N = T U NQI'), T7enl(m)
N(I) =1 UH,SNZ(H)N(H‘)
Let H*(H') = arg minimumnueN(Ha)fm(H“)

Then

(3.35)

(3.36)

(3.37)
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minimum fm(H') = minimum fm(H), minimum fm[H*(H’)] {3.38)
M eN(IT) - I7eNL (1)
Results

The algorithm obtained above was programmed as THE 17 (Appendix B).
This program receives the characteristics of all the stages (costs) and the
demands of stage N, and it obtains a production schedule for all the stages
through the whole horizon time, TFor the purpose of computing the optimal
lot sizes, only set up cost and inventory carrying costs were considered;
however the program also uses the variable cost to evaluate the total cost
incurred by the company.

Using representative problems (Table 9), the response of the model
to variations in the parameters was studied.

Changes were of three types: set up costs, ilnventory carrying
costs, and demands. The effect of set up cost changes can be observed in
problems 1 and 2, where it is shown clearly that the greater the set up
cost, the greater the tendency to satisfy future demands with inventory
rather than produce in the period in which demand is required.

For different set up costs at stage N, problems 3, 4, 5, and 6
have variations on inventory cost. Comparing 3 with 5, 4 with 6, and
taking a representative stage, say number 5, requirements for periods 3
and 5 were supplied by inventory material when inventory cost was low;
while the requirements were filled by production when costs were higher.

Finally problems 7 through 10 have variations in their demand
values. Obviously the greater the demand, the greater the frequency of

production. This is because, the greater the demand, the greater the



Table 9. Problems For Assembly Structure, Time Varying Demand
1 2 3 4 5
Problem :
S h D 5 h D 5 h D 5 h D ) h D
Stage
1 50 |.15 50 | .15 50 |.15 50 | .15 50 | .25
2 100 |.15 100 | .15 100 |.15 100 | .15 100 | .25
3 1000 {.15 1000 | .15 150 | .15 150 | .15 150 | .25
4 50 |.15 50 | .15 200 |.15 200 | .15 200 | .25
5 100 }.15 100 | .15 250 |.15 250 | .15 250 | .25
6 1000 |.15 1000 | .15 300 | .15 300 | .15 300 | .25
7 50 .15 50 | .15 350 | .15 350 | .15 350 | .25
8 100 |.15 100 | .15 400 | .15 400 | .15 400 | .25
9 1000 |.15 1000 | .15 450 | .15 450 | .15 450 | .25
10 50 |.15] 1000%| 1000 | .15 [ 1000* 50 |.15| 1000* | 450 | .15 {1000*| 50 | .25 | 1000*

S - Set up cost (dollars)

h - Inventory carrying cost (dollars)
D - Demand (units)

*The demand is kept constant through the time

88



Table 9. Continued
6 7 B 9 10
Problem
S h D S h D S h D S ) D 5 h D

Stage

1 50 |.25 50 |.25 50 .25 50| .25 50/ .25

2 100 |.25 100 .25 100[ .25 100 .25 100| .25

3 150 |.25 150 .25 150 .25 150( .25 150{ .25

4 200 | .25 200 |.25 200 .25 200/ .25 200 .25

5 250 |.25 250 {.25 250 .25 250{ .25 250 .25

6 300 |.25 300 |.25 300 .25 300( .25 300{ .25

7 350 |.25 350 {.25 350| .25 350] .25 350 .25

8 400 |.25 400 |.25 400 .25 400 .25 400 .25

9 450 | .25 450 |.25 450 .25 450 .25 450 .25
10 450 |.25 1000* | 50 {.25 |[500* |450| .25 |s00* | so| .25| 2000% [4s0| .25 2000*

68
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amount that has to be carried in inventory and the greater the resulting
cost, Considering that set up costs do not vary with the size of the lot,
there i1s a trade—off point where it is more convenient to produce at

every period, rather than produce for several periods and keep the material
in stock. (Table 10 shows all the production schedules for THE 1C tested

problems.)

Arborescence Structure

Problem Definition

From Chapter II, an arborescence structure is one where each one of
the facilities has a unique immediate predecessor that supplies facility n.
Consider the same structure shown in Figure 13, but with the additional
time dimension (Figure 20). In Figure 20, the arrows corresponding to the

demand flows were omitted for clarity of presentation.

2
2 ™ 3
3 .
. \ N
N e
m
i

Figure 20, Dynamic Arborescence Structure



Table 10. Production Schedules For Assembly Structure, Time Varying Demand
Problem 1 Problem 2 Problem 3
Period
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Stage
1 1000#* | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000
2 1000 | 1000 | 1000 | 1000 ( 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1004
3 5000 0 0 0 0 5000 0 0 0 0 1006 | 1000 | 1000 | 1000 | 1000
4 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 2000 0 2000 0
5 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 {1000 | 1000 | 1000 | 2000 0 2000 0
6 5000 0 0 0 0 5000 0 0 0 0 2000 0 3000 0 0
7 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 |1000 | 1000 | 2000 0 3000 0 0
8 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 |1000 | 1000 | 2000 0 3000 0 0
9 5000 0 0 0 0 5000 0 0 0 0 2000 0 3000 0 0
10 1000 | 1000 | 1000 |1000 | 1000 | 1000 | 1000 |1000 |1000 | 1000 | 1000 | 1000 | 1000 .1000 1004

*Production in units

16



Table 10. Continued
Problem 4 Problem 5 Problem 6
Period
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Stage
1 1000 { 1000 | 1000 | 1000 | 1000| 1000 | 1000 | 1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 | 1000
2 1000 | 1000 | 1000 | 1000 | 1000 1000 1000 | 1000 | 1000 | 1000| 1000 | 1000 | 1000 | 1000 | 1000
3 1000 | 1600 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000| 1000 1000 | 1000 | 1000 | 1000
4 1000 | 2000 0 2000 0 | 1000 | 1000 | 1000 | 1000 | 1000| 1000 | 1000 | 1000 | 1000 | 1000
5 1000 | 2000 0 2000 0 | 1000 | 1000 | 1000 | 1000 | 1000| 1000 | 1000 | 1000 | 1000 | 1000
6 2000 0 3000 0 0 | 1000 | 2000 0 2000 0 | 1000 | 2000 0 2000 0
7 2000 0 3000 0 ¢ | 1000 | 2000 0 2000 0 | 1000 | 2000 0 2000 0
8 2000 0 3000 0 0 [1000 | 2000 0 2000 0 | 1000 | 2000 0 2000 0
9 2000 0 3000 0 0 | 1000 | 2000 0 2000 0 | 1000 | 2000 0 2000 0
10 1000 | 1000 | 1000 | 1000 {1000 | 1000 | 1000 |1000 | 1000 | 1000 1000 | 1000 | 1000 | 1000 | 1000

Z6



Table 10. Continued
Problem 7 Problem 8 Problem 9
Period
1 2 3 5 1 2 3 5 1 2 3 4 5
Stage
1 1000 0- 1000 500 | 1000 | 0 | 1000 500 | 2000 | 2000 | 2000 | 2000 | 2000
2 1000 [0 {1000 500 | 1000 | O | 1000 500 | 2000 | 2000 | 2000 | 2000 | 2000
3 10060 | O | 1000 500 11000 | O | 1000 500 | 2000 | 2000 | 2000 | 2000 | 2000
4 1000 |0 | 1000 500 | 1000 | O | 1000 500 | 2000 | 2000 | 2000 {2000 | 2000
5 1000 |0 | 1000 500 11000 [ O | 1000 500 ) 2000 | 2000 | 200G | 2000 | 2000
6 1000 (0 | 1500 0 1000 [ 0 | 1500 0 2000 | 2000 | 2000 | 2000 ([ 2000
7 1000 {0 |1500 0 1600 {0 | 1500 0 2000 | 2000 | 2000 12000 | 2000
8 1000 |0 | 1500 0] 1000 | 0 | 1500 0 2000 | 2000 | 2000 | 2000 | 2000
9 10060 |0 | 1500 0 1000 | O | 1500 0 2000 | 2000 | 2000 2000 | 2000
10 1000 |0 |1000 500 11000 | O | 1000 500 | 2000 | 2000 | 2000 | 2000 | 2000

€6



Problem 10
Period
1 2 3 4 5
Stage
1 2000 | 2000 | 2000 | 2000 | 2000
2 2000 | 2000 | 2000 | 2000 | 2000
3 2000 [ 2000 | 2000 | 2000 | 2000
4 2000 | 2000 | 2000 | 2000 | 2000
5 2000 | 2000 1{ 2000 | 2000 | 2000
6 2000 | 2000 | 2000 { 2000 | 2000
7 2000 | 2000 | 2000 | 2000 | 2000
8 2000 | 2000 |} 2000 | 2000 | 2000
9 2000 ( 2000 | 2000 ([ 2000 | 2000
10 2000 | 2000 | 2000 | 2000 | 2000

Table 10.

Continued

%6
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As 1s characteristic of dynamic systems, any stage has two exclusive
inputs and two nonexclusive outputs. Stage 1 now is located at level two
and receives material from suppliers or from an excess of input over its
own demand in previous periods, Stages 2 through N form level one, and
each produces a different product that has its own demand in each specific
perliod of time. These stages also have two inputs, stage 1 or an inventory
carried from period i-1 and they have two outputs, the requirements for
the products, and the inventory to satisfy further demands.

Costs are assumed to be concave and composed of two elements, set
up cost and inventory carrying cost. Then the mathematical objective
formulation will be identical te the models discussed before with small

differences in inventory constraints.

N M N M
minimize T = E z S(Qni)sn + Z z hnIn,i (3.39)
n=1 i=}1 h=1 i=1
subject to
In,i = In,i—l * Qn,i zmea(n)Qm,i 2 : i,Z,...,M(3'4O)

Q,>0 I_.>0 n=1,2,...,N; 1=1,2,...,M

§(Q = [11if @>0
0 if Q=0

Again in this model the values of the costs for the stages are con-

sidered to be constant over time; only demand values may vary.
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Literature Survey and Results

Veinott [26] develops an algorithm for the arborescence structure
using the extreme point properties of Leontief substitution models to
characterize the optimal solution. He does not present any computational
experience or results.

Kalymon [13] develops a more efficient algorithm for this system
using decomposition methods, and apparently these two papers are the only

ones that fall under this classification.

Analysis
Veinott's algorithm will be developed in this analysis. Before

presenting the main steps, we consider the characteristics of the optimal

solution form., Let

N
Q 4 - ) Qs+ I1,4-1 - I3, =0 (3.41)

» n=2
There is a J, 1 < J €< M, such that

J
P! (3.42)

and

L]

Q,1 = z Dn,u »2<n <N

} u=i

These state simply that the amount ordered at facility i in period 1 is
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the sum of the orders at its immediate followers (stages 2 to N), and for
facilitles at level 1, the amount ordered at period i should satisfy de-

mands for periods {1 to J. Then the total cost is:

T = T 1G5 @n,q) * By s (Ty 9 (3.43)
n,i 3 ? 3 ?

where Cn i(Qn,i) is the production cost at stage n in perlod i and Hn,i

(In i) is the inventory cost. Now consider
r

141 ¢ >0
$(Q) = (3.44)
01f Q=0

§ (1,07 = [1 -§(@15§@QD

Notice that § (Q,Q') = 1 if and only 1if Q=0 and Q'#0. Then T can be

rewritten for the usual assumptions about costs as

N M M

T= 5 } SnS(Ql,iQn £ Fhy 4Ty q|+ ) SnS(Ql’i) +hy Ty g (3.45)
n=2 i=1 ' i=1 ’

Observe that fixed charge 5, 1s incurred at facility n in period i if
and only if an order is placed at facility n in period 1 (di.e., Qi * 0) and
if stage 1 does not place an order in that period (i.e., Ql g = 0). Finally

L]

because of the 'nested" properties

. = = s ae < < 3.46
Ini—-l Ql’i 0 ({=2,...,Mand 2 <n <N ( )
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The algorithm is the following. Let

:i<u< g (3.47)

Denote optimal order quantities at facility n in periods u= 1i+1,...,J.

Let

J N
Yi,uiid = } ) Q (3.48)
veutl p=2 Vi

Be the associated total requirements at facility 1 in periods u+l,...,J, and

let

J
Yn,u;id = § Dpvisy 25n<N (3.49)
v=utl

Be the associated total requirements at facility n in periods U+l,...,J.

Let

M J
C =8 - S Liq) + h Yy 170477 (3.50)
1,47 - 51801149 nEZ nd @y, 1H:17) U=§+1 1,ulY1,u:17
be the cost for stage 1, and
J
Co,15 = 5080 1.1 * §+lhn,u(yn’u:iJ) 2<n<N (3.51)
u=
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be the cost for stages at level 1.
Let f 1] be the cost to produce in stage n (2 < n < N) the require-
) > nz
ments for periods i te J and £q 17 be the minimum cost for all N stages
L]

satisfying requirements for periods 1 to J.

fl,im = m%n Cl,iJ + fn,iJ + fl,Jm (3.52)
1<i<m
It is important to note that fn ii = 0. The algorithm sequentially
]

finds fl,M—lM’ fl,M—ZM""’ until fl,lM is evaluated.
Results

The computer algorithm written for arborescence structure has the
name of_THE 18. This algorithm achieves the same ovjective as previous
ones: recelves costs and demands and obtains optimal productilon schedule.
This program also has the alternative to include variable costs for the
processed items at any stage, and with a small modification it can also
accept variations on the parameters through the time.

Tables 11 and 12 present data and results respectively. Ten problems
were tested on THE 18 using the same variations as in the assembly case,
with the following results.

Variatiﬁns on set up costs appear to be not significant, since the
production schedule is the same in the first problem as it is in the
second. The cause of this abnormality is that constraint (3.47) gives a
heavy weight to stage 1 1n such a way that the production schedule for

this stage dominates the remainder schedules and forces them to operate

in the same time,.



Table 11. Problems For Arborescence Structure, Time Varying Demand
1 2 3 4 5
Problem
5 h D S h D S h D S h D 5 h D

Stage

1 5000 .15 5000 |.15 3000 .15 3000 .15 3000 .25

2 100 .15 1000%* 100 15| 1000% 100 .15 1000% 100 .15| 1000% 100 .25| 1000*
3 1000 .15 1000* | 1000 |.15| 1000% 150 }.15] 1000* 150 .15| 1000% 150 .25] 1000*
4 50 .15 1000* 50 |.15; 1000%* 200 .15 1000%* 200 .15} 1000%* 200 .25| 1000%*
5 100 15| 1000* 100 .15 10600%* 250 .15| 1000%* 250 .15( 1000%* 250 -251 1000%*
6 1000 .15] 1000+% | 1000 .15] 1000%* 300 .15 1000%* 300 15| 1000% 300 .25 1000%*
7 50 .15| 1000=* 50 .15| 1000%* 350 .15 1000% 350 .15( 1000%* 350 .25| 1000%*
8 100 [.15] 1000%* 100 .15) 1000% 400 .15 1000%* 400 .15| 1000% 400 .25| 1000%*
9 1400 «15] 1000* | 1000 151 1000%* 450 .15| 1000* 450 15| 1000* 450 .25 1000*
10 50 .15 1000* 1000 .15 1000%* 50 .15 1000* 450 .15| 1000%* 50 .25) 1000%

5 - Set up cost (dollars)

h - Inventory carrying cost (dollars)
D - Demand (units)

*The demand is kept constant through the

five periods

00T



Table 11. Continued
6 7 8 9
Problem
5 h D 5 h D ) h D 5 h D
Stage
1 3000 .25 3000 | .25 3000 | .25 3000 |.25
2 100 .25} 1000% 100 | .25 | 500-1000%** 100 | .25 | 500-1000%* 100 | .25 | 1000-500**
3 1501 .25} 1000%* 150 { .25 | 1000-500%*%* 150 | .25 | 1000~500%* 150 | .25 | 500-1000**
4 200 .25 1000%* 200 { .25 | 500-1000Q#** 200 | .25 | 500-1000%* 200 | .25 | 1000-500*%*
5 250 .25} 1000%* 250 | .25 | 1000-500%*%* 250 | .25 [ 1000-500%* 250 | .25 | 500-1000*%*
6 300 .25| 1000* 300 | .25 | 500-1000%* 300 (.25 | 500-1000*%* 300 | .25 | 1000-500%%*
7 350 .25| 1000* 350 | .25 | 1000-500%* 350 | .25 | 1000~500%%* 350 | .25 | 500-1000%*%*
8 400 | .25 1000%* 400 | .25 | 500-1000%* 400 | .25 50041000** 400 | .25 | 1000-500%%
9 450 | .25] 1000* 450 | .25 [ 1000-500%% 450 | .25 | 1000-500%*%* 450 | .25 | 500-1000%*
10 4501 .25| 1000% 50 | .25 | 500-1000%%* 450 | .25 | 500-1000*%* 50 | .25 | 1000-500%%*

**Demand alternates the two values over the five perilods

TOT



10
Problem
S h D
Stage
1 3000 .25
2 100 .25] 1000-500%%
3 150 .25| 500-1000%%
4 200 .25] 1000-500%%
5 250 .25] 500-1000%=*
6 300 .25  1000-500%*
7 350 .25 500-1000%%*
8 400 .25 1000-500%%
9 450 .25| 500-1000%%
10 450 .25 1000-500%%

5 — SBet up cost (dollars)

h -~ Inventory carrying cost (dollars)
D - Demand (units)

Table 11.

Continued

**Demand alternates the two values over the five periods

01



Table 12. Production Schedule In Arborescence Structure, Time Varying Demand
Problem 1 Problem 2 Problem 3
Period
1 _ 2 3 4 5 1 2 3 5 1 2 3 5

Stage

1 36000% | O 0 0 | 9000 36000 | O 0 9000 | 18000 | 0 {18000 9000
2 2000 0 | 2000 0 | 1000 2000 | 0 | 2000 1000 2000 { O 2000 1000
3 2000 0 | 2000 O [ 1000 200G | O | 2000 1000 2000 | Q 2000 1000
4 2000 0 | 2000 | O | 1000 2000 | O | 2000 1000 2000 | 0O 2000 1000
5 2000 0 ( 2000 | O | 1000 2000 | O | 2000 1000 2000 | O 2000 1000
6 2000 0 | 2000 | 0 | 1000 2000 | 0 | 2000 1000 2000 | O 2000 1000
7 2000 0 | 2000 | O | 10060 2000 | O | 2000 1000 2000 | O 2000 1000
8 2000 0 | 2000 ]| 0 | 1000 2000 | O | 2000 1000 2000 | O 2000 1000
9 2000 0 | 2000 | 0 | 1000 2000 | O | 2000 1000 2000 | O 2000 1000
10 2000 0 | 2000 | O | 1000 2000 | 0 | 2000 1000 2000 | 0O 2000 1000

*Production units

£0T



Table 12. Continued

Problem 4 Problem 5 Problem 6
Period
1 2 3 5 1 2 3 5 1 2 3 5
Stage
1 18000 | O |18000 9000 |[18000 | O (18000 9000 [18000 | 0O (18000 9000
2 2000 [ 0 | 2000 1000 2000 | O 2000 1600 2000 | O 2000 1000
3 2000 | O 2000 1000 2000 10O 2000 1000 2000 | © 2000 1000
4 2000 | O 2000 1000 2000 |0 2000 1000 2000 { O 2000 1000
5 2000 0 2000 1000 2000 | O 2000 1000 2000 0 2000 1000
6 2000 [ O 2000 1000 2000 | O 2000 1000 2000 | O 2000 1000
7 2000 | O 2000 1000 2000 | O 2000 1000 2000 | © 2000 1000
8 2000 | O 2000 1000 2000 | O 2000 1000 2000 | O 2000 1000
9 2000 | O 2000 1000 2000 | O 2000 1000 2000 | O 2000 1000
10 2000 | O 2000 1000 2000 (O 2000 1000 2000 | O 2000 1000

701



Table 12. Continued

S0T

Problem 7 Problem 8 Problem 9
Period
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Stage
1 22500 | 0 |22500 ) O {10500 |22500 | O |22500 [0 [10500 |22500 |0 {22500 | 0 {12000
2 2500 | 0 2500 | ©O 500 2500 | 0 2500 10 500 2500 | O 2500 ] © 2000
3 2500 ! O 2500 O 2000 2500 | O 2500 10O 2000 2500 ) 0 2500 | O 500
4 2500 0 2500 0 500 2500 0 2500 0 500 2500 0 2500 0 2000
5 2500 { O 2500 ( © 2000 2500 | 0 2500 [0 2000 2500 {0 2500 | 0O 500
6 2500 [ O 2500 | O 500 2500 |0 2500 [0 500 2500 | @ 2500 | 0O 2000
7 2500 [ © 25001 O 2000 2500 {0 2500 | O 2000 2500 | O 2500 | O 500
8 2500 { O 2500 | O 500 2500 |0 2500 [0 500 2500 | O 2500 | O 2000
9 2500 { O 2500 | O 2000 2500 | O 2500 |0 2000 2500 | o0 2500 | O 500
10 2500 | O 2500 | O 500 2500 | O 2500 |0 500 2500 | O 2500 | @ 2000




Table 12. Continued

Problem 10
Period
1 2 3 5

Stage

1 22500 1 0 | 22500 12000
2 2500 1 0O 2500 2000
3 2500 | O 2500 500
4 2500 | O 2500 2000
5 2500 1 O 2500 500
6 2500 {1 O 2500 2000
7 2500 | 0| 2500 500
8 2500 |1 0O 2500 2000
9 2500 { O 2500 500
10 2500 1 O 2500 2000

901
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There is a variation on stage one's schedule when the set up cost
is decreased from 5000 to 3000. Instead of producing in pericds 1 and 5,
it preduces in periods 1, 3, and 5.

Variations on the inventory carrying costs have no effect. The
variability range in which we are working is too small. The model requires
greater changes to show variability because of its small elasticity.

Larger values on demands produce larger lot sizes.

Acyclic Structure

Problem Definition

In previous sections, computational algorithms have been developed
for the cases where the stages are arranged in an assembly or arborescence
structure, allowing just one stage at either level two or level one re-
spectively. Now we consider the general acyclic structure, illustrated in
Figure 21, where the maximum number of relations have been allowed. Figure

21 is an extension of Figure 14 in Chapter II.

1 L+l
[ 1 2 L+1 "
1 \ 1+1 :
2
2 L4+2
L N
L N |}

Figure 21, Dynamic Acyclic Structure



108

It is Important to recognize that the arrows are optional relations
between stages at level 2 and stages at level 1 that may or may not exist.
It is not a requisite that a particular stage at level 2 has relations
with all stages at level 1.

Considering this completely general structure, any stage n at level
2 may have two different inputs, one from its suppliers and the other from
inventory carried by itself from a preceding period. The outputs will be
deliveries to all the stages at level 1 which facility n has relation with
and also storage inventory carried forward for demand in future periods.

A stage at level 1 recelves material from all its related stages from level
2 or from inventory coming from previous periods, and ships material to
satisfy its external demand and/or ships to the next period in the form of
inventory.

The inventories at the beginning and at the end of the horizon time
are assumed to be zero since all demands must be accomplished. Then pro-
duction always takes place at the first period of time.

Let us know represent mathematically the problem

Py 3
minimize T = §(Q )8+ h I (3.53)
n=1 i=1 nit ™o gy gmp

subject to

mea(n)

Int = In 5.1 * Q,1 - Dyt n=1L+,...,N 1i=1,2,,..,M (3.54)
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14 Q 0

& Q) =
Dif Q=0

The constraints on the inventory vary according with the position of the

n stage. At level 2 it will have an output which 1s the requirements from
all the a(n) successors, and at level 1 the output is the corresponding
demand for that product at that specific perled of time.

Literature Survey and Results

The acyclic structure has apparently not been yet extensively in-
vestigated, Only one paper dealing with this structure (Zangwill [24])
was found in the literature. He characterizes the optimal solution, but

does not present any further analysis,

Analysis
The following is an heuristic methodology based on the properties

developed in previous models.

Consider the "nested'" properties suggested by Love [16], then:

=0 1i=1,2,,..,M n=1,,..,N (3.55)

> = =
Qn i > 0 implies Qa(n),i 0 for 1 =1,...,M n=1,2,...,N (3.56)

Assume production costs are non~increasing in time

Cn,i(Q) 5-Cn,i—l(Q) forn = 1,...,N 1=2,...,M (3.57)

and inventory holding costs are non-increasing over stages
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h (3.58)

<

n,i — ha(n),i
Let H(]“[lII2 ""HM) be a vector of 1l's and 0's. We interpret I

as a production profile vector, such that if the profile I 1{s chosen for

stage n,

= oI, =
Q 1 0 1if ot 0
(3.59)
Qp,i > 01T, =1
Then according with the optimal solution form
Qn,i =0 if Hi =0
Q.1 = Di if =1and =1 (3.60)
Qg =Dy ¥ Dyyq 187 =1, My =0 and gy =1
and in general
il
T _ _ = ' t =
Q,y = tglnt 1 M =1, M, =0 for t = {+1,...,1' and M, =1 (3.61)

Let us denote the total production cost associated with the choice of pro-

duction profile Il for stage n by C,(II). Thus

M
c a = 21 Cn,i(Qn,i) (3.62)

i
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The inventory would be
i
I = 3 (Q.¢ - DY) (3.63)

with a total carrying inventory cost for stage n

M

h (D) = iélhn’iln,i (3.64)

Using the nested schedules property, let N(II) be the set of production

profiles which "nest" I, that is

I' € N(II) if and only if Hi - Hi <0 1 =1L+1,14+2,...,N (3.65)
and let P(Il) be the set of production profiles which are "nested" by II,

that is
I" e P() 1f and only 4f My - N¥ > 0 1 = 1,2,...,L (3.66)

Define fn(H) as the minimum total cost given that Il production profile has
been chosen to be the stage n predecessor's or successor's schedule if n
is at level 1 or level 2, respectively.

zMrl

II must be an element from the U universe, composed by elements.

The reason the exponent is M-1 is because at the first perlod of time we

must produce; that is, I, = 1.

Then, the minimum cost for stages located in level 2, for a given
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fn(H) = minimum Cn(H”) + hn(H") n=1,2,...,L (3.67)
"eP (1)
and for those stages at level 1,
fn(H) = minimum Cn(H') + hn(H') n = L+1,L+2,...,N (3.68)
I'eN(ID)
The total minimum cost will be
X N
T = optimal T = minimum z fn(H) {(3.69)

Tleu n=1

Results

The above equations were programmed as THE 19. This program allows
any structure in two levels with variations in demands. Again the exten-
sion for variations on the cost parameters 1s a matter of few program
statements.

In contrast to previous programs, THE 19 accepts as input the number
of stages at each level. After demands of stages at level 1, a matrix of
relations between stages from level 2 and level 1 must be provided.

The acyclic structure selected to be tesﬁed in this study 1s pre-
sented in Figure 22. In this structure, stage 1 is related with stages
6, 8, and 10; stage 2 with 6, 7, and 8; stage 3 with 7 and 9; stage 4 with
6, 7, 8, 9, and 10; and stage 5 with 8, 9, and 10,

The problems to be tested appear in Table 13 and the results in
Table 14.

Without a doubt, problems 1 and 2 show that the greater the set
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1 o6 —
2 7
3 8 —
4 9y
5 10 f—

Figure 22, Acyclic Problem

up cost, the greater the inventories and loglcally the system tends to
produce on fewer occasions.

On the other hand, problems 4 and 6, with a small variation of in-
ventory carrying cost show a strong reduction on inventories.

As demand values increase (Problems 7, 8, 9, and 10), there is an
increasing tendency to satisfy requirements with production rather than

inventory.



Table 13. Problems For Acyclic Structure, Time Varying Demand
1 2 3 4 5
Problem
S h D S h D S h D S h D S h D

Stage

1 5000 | .15 5000 | .15 3000 | .15 3000 | .15 3000 | .25

2 100 | .15 100 | .15 100 ! .15 100 | .15 100 | .25

3 1000 | .15 1000 | .15 150 | .15 150 .15 150 .25

4 50 | .15 50 { .15 200 | .15 200 | .15 200 | .25

5 100 | .15 100 | .15 250 | .15 250 | .15 250 .25

6 1000 | .15 (1000*| 1000 | .15 |1000% 300 .15 |1000* 300 | .15 [1000% 300 | .25 | 1000%
7 50 | .15 |1000% 50 | .15 (1000% 350 | .15 |[1000%* 350 | .15 |[1000%* 350 | .25 | 1000%
8 100 { .15 |1000%* 100 | .15 |1000* 400 | .15 |1000%* 400 | .15 |1000% 400 .25 | 1000%
9 1000 | .15 (1000%| 1000 | .15 (1000% 450 | .15 |1000% 450 | .15 |(1000%* 450 | .25 | 1000%*
10 50 | .15 ([1000* [ 1000 | .15 [1000% 50 | .15 (1000* 450 | .15 (1000% 50 | .25 | 1000%

S - Set up cost (dollars)
h - Inventory carrying cost (dollars)
D - Demand (units)

*The demand is kept constant through the

five periods

711



Table 13. Continued
6 7 8 9
Problem
S h D S h D 5 h b 5 h D

Stage

1 3000 [.25 3000 | .25 3000 { .25 3000 .25

2 160 .25 100 | .25 160 ¢ .25 100 | .25

3 150 .25 150 | .25 150 | .25 150 { .25

4 200 .25 200 | .25 200 1 .25 200 1 .25

5 250 .25 250 | .25 250 | .25 250 .25

6 300 .25 |1000%* 300 | .25 | 500-1000%%* 300 .25 | 500-1000%*#* 300 | .25 | 1000-5Q0%*
7 350 {.25 |1000%* 350 | .25 | 1000-500%* 350 | .25 | 1000-500%%* 350 .25 | 500-1000%%*
8 400 .25  [1000% 400 | .25 | 500-1000%%* 400 | .25 | 500-1000%** 400 | .25 | 1000-500%*
9 450 .25 |1000% 450 | .25 | 1000-500%%* 450 | .25 | 1000-500%* 450 .25 | 500-1000*%*
10 450 .25 |1000%* 50 | .25 | 500-1000%% 450 | .25 ! 500-1000%* 50 | .25 | 1000-500%*

**Demand alternates thw two values over the five pericds

€It
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Problem
5 h D

Stage

1 3000 | .25

2 100 | .25

3 150 { .25

4 200 | .25

5 250 § .25

1) 300 | .25 | 1000-500%**
7 350 | .25 | 500-1000%%*
8 400 | .25 | 1000-500%%*
9 450 | .25 | 500-1000%%*
10 450 | .25 | 1000-500%%

S - Set up cost (dollars)

h - Inventory carrying cost (dollars)

D - Demand (units)

**The demand is kept constant through the five periods

Table 13.

Continued

91t



Table 14, Production Schedule For Acyclic Structure, Time Varying Demand

LTT

Problem 1 Problem 2 Problem 3
Period
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Stage
1 9000% 0 0 6000 0 9000 0 0 6000 0 9000 0 0 6000 ©
2 3000 | 6000 0 6000 0 3000{ 6000 0 6000 0 3000 | 3000 3000 | 6000 O
3 6000 0 0 4000 0 6000 0 0 4000 0 2000 ; 2000 |[2000 | 4000! O
4 5000 | 10000 0 |10000 0 5000} 10000 G | 10000 0 5000 | 5000 |5000 | 1000] O
5 3000 | 6000 0 6000 0 3000| 6000 0 6000 0 30060 | 3060 |3000 | 6000| O
6 1000 | 2000 0 2000 0 1600 2000 0 2000 0 1006 | 1000 |1000 | 2000 O
7 1000 | 1000| 1000 | 1000| 1000 | 1000| 1000 | 1000| 1000 | 1000! 1000 | 1000 1000 | 2000 O
8 1000 | 1000 1000 | 1000| 1000 | 1000| 1000 | 1000| 1000 | 1000| 1000 | 1000 |1000 | 2000| o
9 1000 | 2000 0 2000 0 1000 2000 0 2000 0 1000 | 1000 (1000 | 2000| O
10 1000 | 1000{ 1000 | 1000| 1000 | 1000| 2000 0 2000 0 1000 | 1000 (1000 { 1QQ0|1000

*Production units



Table 14. Continued
Problem 4 Problem 5 Problem 6
Period
1 2 3 4 1 2 3 4 5 1 2 3 4 5

Stage

1 9000 0 0 6000 12000 0 0 0 3000 | 12000 0 0 0 3000
2 3000 | 3000 | 3000 | 6000 3000 | 3000 | 3000 | 3000 | 3000 | 3000 (3000 | 3000 | 3000 | 3000
3 2000 | 2000 | 2000 | 4000 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000
4 5000 | 5000 [ 5000 |10000 5000 { 5000 | 5000 {5000 | 5000 [ 5000 | 5000 [ 5000 | 5000 | 5000
5 3000 | 3000 | 3000 | 6000 3000 | 3000 | 3000 | 3000 | 3000 | 3000 | 300C | 3000 | 3000 | 3000
6 1000 | 1000 | 1000 | 2000 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000
7 1000 | 1000 | 1000 | 2000 1000 | 1000 j 1000 | 1000 | 1000 | 1000 | 100G | 1000 | 1000 | 1000
8 1000 ) 1000 | 1000 | 2000 1000 |} 1000 | 1000 | 1000 | 1000 [ 1000 | 1000 | 1000 | 1000 | 1000
9 1000 | 1000 | 1000 | 2000 1000 | 1000 { 1060 | 1000 | 1000 { 1000 | 1000 { 1000 | 1000 | 1000
10 1000 | 1000 | 1000 | 2000 1000 | 1000 | 100C | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000

8TT



Table 14. Continued
Problem 7 Problem 8 Problem 9
Period
1 2 3 "4 5 1 2 3 4 1 2 3 4 5

Stage

1 9000 0 0 6000 | 1500 |[9000 0 0 7500 7500 0 7500 0 6000
2 3000 | 4500 | 3000 |4500 | 3000 (3000 | 4500 |3000 | 7500 4500 | 3000 | 4500 | 3000 | 4500
3 4000 | 1000 | 4000 | 1000 | 4000 (4000 | 1000 | 4000 | 5000 1000 | 4000 | 1000 | 4000 | 1000
4 5500 | 7000 | 5500 (7000 | 5500 (5500 | 7000 |5500 |12500 7000 | 5500 | 7000 | 5500 | 7000
5 3000 | 4500 | 3000 | 4500 | 3000 |3000 | 4500 | 3000 | 7500 4500 | 3000 | 4500 | 3000 | 4500
6 500 { 2000 500 | 2000 500 500 | 2000 500 | 2500 2000 500 | 2000 500 | 2000
7 2000 500 | 2000 500 | 2000 {2000 500 | 2000 [ 2500 500 | 2000 500 | 2000 500
8 500 | 2000 500 | 2000 500 500 | 2000 500 | 2500 2000 500 | 2000 500 | 2000
9 2000 500 | 2000 500 | 2000 | 2000 500 | 2000 | 2500 500 | 2000 500 | 2000 500
10 500 | 2000 500 | 2000 500 500 | 2000 500 | 2500 2000 500 | 2000 500 | 2000

6TT



Table 14,

Problem 10
Period
1 2 3 4 5
Stage
1 7500 0 7500 0 6000
2 4500 | 3000 | 4500 | 3000 | 4500
3 1000 | 4000 | 1000 |[4000 | 1000
4 7000 | 5500 | 7000 |5500 | 7000
5 4500 | 3000 | 4500 |3000 | 4500
6 2000 500 | 2000 500 | 2000
7 500 | 2000 500 | 2000 500
8 2000 500 | 2000 500 | 2000
9 500 | 2000 500 | 2000 500
10 2000 500 | 2000 500 | 2000

Continued

0ZT
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CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

Results of the Investigation

The problem of determining economically optimal lot sizes in two-
level multistage production systems was studied under the following as-
sumptions. Each stage produces a single item and each item is produced
at a single stage. Costs at each stage are for production and inventory.
No backlogging is permitted. Production costs are of the "fixed charge"
type, where the cost of a lot consists of a fixed set up cost and a vari-
able cost that is proportional to the lot size., Inventory costs are
proportional to the average inventory level in the stationary demand, in-
finite horizon case and to the end-of-period inventory in the dynamic
demand, finite horizon case. Only deterministic problems are considered.

Four system structures were investigated: series, assembly, ar-
borescence, and general acyclic. In each case both stationary and time-
varying demand situations were analyzed. The following results were ob-
tained:

1. For the series system with stationary demand, two lot-size

policies were considered. The first was the integer multiple

policy, where thé lot size at the second level stage is an integer
multiple of the lot size at the first level stage, has been shown
to be the optimal policy structure when equal size lots are to be

produced at equal intervals of time at each stage. The second
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policy analyzed permitted level two inventory to be maintained

only during intervals when level one was producing. The optimal
form of this policy has the lot size at level twoe an integer
divisor of the lot size used at level one. Exact solutions for

the optimal lot sizes were obtained for each policy under each of
two conditions: simultaneous production and consumption of the
level one lot. Analysis of conditions under which each policy
structure 1s superior revealed that in general the integer multiple
policy is better. Only for small set up cost ratios (Sl/Sz) or
small inventory cost ratlos (hZ/hl) would the integer divisor policy
be preferred. The effect of the utilizatlon ratio (D/Pz) depends
on whether or not production and consumption are simultaneous at
level one (stage twe). 1In the former case, the greater the ratio,
the greater the preference for the integer divisor policy, while

in the latter situation, the opposite is true.

2. For the assembly structure with stationary demand, seven al-
gorithms were adapted or developed for the two level case. An
integer multiple policy was used 1n each. Computer programs were
written for each algorithm and were used to solve 10 test problems.
In the dynamic programming algorithm suggested by Crowston, Wagner,
and Williams [5], the main problem appears to be the bounding pro-
cedure. In three out of 10 problems tested the algorithm found the
optimal solution, and in general the time used was 90% over that of
the fastest algorithm. An alternative to dynamic programming which

basically changes the computation of the integer multiplier and the
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bounding procedure, obtains the best solution in four of the prob-
lems and it 1is 75% over the best computational time. Three
heuristics are considered by Crowston, Wagner, and Henshaw [4]:
Single Pass, Multiple Pass and Modified Multiple Pass. They reach
the best solution 4, 8, and 9 times out of ten, being 64, 73, and
96 percent over the best time, respectively. A Branch and Bound
algorithm as proposed by Schwarz and Schrage [24] was found to be
accurate with the best solution seven times. However, it requires
much computation time, as evidenced by its being 287 percent over
the best time. Schwarz and Schrage in the same paper suggest my-
opic policies that comsider just two stages at a time. This algoe-
rithm finds the best solution in 2 out of 10 cases, but is not far
from the best in the other problems, and it obtains the best compu-
tational time. It was concluded that the myopic policy and the
modified multiple pass algorithm are attractive soclution methods.
3. The arborescence structure under stationary demand has been
analyzed by Schwarz [23] and Graves and Schwarz [10]. The algorithms
they proposed were adapted to the two-level case, programmed, and
tested on 10 problems. The algorithm of Schwarz did not obtain the
best solution for any of the problems tested, and was 27 percent
over the best computational time. Graves and Schwarz propose a
branch and bound algorithm which found the best solution six times,
the solution time was high. It was 190 percent over the fastest
algorithm. In the same paper Graves and Schwarz give a myopic
policy for the case of arborescence structure. They also propose

an improvement using the output of the algorithm as a new input
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until no improvement is achieved, These algorithms {(myopic and
modified myvopic) find the best solution, one and six times re-
spectively; and they are zero and 27 percent over the best time.
Finally a dynamlc programming approach developed in the research
appears to give fairly good results even though it never achieves
the best solution; however, it 1s not particularly fast, being
172 percent over the best time.

4. The literature does not contain solutlon algorithms for the
acyclic structure with stationary demand. An algorithm was de-
veloped that is based on assuming that the cycle times for stages

on level two are an integer multiple of a given cycle time, while

for stages at level one they are an integer divisor of that cycle
time. TUsing a search on the cycle time, the lowest total cost is
selected as the best alternative. The algorithm is tested for 10
problems and for a specifiec structure and results are feasible

and appear to be good.

5. The series structure with time varying demand case is considered
by Zangwill [30] where he proposes a network-based dynamic program-—
ming approach, For the two level cases the algorithm was programmed
and tested with 10 problems. The optimal solution was obtained in
each case with good computation time performance.

6. The assembly structure problem with time varying demand has been
considered by Crowston and Wagner [7], who suggest a dynamic pro-
gramming approach. This approach was adapted to the two level case
and an algorithm developed and tested, obtaining satisfactory re-~

sults.
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7. The arborescence structure under time varying demand case has
been treated by Veinott{24]. In this paper, he defines the charac-
teristics of the optimal solution through the use of the Leontief
substitution matrix and proposes a dynamic programming solution.
His concepts were used in developing an algorithm for the two level
structure, It was programmed and tested. The conclusion is that
the-algorithm 1s a satisfactory means of solving this type of prob-
lem.

8. The optimal sclution for the acyclic structure under time vary-
ing demand is characterized by Zangwill [28, 29], but he does not
suggest any solution algorithm. In his research, using Zangwill's
characteristics and Love's [16] "nested" properties, an algorithm
allowing any kind of two level acyclic structure is developed and

tested, obtaining good results.

Recommendations

Recommendations for the use of these algorithms and for further
studies are:

1. Further studies on acyclic structure and stationary demand should

be oriented toward improving the speed of convergence as well as the

bounding procedure.

2. The acyclic structure and time varying demand algorithm may also

be improved by increasing the convergence time. This could probably

be done by using the dynamlc programming ldea developed by Crowston

and Wagner in [7].

3. Comparison of these methods with the heuristic methods currently

proposed for use in multilevel production system (that is in material
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requirements planning algorithm) would be desirable.
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APPENDIX A

This Appendix contains figures comparing integer multiple policy

versus integer divisor policy in series structure. The 1input data are:

Sy = Set up cost at stage 1 = 280 (dollars)

Inventory carrying cost at stage 1 = 2 (dollars)

=
1

Demand at stage 2 = 1000 (units per time)

o
I

Production lead time = .00% (time units)

-
1



Integer Multiple Solutlon Less Integer Divisor Solution (Dollars)
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D/P

2
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8000 .90
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7000 .99
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4000
2000 l///
1000 'I/
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-1000
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l Integer Multiple
-5000 Preferred
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Figure A-1. 81/82 = ,1 Simultaneous Production & Consumption



Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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.50
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Figure A-2. Sl/S2 = ,20 Simultaneous Production & Consumption



Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Figure A-3. §./S. = .50 Simultaneous Production & Consumption
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Integer Multiple Sclution Less Integer Divisor Solution (Dollars)
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Integer Multiple Solution Less Integer Divisor Solution (Dcllars)
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Integer Multiple Solution Less Integer Divisor Solution (Dollars}
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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Integer Multiple Solution Less Integer Divisor Solution (Dollars)
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APPENDIX B



144

I HE SIS b

c

PEOGRAM THL1 (INPUT.QUTPUT,TASES=INPUT, TAPEE=0UTPUT)
THIS FEOG&AM CBTAINS THE CPTIMAL LOT SIZE IN TH: CASE QOF AN ASS®M3LY

c
c

STRUCTURE. SINGLE ITEM, STATICMARY DEMAND, CONTINUIUS RcVIZH. IN=-
FINITE HOHIZOL THE METHOCOLOGY USZD IN THE ALGURITHM IS & JYHAMNIC

TFROGRAMMING SUGSZSTZO BY We Be CFUASTONy Me He WAGNERs AMD de HINSHAW

C

C THIS FROGR2AM FEQUIRES THE USE OF FUNCTION “RED™ FOUND AT THE o

C ENO OF 2R0GrAN "THESES L' o
C

C

C INPUT VARIABLES 7 o

c N = HUMBE® OF STAGES T
c S = SET UP COST e

c H = INVLINTJISY CAERYING COG7 -

c OZ4 = DEMAND

C  OUTPUTS

[ TOTAL 2CST B - B

c Q = LJT SIizt

c

DIMINSION SU2CH ALY o QO LY 42 QAT 4 ZHALCL0) S AMTH{2T Y « 23MAX (13D
DIMENSION LMILQ) L LNMIN(LD)

READ(S,1)0
p FOGRMAT(I2)

READ(3+2) (S{J)2HEJ) »Jd=1,H1)
2 FORMAT (F3.2+F543) —_—

REAQ(D, 2)0EM
3 FCRMAT(F7.E)

QUINY SRS TL2*OEM*S INY /HINE)
IQIN)=RED(QUIND)

30UNDOL=H
BoUNDU=T

J0 & IZLeM
ZNI1Z) =D MBS {1) /SART{EHDE M*S (1) ZH(Z) ) +SIRT(2YDEMH*SUII ZAH(T)*HLI)/E

30UNOL=R0UNOL+ZINI (D)
ZN2=DEM*SH(I) /IQ(NI+IQ (MY *H (D) /2

oUNOU=BIUNDU+ZNE
HRITE(B47S)ZINI(I) 4ZN2 . R

?5 FORMAY (2 Ht plBX1 .Z‘Jiuquatr?XQ"Z“?"q Fg.;)
4 CONTINUE

0C 5 I=si4H
QMINL=SOXT (2*CEM*S{I)/H{I))

QMIN=AMAXL (AMINLWN{N))
IQMIN(IY=FED(AMIN)

CT=ZN1t1)+32UHDU=30UNDL
WFITE(B47:)CT

70 FORMAT(ZHL 4107 s"C7"FEYe2)
QMLI1=(24LT)**2

QML Z=u*H{ 1) *2*DEM*S(I)
AMLI=(2*CT+SAST(OML1-OMI2)) Z(C*H(I) }

WRITE(Ey TLYAMIL dMIZ2,0M427
Th  FORMAT(AH! 425X o " IMIL Y o FOl o 20 EX o MAMLI 2", F 20424 5X 4" QML 3" F20e )

AMi=QM13
IQMAX{I)=FED(IML)

ArITZ(64,82) :QHIN(I)yIQHAX(;)
BI FORMAT (AHL 410X " INMIN"yTEL1L Xy INMAX" 15}

5 CONTINUC
KKMA=IQMAX ()
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KEMI=1QMIN(Y)
DO 6 IIN=KKMI,KKMA
FHL=DEM*SINIZIIQ+IIQ*HIN) /2
NN=HNei
PO 7 I=14NN
L=0

ii L=L+1
IN(I)=L*II B o
IFCIAI) GTLIQMAXI(IIIGD TL 9
FNZ=DEM*S (I /720011 +IQ{I)*H(1)/2
IF(LLLELL)GD TO 1D

IF{FN24GTLFH2HINIGOD TC 11 : e
17 FNEMINZFNZ

LNEI)=L : : —

GG TO 1t

9 FNL=FHL+FNZMIN
7 CONT INUE
IFIIIQefReIQMININIIGD TO 12
IF(FALGTFULMINIGD TO &
12 CONTINUE -
DC 13 I=1.NW
LHNMINCIY=LH{I)
13 CONTINUE -
FRN1MIN=F1
IGNMIN=IZIN -
CONTINUEC N B
D0 14 I=1y4hY ' ’ ’
IQCIY=LHMINCIY*IONMIN
14  CONTINUE
IQENYSIQNMIN ) B
WRITE(H+1SIFHMNIMIH T
15 FOCIMAT({1H1 200 +"TOTAL COST = "4F12.2) o L
DC 16 I=isN :
i WRZITE(Oyi 7} I413(D)
17 FORMAT (LHT o4 A """ I34"™) = ",15)
16 CONYVIRUZ -
STOP
END

o

T HE SIS é

L PROGRAM THEZ2 (INFUTLOUTRPUT, TA2IS=INAUT, TAPEES0UTRPYT)
C TSIS FROGXAM CBTAINS LOT SIZEZS FCY THZ CASE JF Atl ASSEM3LY STRUCTURE
C SINGLE ITEM, STATIONAEY DEMAMD, COMTINUULS TEVIEW, IMNFINITE RORIZCH
€ THE METHOOULUGY UsczD -W TH. ALGOYLTHM IS5 AN HEURISTIC M.THOO CAoLE
C “SINGLE PASS"™ SUGGESTED 3Y WeBs CRIWSTIM, MueHe WAGNSK. AND Ae HENSHAW
C THIS FROG~AY REQUIRES THE USE OF FUNCTION ™220" d4nd SCUBROUTINE

C "ONTN" FOUND AT TRE END OF PRC3SAM "“THESIS 4" L o

INPUT JAZ1ABL:S

{_=_NUMBER OF 3TAGES
= SET UP COST

= TNVINTCRY CAFSYING LUST
M = DEMAND

-

oUTRUT

S
H
JE
TOTAL COST

Q = LOT SIZ¢

e NelisNelisNelloNelleNelloXe)

' OIMENSION SCLT ) HOA0 ) oKI10) Ko {10 IQLD)
! READLS 413N : . o v



FCRMAT (I2)
READ{S 421 (S(J)4H{J} =1 4 M)
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FCRMAT(FQ42,Fbe3)
READ(S,3) DM

FORMAT(F7.5G)
DO & 1714

Ktii=i
CONT INUE

CALL QNTN(SyK’HvDEMv IAHJ s Ny THI)
po 5 I=zi,.k

KG(Iy=K0(i)
CONT INUE

TNIMINZTHY
INJIM=INJ

J=EN
JEJ=1

KlJy=K{J)~1
CALL QNTNIS4K-HTEMIANI N, TH)

IF(TNJGETHWJMINIGO TC &

TNJMIN=THY - S,

IQNJIM=190d
Ko (J)=K({J)

GC TO 7
K{J)=K(J) -}

1)

IF(K(J).5041350 TO &
K{Jy=X{Jr=1

IF(K(J) ,2Q.91G2 T2 9
CALL ONTNIS s KeyHeDIM,IOMNI N THD)

IFITNJGELTNJMINIGD TO ¢
TNJMIk=THJ

IQNJM=TAMJ
Ki (J) =K (J) , B

GO YO iV
K{J)y=K{Ji)+1

CONTINUS
IF(J.iQ41350 TO 21

i1

6o To 2 -
30 135 I=i.H

13

IG{I) =K () ¥ T 0JM
CONTINDL

14

WAITE(B,1a) THIMIN
FCRMATIIHL,25X, " TOTAL CCST = “,F1242)

DO 28 154N

WEITE(BoiT)IWiQII) L -

FORMAT (1AL ¢8d Xy Q{4 IT "1 = ™, 15)
CONT 2nUZ

5737
END

-
I
™
i
=1
wn
L]

c

C SINGLE ITcM,

PROGRAM THIZ (I9CUT,OUTFUTTAPILZINOUT, TASE 6= UTPUT)

Féf Te
THIS FROG~AM O3TAINS LO1 SIZLS FOR THE CASE JF AN ASSTHM3ILY  STFUCTURE.,
ZTA

TIOMATY nEWH“Dy CoNTZHULUS ‘L.Vit' W .LNFL’IJL. HCRIZC M

C THE M THDJOLJCY U0 IN THWE ALGOFITHM 15 AM HIUS I57TiC Mo THID CALLYD

C "MULTIPLL 2ASS ™ 3SUGGESTCLU Y WeCeCrOASTONr Mere WAGHER, AND JACK
_C HILLTAH:.

c THIS FROG=-AM HEJUIZES THE USE OF FULCTIOM ™0™ AND SCUSECUTINE
C "™QNTH' FOUNO AT THZ END OF PROGRAM "THZSIS 4"

c
c

INPUT VARIABLES



NUMBEP OF STAGES
SET UF COST
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| n

INVENTORY CARRYING CO57
= DEMAKWD

e ol [ 7 I

E

=Xz

oUTPUTS
TOTAL COST

@ = LOTY SIZE

QOO OO O0n0

JIMENSION SCLI),H(ID) K(1F) KT {10)},3I7(10)

READI(S,10N
FORMAT (I2)

READ(3+2) (S(J) 4H(J) s d=L4N)
FORMAT(F3424F643)

READ (5, 2)DiM
FOPHAT(C’ %)

00 & I 14N
K{i)r=

cowr;&ur
CCALL QNTH{S K, HyUEM I0MIs e TN)

DO 9 1= .»v?v
KC{I)=K(I)

CONTINDE
THIMZA=THY

LANJIM=TN Y
L=1

15
1z

JEN
J=J-1

K{Jr=K(J)+%
CALL GNTNIS+KHsDIHMs ITANJy N TNJD

IF(TNJ.GZ.THIMINIGO TC 6
TRNJMIN=T I

IQMJIM=T74J
kI (Jy=K{J}

GO T3 7
K{Jy=g(J)~1

[
wr

IF(K(J) «E2e1)6D TO &
KitJy=x(Jdy=z

IF(K{I.c2.7)GD 10 9
CALL QMNTH(S+KaH DMy IONJs N THNJ)

IF{TNJe S THIMINIGD TC 9
TidJMI=Trd

KC (J) =K (J)

TANJM=IONJ

STOP

Go TO L
3 K(JSY=K(J)+1
8 COnTIKU:
IF(J.20.43G2 7O 31 o e
36 TD 12
1! IFML.£Q.1)GC TO 13 L e o L
J.F(||hn‘J“‘! tq TNIRIIDGD TC 14
13 TTNNJI1=TNIMIN
L=L+1
6O TO 1> S e
1h 20 15 I=i,N
e IQUIIEKL (IS e e
16 CONTINUF T
WAITE(H L ITNIMIY
168 FORNMATIZHAWCLAW"TGTAL CCST = Y, Fi12.2)
L DG 13 I=i,N
HEITE(Bsa?dleali) a - o T T
17 FORMATUIMOLIX"01"$IZ,"™) = ",T8)
19 CONTINUL T o
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PROGRAM THEL (INPUT,OUTPUT,TAPES=INSUT,TAPEG=QUTEUT)

Q= L.GT SIzZF

OIMINSION S(10)4HM(10) X (40) K20 I2043) 4041 o

READ (5,1 1

1 FOEMAT (I¢) . ——— e

READI52) (SUI) sHIJY yJZ1 4 M)
2 FORMAT{FIacsFELT)

C THIS FROGRAM CBTAINS LOT SIZSS FULR THE CA3Z OF AN ASSEMBLY STAUCTURES
C SINGLY zTEM, STATIONARY DEMAND, CONTINUGUS 2=VIiwWs IHFINITE HOTIZCN

C THE MITHOOOLOGY USED W THE ALOURLITHM IS AN H:USISTIC MATHOD CALLID

C “MODIFIED MULTIPLE PASS"™ SUGGESTED BY W.B,CROWSTOMNy MeHe WAGNER, LND

€ JACK_ WILLIAMS,

C .

c INPUT VERIABLES —_
c N = NUM3EC OF STAGES

C S = 5T UP CCET

¢ H =U_uurn*o«v cap:v;mr COST.

c DM = DEMAND )

C QUTPUTS o i

[ TCTAL COST T

C

c

RELD(5,3)02H
3 FCRﬂﬁT(F?.El

K{N
Q(N)—QQJT(c“DEM‘Q(N)/H(h))

IO =PED (N
HNEN=-1

O0 & I=lé0In
ALIY=SORT (2¥DEM*E(I) /K (1))

IQ(I)=%ED(Q(I))
1901719060 _ e

KtII-=ED(EQl
IFIK{IYalEau)62 TO &

K(I)=2
L CONTINUE ) . . e

CALL QNTRIS,Kordy DTH, Z0NIy Hy TND)
DG 5 iZi.h

Kb (I)=K(i}
5 CONTVINUZD

THIMINETND

IONJIM=IONJ
SiT ' e e e e o
i3 J=H .
ERENERTTY . - - ——

7 K{Jr=<K(J)+1

Cawbh GNTiI(osKsH«DIMHe IO o ivg THI)
IFT NJ-uLal#JJHI'\”GU 'Q_E‘

TNJAIAN=TNS
_LQANIMSIANS

Ki: {J)=K(J)
GC 79 7

b RKIJY=<{J)~1
IF(K{J}Y«EQ.1)GD TO &

10 Ktdy=xki(dr -1
IF(L(JI 50,0362 TJO 3

CALL GNTN(S K, H, DLHQIO“J!NQTNJ)
IF{TNJ G2 THIMINIGG TC 9
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THJMINTTNJ
IONJM=TIONY

KC(JI=K(J)
GO 70 1C

K{Jr=x{J)+1
CONTINUE

= IV}

IF(J.ER.LI16D Ta 11
GO TO 17

TF(L.E0.4060 70 12
IFCTTNNIM.E 2, THINTINIGE 70 L4

i1

TTNNJHMETHIMIN
L=L+1

13

L4 CONTINYE

GO TO 15

0C 16 I=1iaN
INUI)=KI(Z)*TQNJM

CONT INJE
WEZITC(B418)THNIHMIN

ie6

FURMAT({1H.Z 220 A+ "TATAL GLST =
=1l .Y

18 ENZEYE

171,200
“a15)

’
THO y LY 4 "R(MeI2.") =
3

“;.E Du

FUNCTION

FUNCTLION
IJ=x

sEJ N

RESI=X=-1J
PS=,5

IF (22516 «2530G0 TO
RED=IJ

37

GC TO 33

97 REL=IJ+1

CONT INUE
RETURN

98

END

v Nellel

SOUBROUTIME  "™OKTN"

SUBRSUTTIHE QHTHIS JK R DTMe 1Ol NeTH DD
DIMENIION S{2d) 4KI2() 4H(1D)

Tol=4
TCZ2=L

DO 20 IZLN
TOL=TGL+3 (1) /<LT)
TOZ=T32+H (1) *K (3)

CONTInUE

ANJ=SQARTISFIEM*TOL/T0E)
JONJ=XED(ONJS}

2L

THd=L
0¢ 21

St

CONTINJE

RETUSH -
£ND
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PROGRAM TFKES

(INPUT+OUTPUT, TAPEE=INPUT TAPEE=CUTPUT)

t _
C THIS FROG-AM OBTALNS LGT SIZES FC3 THE CASZI OF AN ASSEMBLY 3TRUCTURE,

C SING.E IT:irM, STATIONAFY OE ANDe COMNTINUSUS REVIEW, INFINITE HORIZON.

C THE METHOJOLUGY USZ0 IN THY ELGUFITHM 15 A 3JRAMCH ANO 30UND MEZTHOO

C SUGGESTEO 3Y LIXOY B SCHRWAFX ANG LINUS SCHIAGE. - _
c

C INPUT VAFIABLES o

c N = NUM3ER OF STAGES

¢ $ = SET UP £OST

c H = INVENTORY CASFYING COSS

c DIM = DEMAND L o o
c oUTPUTS B
[ TCTAL COS3T - o L o
c N = LOT SIzZE

c

DIMINSION SO10) #HIL0) o STULS B HHCIL Y KLLu ) IQE2 ) II0(23) 10201

DIMENIION JITQUI() TG (I5000) KG(2GLECI,T2(10)

DIMENSION IJARCArALT)
READI(S, 10N

1

FORMAT(IZ)
READ(S 421 {SEJ) 4HIJ) s JT1.N)

4

FCRMAV({F3acyFBaT)
READ(5,3)DzH

3

FORMAT(F743)
cZV=y

RIER=1
DO & I=i4l

SS(Z1=3(D)
HHLI)=H(I)

4

K(I)=!
conTInlg

7

R=SART (2¥S5S NIV ECEMIHN (1))
IN(K)EIID(R)

ISMALL=IALN)
II=HN

Ni=y=1
DO 5 1=1,M1

Q=SARTIZ~S3 (11 *DEMIHH (T ))
IQUIN=RECLDY :

IF(<(I)+20e1)GO "0 5
IFIIQMIYaGELISMALLIGO TC 5

ISMALC=IQ(Z)Y

I1=7

5

CONTINUE
TFEI3MALL G LY IMIGI TC &

SS(MY =33 (r) +55 (220
HHHD ZHH (1) +4H (11)

K(Iir=1

60 107

£

J=5
DO 3 I=1.N

10 @

IF(R(i)+_Ra2)G0
IIG(I)=12(1)

9

GO TO 3
ITQEIN=ILN)

&

CONTINUL
DO 83 LI-':. 'I"

WRITELB,3)LIII0ILI)
FORMAT LIHT 342X "0 (", I3,"™) = ",15)

CONT INUE
M=

DO 16 I=isNL
IF(K{I).E0.1)63 TO 17




CAMISLI=IIN(I)
CAMISZ=IIN(N)
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RF=CAMIS1/CAMISE
WRITE(6,85)3%

B5

FORMAT (AHL y 30X "R = "3F9,43)

IR1=RED (=P}

94

WRITC(B,y9L) IRZ
FORMAT (ZHL 536Xy "IRL = ",I7)

RERZIRR=Ir1
RFE.I=AES (RF2)

96

WRITEL (64 4E)RRS

FOPMAT {1HT o 20X+ "FRE3 = "yFQeu}

PP5=au5

IF(RRZ.LELP?5)6G0 TUO 422

MEM+d
IL{M) =3

432

GO Ta 1y
K{Zi=:21

10

CONTINUT
WEITE(Sy 35N

95 FORMAT(2HL 430K "™ =

"eIZ)
JS=¢

J=0
KiMIn=0

K{N)=21
IF(MWGT.M)1G3 TO 12

WRITE(S.22

FORMAT(AHL 425X, "TVESYTAHING GFEAT™)

CALL THISsDIMaNaH Ky T0Ty 2J)

WRITE(B.13) 70T

13

FORMAT (LHR oz u X" TOTAL CCST =
DO 14 I=1.N

TeF1L

«2)

WRITE(B4+15)5+120(1)

FORMAT (IHL ,50X, "0 (", T3.") = ", 1¢)

CONT LtiU=z
G0 TO 3&

I=1
CONTINJE

DO 16 J¥=i,M
IFLI.20.JVIGC TC 16

I=m=l464{JV)
KiI=y=4

16

CONTINUC
JANA=IL (I}

CAMIS1=IIQ(JANA}
CAMISZ=1I0R0(Y)

REE=CAMISLI/CANMISE

K{JANA) SRED(RSE)

CONTIWUE
HRITE(BL 72) (K{JJ) 9 JJ=1aN)

FORMAT (LH! 45x+27 (T4))
CALL TN(S,2-MyNyHaXH,T{741J])

NEMED]
JS=Jget

T6(J1=T0T
KG(J)ZKIMINS 1T +K (JAME)

IJQF (Jy =141
AOJANA) =C{Jana) +1

IF(J3.LE458)63 Ta 427

JS=i o

i9

K(JARAY =X { JAHA)Y =6
IFLKEJIANA) LELLIGO TO 18

J=J+d
JS=Jds+l



CALL TNIS,DTMNeHK,,TCT,IJq)
T6(J)=TOT

152

RG{JI=XiMIN*L{+K(JANA)
T2 (Jy=24Q

K{JANA) 2K (JANA) =1
IF{JS.LZ.5)60 TO 19

13

JS=(
KGMIH=KG (J)

TGMIN=TG (J)
DY 23 KK=1.+J

IF(TG(KK) 4G TGMINIGO TO 2.
TGHMIN=TE (KK)

KKK=KK
KGHIN=KSG (KK)

ITJOQMIN=IJAR (KK}
CONT IRUT

KLiMIN=KGMIN
00 21 LL=31,J

22

IFILL-KKK)ZE2s21+23
LLL=Ll

23

GO TQ 2+
LLb=Li=-t

2h

TGILLL)=TG L)
KG(LLL)=KG (L)

21

CONT 2uUZ
J=d-1

O €5 I9=1,m
TF({KGMINGGE.2)5C TO 2E

GO TO 27
KLM=(GHMIN=-KGMInN/20%*1N

I2(I9)=KLM
KGMIN=KGMIN/LL

25

COMNTINUE
cZv=1

7

CONT IHUE
I91=1I3=-2

0o 23 J3=1,1I91
J9G=19+«J3

JO5=1c(J34)
JO6=I4(JI)

29

K{Jigr=Jys
COMTINUS

IF(2ZVvecdel)G0 TC 31
I=I3

31

GO 70 3G
AFITZ(B+32)TGMIN

3¢

FOSMAT(iHL 2l Ao "TOTAL CLST = ",F1242)
00 La, I=z,.M

450

JIIQELI=K(IV*IJOMIN
CONT INUE

DO 33 I=i,N
WEITE(6.34)1,4020(T)

3u
32

FORMAT(2HL gl a0 9253+ = M4I D)
CONT INUZ

35

CONT INUE
STo®

END

SUBRJIUTIKD TN

SUBROUTINE TilSyDEMyNyH K ,TUT,1J2)
DIMENSIGN SCil) +HILL) 4K (4]

TO71=0
ToT2=§



DO 39 I=14N
TOTA=TOT1+5(I*DTM/K(I)

153

TOTZ2=TOT2+H(I1*K(I) /2
Q=SQART(TOVLI/TOT )

99

IJA=FEO (D)
CONT INUZT

ToT=4
DO 10l I=i,d

TOT=TOTH+S(D) “LEMAKATI*IIM +H{I) *TJQA*K(L ) /2
CONT INUS

RETURN
END

FUNCTICH "“<ED"

o0

FUNCTION FED{X)

IJ=x
RESI=xX=14

P5=,5
IF(RESILGELR5I60 YO 97

RED=IS
GO TO 93

97
98

RED=IJ+1
CONTINUSC

RETURN
END
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THESTIS B

PROGRAM THZI& (IMPUT,QUTEUT,TAPZS=INFUT,TAFES=0UTPUT)

THIS FROGRAM OBTAINS LOT SIZZS FCOR THE CA3c 0OF A ASSEH3LY 3TrUCTURE,
SINGLE IT7EM. STATIOMARY QEMEMO, CONTINUOQUS REVICHW. IMFINITE HORIZCONW.

THE METHOOIGLCGY USZD IN THE ALGGRITHM IS A 5FPuUUP CF MYOPIC POLICIES
SUGGESTED BY LERDY 3. SCHWARKZ AND LINUS SCHIAGE. -

INPUT VARTAZLES

= NUMBER OF STAGLS
SET Ue CGST

= THVENTSSY CACSYiNG COST
€M = DEMAND

QIjnz

QUTPUTS
TOTAL CO3T

c
c
c
c
c
c
c
c
C
c
c
c
c
c Q@ = LaT sIZF
c

DIMENSION S(LT)HILO) ,<St{i0)KO1GY,IQ(1 5}
READ(S,1) M

i FORMAT (12}
RPEAD(S5,2) (S(J)4H () s J=14N)

FORMAT (FlecyFB43)
READ(E,3)CEH

n

3 FORMAT(F7.0L1}

TOi=¢s ] . .
T02=2 ’
H1=H=1

00 4 L=1,1i1
AM{I)=S(II*H ) Z(SIHIYHI))

KEi)y=u
5 K{1)=K{1)+1

KK=K (1) * (K1) +1)
IF(KK«LTL=M{I}YIGC TL 5

TOL=TLL+5 (1Y /KT
TOc=TO2+K (I} +m (1)

& CoNTINUT T
) Kidy =1 - e o e

izZ3aT(2*DEMxTois702r
IQUY=RED QL)

cT=l

D0 5 I=L4N ] e T

IQ(TY=K{Ir*1Q0 ,
CT=CT+3(Z)*DEM/IQUII+H (I *IQI) /2

& CONTINUE
WRITE (8,707

7 FORMATILHL 3254 "TOTAL CULY = ",F1l,.°7)
DO 2 I=1,M

WEITE(Gy )L, 0a(1)
9 FORMAT (LMD 4ulX,"0(",12,") = ",15)

8 ~ CONTINUC
57CcP

eND

FUNCTION "eer™

OO0

FUNCTION FEO(X)
IJ=X : . e e



RESI=A-1IJ

PS=.5
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IF(RESIWGELP5)G0 TO 97

RED=IJ

97

GO TQ 93
FED=IJ+1

98

CONTINUE
RETURN

END

THES

Is

PROGRAM THES

(INPUT L DUTFUT, TA2CE=InNPUT, TAPEE=CUTEUT)

c
c

THIS

PROGEAM DHTAINE

LOT SIZES FGR THE CASZ OF SEVIRAL FTAILEES
C AHD JUST UMNE WASEHOUSE, SINGLE IT:ZM, STATIONA®Y DEA4ANDS, COHTINUIUS

TOTAL COET
LOT SIZ:e A7 STAGE

.

i

(WEFRLHOUSE)

K

= INTEGEZ MULTIPLIERS

C REVIEW, INFINITE RORIZON, THE METHODOLIGY JSEJ IN THE ALGCRITHM IS
C SUGGESTED BY LE2JY 8. SCHWARZ

c

c INBUT VARIABLES

c N = NUMBYP DF STAGIS o L
c S = SET UP C€oST

c H = INMVENTORY CEPSYING COST - e
c D = GtMAND '

c QUTDUTS

C

c

c

c

DIMINSION SCOZL)Y #HI17) +3010) o TI (LG4 ZI(L 3, CRIMINCLY)

QIMINSIC

KK{16)

READIS.2) N
FORMAT(TIZ2)

READ(3+2)1 (ST 4H{JY sd=1,4N)
FORMAT({FI.2+FE.3)

GEAD(Z43) (DS 4d=2eH)
FORMAT (F7.0)

Derr=.

g0 4L I=g,H

) =0 (1) +D(I)

CONT ANUEZ

TWESAIT (Z2*STL Z(C LI *HI2I )

J=C

D0 5 i=2.N
TL(II=302T(2*S(I1/(2L*H(I)

IF{TL(I)4LE.TWIGE TO &

J=J+1

IT7(J))=1
CONT INUE

IF(JelEa )BT ¥

TS=7

o]

i3

33

GO TO &4i
T0T1=,

TOT2=.

DO 6 I=1i,J

L=iI(i)

TOTL=TQTi+5(L)

TOT2=TOTZ+H (L) *D (L)

CONTINUE

4o

TSE3ARTLZ¥(S{LI+TOTAI /(R (1) *D(1) +7052))

cT=0
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DO 7 I=2.N
K=0

10 K=K+l
CRJSK*S(I}/T3+H(II*D(T)*TS/ (2*K)

IF(X.EQ4236G3 70 8
IF{CRJGELCRIMINIIIIGE TO 9

8 CRJIMINII) =CRJ
KK({Z}=K

GO 7O 1&
9 CT=CT+CRJMINII)

7 CONT InUL
CT=CT+S(i¥/TS+H(2)*D(1)}*¥T5/2

IWLO=TS*D (%)
WREITE(B.12)07 . IR

12 FORMAT(1HL.25X,"TOTAL COST = "4F12.2)
WRITE(B20) IWLD

8L FORMAT(IHY 9854, L0T SIZE AT WAREHOUSE = "4I5)
89 13 1=2,N - i

ARITELGBs24) L KKII)
14  FORMAT{IMHL 425Xs"K( 1 ",I2.," ) = "“,I2} e .

13 CONTINUE
STOP

END

PROGRAM THEI (INFUT JUTFUT,TAPLS5=INPUT, TARPCE=CUTRPUT)

c
C THIS PROGIAM O3TAINS OPTIMJM LO” SIZIS FG3 THL CAST OF SEVTRAL o o
C RETAILERS AAD JUST CNZ WASEHOUSEZ, S.4GLc ITZM, STATIUNARY JIMANDS. CIN

C TINUIUS AIVICW, INLFINITE WORIZOM, Trni MITADIOLLGY U3ED M THE ALGOTITHM

C IS THC GARHCH A40 30UNC ALGURITHN SUGGZSTAQ 3Y STIorih Ce GLAVES

C_AND LEROY B. 5CAWARZ.

3

c INPUT VARIABLES ‘ B L o
c N = NUM3ER OF STAGLS

c $ = SET_US €OST

3 H = IMVCHhTORY CABSYING COST

c D = 0zMANC _ .

¢ PUTAUTS

¢ LCT SIZE AT STAGE 1 (WAREHOUSZI): o o
C TOTAL COST '

c K = INTEGIF MULTIFLIEAS

c

DIHEHSION S(L1) (HILT) ¢ D(AL) 4 JK(I1L), 3HIN(LLDT2),KE (o) 22080 )

READ(S,2IN . T
1 FORMAI(I2) . e

READLS 2 (SCJ) o HUJ) s J=14N)
2 FCRMAT(F3.E+FDa3)

REAJ(Sy3X (il s d=cC 4 N)
3 FORMAT(F740)

D1 =

D0 4 I=24N

JK(I) =1
(1) =L(11+0(1)

4 CCNTINUE
I1=2

J=1
JE=0

 KiMIN=D
39 Ki=JK(II} o . e
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CONT INUE
CALL OLSH{(SsHsII,JKsBLsOsN)

J3=J35+1
BMINC(J) =30

KG{JI=KIMIN*1i+K21
Kiz=XK1i+1

IF(JS.EQ.2)1G0 TO 5
JEJrL

JEKIII) =KL
GO 7O 6

JS=C
BMINMI=BMIN(JI)

KJMIN=KG{J}
DG 7 KK=1,J

IF(BMIN(KK) «+GELEMINMIIGG TD 7
BMINMI=ZZ1IN(KK)

KKK=K&
KGMINFKG (KK)

COMTINUE
KIMIN=KGHIN

DO 8 LL=2.J
IF(Lo~KKK)Zed,10

LLL=LL-2
GO TO 11

LLu=LL
BMIN{(LLL)=AMIN(LL)

KGILLLY=KGI{L L)
CONT INUE

J=J=-1
DO 12 T9s=Z,N

IF(KGHIN.LT.1}56C 70 13
RLCL=KGMIN

RLC=RLCLis2C,
ILCv==iC

KRLC=-LC=-ILCV
RLE2=FRLC*17,

KLHM=XGMT {=KGMINSLIC*1D
I2(I3) =KL M

KGMIN=RLC
CONTINUZ

13

GO 7O 3:it
CENT IHUE

20 1w IN=2.N
JKLIH) =1

i4

CONT INUE
17512

19i=19=1
DO 15 J3=2,191

JoL=I139~-12
JK(I3)=T2(J34)

12=12+1
CONTINUE

«i=13
GO TO 32

310

CONT IHUE
00 15 JIIZE N

16

JK(J3In =1
CONT INUE

IZ=C
G0 17 J3I=2.H

JO4W=N-TIZ
JEK{J3) =12 (J34)

17

IZ=17+1
CChTINUE
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JKi1y=1
TOTL=@

TcT2=
DC 18 I=2 N

TOT1=TOTL+JKUZIY *S (D)
TOTZ2=TOT2+H(T}* (D) A (JK(TI*C (1))

is

COHT INUC
GNS=SQRTAZ*0( ) *TI0TA/T0TZ)

ANST=AINT (QNS)
CT=TOTL1*D{i) ZQNST+TCTE*NLET /2

IQNST=QNST
WRITE (6449 IQNITLCT

i9

FORMAT (1H1 4,20 X "WAREHCUSE LOT SIZF

=2)

Yy ISs10X,"TOTAL COST

00 20 I=éaN
WEITE(Be22)IeJKII)

21

FORMAT (1M v 255 ¢ K (
CONTIANUE

STOP
END

SU382UTINS  "BLSH”

aln o

SUSKIOUT INE JLSHISyHy 2Ty JK4 B o Dy i)

DIMINSION S{10),HILLYJK{12},D(13)

3H=3 (1)

HH=H (2}
DJ 33 I=2.11

SHESH+JK( )1 *S(3)
HHSHH+H (1) *3 (1) Z (JKLI)I*0(2))

&l

CONTINUc
BL=SA=<T (2*SA*D(1)*HH)

Nlg=Ii+1
00 81 I=24124N

Bi

BL=3L+50R T(c**(*)‘ﬂ(-l*h(;))
CCHTINUE

ReTURIN
END

THESIS

c

PROGEAM THELD

C TH
c Ju
C Re
C A

SR

IS FROGRAM COBTAINE 07
3T CHz WASZHOUSH, SINGLF
VickWy, IMFINITE 405170“o

Graye GF HYQPZIC 2CL_CIZS

-

.....

agggevsr

IR0Y B. SCHWRRZ.

INPUT VARLABLES
N HLMA3irs CF STAGES

3 SST UP CEET -
MVENTORY CARFYING COST

nie N

H i
0 CLMAND

QUTAUTS

-
-

LOT 3228 AT
TOTAL CO&Y

STAGL

(WAREHIZ )

i
!0<3r70<1r)o<1r30t1rJ
%

K INTEGTR MULTIIPLILFES

DIMENSION S(il
READ(S,1)N

FaH {22 0080 »K(LL)



1 FORMAT(IZ)
READI(S5,2) {S{J)sH(J) +J=1,N)
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2 FORMAT(Fd+2,FB.3)
READ(S,3) (D(J) 4 J=24H)

3 FORMAT(F7.3})
geir=l

DO & [=2+H
0(1)=0¢1)+0(1}

& CONTINUZ
DO B 1=2.HN

RMES(L)*F{CLI) 7002 I*H(I)Z7(S(1}¥H{2))
K{I)=1

-] KK=X (1) *{K(I)+1}
IF(KKeGELFMIGT TC 5

KII)=<(I)+1
GO 70 6

5  CONTINUZ
TOT:=:

TOTZ=.
K{1) =1

D0 7 I=l4H
ToT1=TO7L+K(I)*5(1})

TOT2=TOV2+4(L}* 2 (2 /7(KLLI*G (L)
7 CONT INUE

QNS= SJPT("DCL)‘TOTlfTGTZJ
QNST=AINT QNS

CT= TOTi‘O(‘)/QVbT+TJTZ‘U?-
IQNST=Qu57

WRITC(B419)IQNS3T,HCT

19 FORMAV(LH1,20X,"WASEHCUSE LOT SIZc = 'y

I19.3CX,"T

gTAL COST = “,F12,

=-2)
DO 2C TI=2.M

WRITZ(6422)2+K(2)

21 FORMAT(1H! 425X,"K( 1 ",12,"

Yy = Y,IY)

20 CCONTINUZ
STQ0-”

END

T HE ST S i1

PEOGRAM THEL1

(INDUT,CUTPUT, TARLSSINPUT, TAZE 550UTPYT)

THIS PROG~AM CBTAIN LOV

JUST ONi WASREHUJSo, SINGL:
REVIZHWy INFINITZ HOXIZOM,

A GRJIUP JF MGOIFILO MYORIC FOLICI;S
AND LLROY 1. SCHaRZ

IN THE ALGCRITAM IS

TEFHEN Ca

E JF SEV"GAL RETAILZIFS A4ND

CONT IHUCJS

m}
A

GrA

IN2UT JAXIABLLS

dUMBIF CGF 3TAGZS
SUT U2 CasT

INVENTOEY CAFFYLILG C
DIMAHT

[ LI T I ]

LOT 5228 AY STAGE § (WARZHIUSE

TCTAL COST

K = INTEGER HMULTIFLIVHS

QOO0 GO OI0O0I0N OO0

DIMENSION S(2l),Hl10)y,0010) K{20)

. READ(S5,1)%
1 FORMAT(I2)
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READ(E 4 2) (S{J)+HIN) 9 J71,4N)
2 FORMAT(F3ecyFBa 2}

READ(S+3) (DL J) o J= 21N)
3 FOPMAT(F7.3)

CONTi=1
D(1)=C

DO & I=24H
D(1)=a0312+0(1)

4 CONTINUE
D0 5 I=2.N

RM=3 L1+ (011 70 (LI *H (V7 (S (1o H(L))
K(1)=2 B

6 KK=K (1} *(K{TI)+]1)
JF(KKGELEMIGO TO 5 .

KEZ)=xK{I)+1
GC 70 6

5 CONTInNUE
1L TOTi=¢ : . —

Tov2=v
K(1)=i ) ~

DO 7 I=1i.n
TOTZ=70v1+K{T}*5(7)

TOT2=TOT2+H(I)*DLIY 7 (K(2)*D (1))
7 CONT IKkUE

ANE=SAR T2 D) =TCTL/7T0VE)
QNS T=AINT (R.13)

CT=TOT1*0(1)/OANSTH+TOTI*ONET /1
IF(CONTL,E3.1)GC 70 3

TFICT.LTL.CTHINIGE TO &
GO 70 14

[} CTMIN=CT
CONTL1=COMHTL+2

DG 9 I=2.N
FRMEL{RIIY* (2 QANSTH#=2) /(2 *SLIV*D(2)+*2)

K{i)=1
1o KK=K((I)*{K(I)+1)

IF(KK.GE«FrMIGG TO 9
KId=x{l)+2

GC TO i
9 CONT ZNUZ

GO TO 11
14 CONTInJE

IQH3T=NaT
WRITE(B,29)IQNST.0T

19 FORMAT(LHL +20% «“WAREHCUSE LOT SIZE = ", i9,1CX+"TOTAL COST = “4Fi2.
=2}

D0 2¢ I=z.!H
HRITE(D+21)1.K(I}

(R
e
-

21 FORMAT (LHI 423K, "K({ 1 “,Iz,7 ) = "%
20 CONTINUS

sTOP
END

THESIS 12

c

PROGRAM THLLZ (INSUTLCUTPUT,,TAPES=INPUT,,TAPCS=IUTEUT)

c
_Cc
- Cc
c

THIS PROG~AM CBTAINS LOT SIZLS FO~ THE CASE GF Ad ASSYMILY 3TalUsry-¢e
SINGLE ITiMy STATIOMATY DEMAND, CONTINJOUS REVIEW, INFINITY HOPIZUN. .

THE METHODOLOGY USED TN THE ALfcp THY T5 A DYMAMIC PROGRAMMING
APPROACH 3SUSGESTED BY RICANLC R. LOGFFZ,



INPUT VARIABLES

1

61

= NUMEBELP OF STAGES
SET_ U= COST

N =
s =
H = I[NVEMTOFRY CAREYIMG COST
DM = JEMAND

QUTPUTS
TOTAL COST

rlivNelleRelisRelle Nyl

R = LO0T SIZE
DIMIASION SUL0) ¢HI1G) oK1 42 000) +T(LG+1030

14 IG(LC)

READ(541) N
FOFMAT(I2}

READ (542 (SUIY HITY g =14 M)
FORMAT{FI,2+FE,3)

REAQ(Z,3)0E
FORMAT(F7.1)

DG & I=4,N
NIU=3QRAT(Z*DEMS(T) /H{T))

IF(IOEQU".)GO T8¢ S
IF{QLULGT.QZUNG0 T &

IFIQUU,LT.QZUIGS 70 €
GO TO &

QLU=
IF(I.NELL1)35GD TO &

QUU=QIU
CONTINUE

IQuu=rE2{QIL)
IQUU=REC(IUY)

47

WRITE(5y57) 20001300
FORMAT {2H2 425 X+164IE)

I0IF=1QUU-T U
IQLULI=IILU=-.2*I02F

1QUU=1QUU+.1"I0IF
IQLU=MAXS (1, IGLUL)

i3

J=t
J=J+4

JA= )~y
DO 7 I=IQLU.I0UY

RLCESAST (2 S{J)4CEM/LI**E*H(J))}
KrEJ=-EDT{*FLC)

KEJe2)=MAL (1 .KFE D)
IF(JNES31)GO 70 8

TOIeDI=3 (I *CoA/ Ky DI J e S DI " /2
GO0 10 7 .

IF(JecQe6)BO TO 9
T{JP2) 3 GJI DEM/IKIJ I 2 )+K(Jy1)¥IHJ) /2

+T (Ja, D)

GO Tuo 7
TUJe Ly=SOJI*QEM/I+I*H(JI/2+T(JALI)

CCHTINUE T ’
IF(JL.NEJNIGD TO 17

TGP=T (s I2U)
00 11 I=I0LU,Iqul

i1

IFL(TOPLLTATINI)IGO TC 12
TCP=T (dy5)
1QorP=1

CONT INUE

NH=H=1
DO 12 JJ=1,0%

i2

32

INEIN=2IJuP*K(JJIQ0P)
CONTINUE

IQ( ) =inoP

WRITE(6,32)TOP

FORMAT(IH1 4,20 x«"TPTAL CCST = “,F12.2}
D0 33 I=i,.N
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WRITE(Be3&4) I IQ(T)
J4 FORMAT (1HG 440X, Q{4 13.") = ",1I5)

33 CONTIHUC

STOO
END
c -
¢ FUNCTION “REOD"
t
FUHCTIGH RET(X)
T.J=X
RESI=X~IJ
P5=.5 . . e
IF{RESI.GE.P5)G0 TO 97
REO=IJ
GO TO 98
a7 RED=TJ*i
95 CONTINUE .
RETURN . e
END )
THz SIS 13
PROGRAM THEL3 (IHPUT,CUTPLTTAPES=INFUT,TAPES=OUT2UT) e
c ‘
€ THIS FROG=AM MAKEZ A COMOESISCON FITWIEN MULTIOLE £MD QIVISOF
C POLICICES FOR TrZ CASY OF THE oVilae TWHO STAGYE SYTTOM, SIMULTAMIGUS
C AND NONSIAULTANIJUS FFODUCTICH AND CIKSUMAT IIN. -
C BASSICALLY THE OATA HAS OfEN TAKE:N FREH &N S5PICIiFIC PRO3LcM ASSIGhS0
C A3 A HOMZWORK IN SPEING-77, ISYL 62L3 BY 33JF. LYuWOLD 4, JUMYSOY,
C THE RATIJS TESTED IN THIS PFOG-AM AFE RAz/Al, HE/Hl, AND Pz/D
c
c INPUT VARIABLELS
¢ ROP = UTVILIZATICH =ATID
c RH = INVENTCSY FAT:IC T T
t FA = £27 UP CCST FATIC
c pUTPUTS ' o
C THE SPICIFIC VALUTS OF THE RATIIS
c TCTAL COSTy USING MULTZPLE 20,10V
c TOTA. COST, USInG DIVISGR POLISY
c COST DIFFLRENCES T e
c
DIMINIION ROPI7) ¢RHIT)4RA(T) o T - T
Ai=24.
Hi=g2
0=100e0 o ) - L

TAO=.4072 .
READ(E422) (FOS (1) ,RH (I} ,84(1),121,7)

22 FORMATUIFRaZsFIel +F54c)
00 25 I=1,7

WEITZ(6426)720(1)
26 FORMATUIAL +15x,"UTILIZAYICH FATID O/P2 = M,F3.2y o o

B2=J/<0P(D)
OC 27 J=1.7 e _ —

WELITE (G, 212 (J)
28 FORMAT(1HL o 15a« " THVENTOFY RATIC MI/AdL = ", ,FI.0)

HZ=HL*RH(J)
00 293 K=1,7

A2=A1/<4(K) _ B
CAL.L_ HUL‘-'(AL.AZ_.Hl.HZ.D.PE;T!:D.TM)

CALL DIVItAL L2 +HE4HC+DsPZ+TA0ST0)
RAT=RA(K) , ‘ e
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DIFL=TM~=TOD
WRITE(B41)1AT,TH,T0,

DIFE

i

FOIMAT (1HE 415X 4,21 /4
== ", F1l0e245X,""DIFFEF

2 0= M yFTeZ2e5Xs"TOT MULT =
ENCE = "y F1342)

MeF104245Xe"TOT

DIv

23
27

CONT IWUE
CONT INUE

25

CONT IhUtE
$T0?

END

e Nelle]

SUBRJUTINE "MULT®

(SIMULTANZQUS PrlD.& CON3L)

SUBROUTINE MULT (A144

29HLeHZ 4Dy P2y TAT,TM)

R1ZA1*%(H2-H1)*(1-D/C2) /(L *Hi)

id
13

N=E
NN+l

NN=N*{N=1)
NNN=N* (4+1)

IF(NNGGT«AL)
IFONNNLLT LR

NOP=?
T1=2%{AL/M037+L2)*D

T2=H1¥ (MNOPw~i +L /T2 ) +HE* {1~/ C0 )

TH=SAET (T1* T +h2*TA

c*0

RETURN
END

“oTvIv

SU3RIUTINE

(STHULTANZOUS PrGDe & CONSS)

o0

SUSROUTINE JivI{ai,a

29429 H2 40022, TAGSTD)

22

RE=ZAZ=Hi* (D/PC) /(AL
N=C

He* {L«0rr2)

23

N+l
MNSN* (N2 )

NNN=N®(HN+1)
IF{H.GTLF2)G0 TC 22

IF (NN LTS F2IGD TG 2
NOP=N

T1=2*0% (NUP*LL+AZ)
T2=H1*D/ (KOP2F2) +H2*

(1=CrF2}

TO=30<T(TL*Tc)+H*TA
RETURH

%D

END

SUBROUTINE "MULT™ (~OCPSIMULTANCOUS 23004k GC.aSa)

SUBRQUTINE MULT (AL, A
R1=A1+ (H2* (1+0/%2)=H

ZeH1a k243 0+C2,TATLTH)

1#(2o0/92) ) FLAZ*HE)

1z
i3

N=L

N=N+1

NN=N¥(N=1)
NNNZ S (N+1)

IF(AN.GT.R13G0 7C
IF{NMNGLT 82060 T

iz
4

c

2

NOP=N
T1=2% (AL/NO>4£2) %D

Te=HL® (0P=:4L/Pc) +H

Er(140/P2)

TM=SAmT (T *T2)+HI*TACHD

RETURN
ENG

(9N o]

“DIvi™

SUBROUTINE

{HONS IMULTANECUS P30.& CCNS.)

SUBRQUTINL DivI(R1,.4

24HLE2402P24T00,TD




RE=AZ¥H1* (D/PZ) /(AL*HZ*{14D/P2)) - I T
22 N=P
23 nN=N+1

NNZN* {(N=1)

NMNSN* [N+1)

IF(NNSGT.F2)50 TO 22

IF(NNN.LT.22)G60 TO 23

NGP=H ‘

T1=Z*D* (1iCB=A31+A2) T

T2=H1%0/ (HIP¥E2) +H2* (1+0/F2)

TOSSA~T(T1*TZ) +HZ"TAO*TD

~AETURN

END




SIS 14

PPOGRAM THEL Y

(INPUTYCUTPUT,,TARPES=INPIT,TAPLE=0UTPUT)

TH13 PROGRAM 03TAIMS LOY 3I7ZfS FOR THE CA3Sc OF SEVERAL SEVAILERS

AND JUST CNZ WA
REVIEH, 'NFINI

R'HOUSE- SINGLE ITEM,
MORIZOMN, THEL METHACOCLCGY

STATIONARY CEMANOS,
YSZN IN THI ALGOAITHA IS

CONT INUCUS

DIMZNSTION S{3.)«RIL0) D010}

DIMENSION X

Lt ) «T (24,6700

YA KKELGnT) 4KI2(2

£)212020)

READ(S 421N
FORMATIIZ)

c
c

C

c

C A DYNAAIC PrGRAMALNG ACFFCACH SUGGESTED BY AICAFDG LIPEZ.

[ .

c INPUT VARILASLES

C N = NUMSE® OF STAGES

c S = 36T UP COST

c H = IfVENTORY CARTYING CCST S
c D = DiMAND

c QUTPUTS - o
c TCTAL CCST

c INTEGE X MULTIPLIEFS

c L 0T SIZES

c

3%

WRITE(S+35)N
FORMAT (3HL ,1

READ(S,2) (3 (
FORMAT(F3.2,

Txe"NM.13)
J,vH(J]l
FE.

=1 ghi)

35

WEITZ(5,38) (
FOIMAT (142 42

5{JJ,H(J3,J=1,H)
CAe™Z AHD M"sFIecesFELTY

L&)

REBD (54 3) (D
FORMAT(7T..u)

JYeJ=2eN)

37

WRITZ(6.37)(
FCRMAT(IHS 2

DUJ) o J=2 4 M)
A "'Dl'! F7a0)

Ki=1
D{1y=

(=)
C,
r
e
1t
[ aV

QL1=5QRT (2%S(

1)*0€1) sH{LY)

Iq‘.—!'L.D(ui,
:Ql\.q- Q- .3

*101

LRLUB=I01+.3
WRITL{E,75) 1

13t
1208,IQlUs

75

F”RHAT("Q.l
DC &4 I=ZQ:

>,"TG1L3"':E
23,1013

oy

'S

[

P ERERIS Y]

LL8

KK{Z)=3
T(2,10="

3

43z

Ki=K1+1

DC w32 I=IQ1

Tf..g_)"':'('cf:

00 5 I=I%3L3,131U3

IF(KL1.G7T.H)G
RLC=8G37 (1>

Lia2G2UE

]

3 To ok

ErO(RIIMHAKL Y AL (L) +#2245(K3) )}

KELC=re DRl
KCL)=MAXD (L

)
KELCaloD)

IF(K1.14%.210

T e JP=3(RIIAKEIN*O() /I+T*DIKLIMHIRL)I 7 {2*K

KK{IY=KK{i)*?
GC TO 5

3 T0 7

REIN*DLLd)

LKD)
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T 221 23 (KL)*K (31 %D(A 724 *O(KII*HIKLIZ7 (2K *D(L)y+T (1,1}
KK{I)=KK(I)*1{ +KLI)

GG TO 5
T{1,1)=S(2)*0(2) /Z+I*H{2)/2+71(2,1)

CONT imUL
IF(Ki.LE.N)IGO TO 8

TOP=T(1,IQ1U8)
DG 3 I=7Q2t3,IQ1U8

TCP=T(1,I}

IQ1se=]1
CONTINUE

HEITE B4 )KK(IR20P)
FORMAT(IHL s 2 n sy "KK(IQIOF) = "™,112) . -

NN=N
GC 11. T=g4N

KLMEKKIIQ10P) ~KK{INLOF) /2l =10
KOP(HH) =KL

33

HRIT L (e 29 KTP(NE)
FORMAT (LHC 2024 "KIPTIMAY, 160

111

KKIQ10F)=KK({z31C>2) /it
HM= A=

00 1J I=24N
IQUCII=INICR>O(II/(KOF(ZI*¥D())

IQCir=13zCP

HalTo(5,21)70°

11

FCRiAT (AH1 42554 "S0TAL CuST = "4F1z.2
KCPlL1) =3

D3 12 I=L«N
WRITZ({8+132T,KUP{I)+1.10(1}

13
1z

FOAMAT ILHL 925Ky "K{ L5913+ 7 T "41345Ks"d{ “.I2," 1 = “,IE)
CONT INU- -

sSTOPR
END

FURNTION "2e¢D™

OO0

FUNCTION =ED(X)

Id=X

RESIZX=1J

Z5=.5
IF(~cSI«GE.PS)G0 TO 87

REG=14
GC 7O 98

97
98

RPEO=IJ+L
COHTINJZ

PETURA
EKD

-t
I
r

in
L
i
[
W

|

|
i
L

[

PILGFAM ThI1E (CZhoUTOUTOUT 5 APES=INP JT e AR  655UT2U T (CLEZUGECUT2UT)

THIS FROGRAM OBTAINS (0T SIZFe FCG+ 79z CA3Z QF ACYO.
SINGLE 112"y STATICMASY LEMAMD, SONTINUGIS 20 VITwW.

oooooolee

THE FRZTHUIZLCGY USLD IN THE ALGUSITHM I3 Pa0FOSIC &

LOPEZ,.

{

INPUT VAXIAELES

M STAGES AT LEVEL~Z
NoT LUMBI D CF TCTAL STAGES

un
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INCREMENTS (DELTA)
PELATIONSKHIFS AMCNG STAGES

SET UP CosST
INVENTORY CARSYING COST

O|ITwvRr
LU LI LR I [}

DEIMAMD
QUTAUTS

TCTAL COST .
K = INTEGER MULTIPLIERS

lelloNelisNelloNelloNel

OFTIMAL CYCLE TINME
OQIMEINSION K(2s5)s3({5)4HIEN40(5)40C(5)4KK(5)

DIMENSION KKHI(S) |
READ (S92 MyHyi

FOPMAT(IZ412,415)
MM=M+1

MMM ==}
DO 2 I=i,h

RELD(Ss3) (K(ZTeJ) s Jd=tMeN)
FCEMAT(3{21))

™|l

CONT INUL
READI(SHL) (S(JYHIJY»J=14N)

FORMAT(F34,2,FB43)
READ(5,5}{D{(J) s, J=MM4!3)

FCRAAT{F7 o}
DO B Z=i,.*

D(I)=:
DO 7 J=MH' N

o~

DY =CLI)+3 (N *K(I,J)
CONTTIHDLC

DO 8 I=zisN
QCE)=3NRT(z«D(Z)*3(I)/H(D))

BCiI=2¢0{as(L))
IF{l.nE.L)GO T0 ¢

GACHI=AC (2 /0 LL)
DACHAX=0C (1) /0 (1)

GG 7J 3
ADQC=QC(I)/3¢(2)

IF(ADQCGEL«DACMIIGO TO 1L .
DRCHIN=ADQC

GO 70 38
IF{ADQC.LZ,DACMEXIGE TO 8

OGQCHMAX=A00QC
CONTVINUL

BELTA={IICMAX=-0qCHIt /L

WRITE(5435)02CIN,DACHAR,DELT
FORMAT (LHU 35X, “CUGALIN 3y FL7 a8
CLAVE: =G

A .
BX s T OACMAK s F 17 «B8,5Xe P IELTAY FiT 0

ADQC=0JCHIR

CaTu=y

WRITL (64 36)ACAS
FCRMAT (2 HL 95X, A0NC" s F174 8)

30 11 I=1.HM
CLAVE=]

KK(Ir=1

CT=5(3) /(KK(IY*ACAC) +42QCHKK () * DU *H(I) /2

WRITE (G 3BICT
FORMAT (1H) oSN "CT " e F1T48)

IF(CLAVZNC.u)GO TG 16
CLAvVE=1

CTMIN=CT
WRPZITZ(Bs37IILKKII)

FORMAT (il 45X "I, L5, KK ,15)
WEITE (5, 3D CTHIN

FOSMAT (LML 45X « “CTHIN® yT17 4 8)
KKEI)=KK(I1+1



GO T2 13
ie
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IF(CTMINLZGEL.CTIGG TO 14

KK{I}=KK{i)~1

11  COTO=COTO+CTHIN

00 15 I=MMeN
CLANZ=D

KKti)=1
i7

IF(CLAVE 70 L

CLAVE=1

oMo 1150

CT=S(I) /(AT lC/KK(I)i+(iEQCIKK(IIl‘D(Il‘*(I)/Z

lE

CTHMIN=CT
WRITE(DH,37)I4KK{I)

i3

KK{I)=KK{I}+2
GO fo 17

IF{CTMINLGELCT)IGC TO
KK{I)=KK(Z}=1

16

COTC=CITO+CTMIN
IF{CLAVIL WNZeL ) G

1%
0

i9

CGTOMI=CuTD
D0 20 I=i N

22

KKMI{I)=KK{3)
ADQCOP=ADQC

GO0 7O 21

19 IF{COTOMI.GE.CUTG)IGY

-
L]
~
LAV

CLAvVEL=1
IF(ADQC.GELE.0UCHAX)IGD

21

1
o
r
%)

AJQC=ADAC+DILTA
GO T3 2

ARITE(G.25)C0701]
FORMAT (1HT 427X "

23
25

FOTAL CCST =

"eF1242)

DO 25 I=1.N
WRITZ(B.s27)1I4KKMI(I)

FLK”AT(&H( ,8'.5,\’ K( ”9
CONTINJUE

27
26

12" ) =

"I

MRITI{B,28)A50C0R

28

FORMAT (1HL ,Z: XQ"GDJ eyl

m
[y
(2]}
-

o
—

AL CYCLE TIME =

STOP
END

FUNCTION “Rzp"™

oo o0

FUNCTION =2:0(X}

IJ=X
RESI=X~IJ

P5=,5
IF(%ESTI.GE,

P5)G0 TO 37

REG=IJ
GO 7O 938

RED=Id+1
CONTINUE

97
98

RETURN
D

%33

(98
5]

PROGPAM THILH (ZhPUT,

CUTFUT.TAP 2UT

LEEIN

THIS PROGRAM DSTA;LS LGT
SINGLE ITEM, TIHE

VEEYING CFMANDT,

SIZ2cS FOR THE CASc OF A 3EFLAL
FINITZ HURIZGH. THE

000 00

s TAP 6zaUT2UT)
ERIAL STRUCTURE,
METHOCCLOGY

J3E0 IN TH: LLGORITHH IS A DYNAMIC PTOGRAMMING AND NI TWORK APPROACH

SUGGESTED 8Y WILLAFD I.

ZANGWILL,.
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c
c INPUY VARIAELES
c QP = SZT UP COST
c OH = INVEMTORY CAFSYING COSY
c N = MUM3ER OF PELRIJDS
C R = DEMANC
c ouUT2UuUTS
c L0OT SIZCS FOR STAGES AT ALL PERIODS -
c
OIMENSION DP(2)+0HI2) 47 (514Ul 35,51 44{25045,5)
OIMIMIION P{2uU 3% +5)Y e COF{200 o595) oX (5451 4GA(5,5)
DIMENSION INV(54%5)
INTEGER AsByG.GGsAAsGA
READ (541) (02(J) 4DH(J),J=1,42)
1 FORMAT(FY942+FE432)
READ(S 21N
F] FORMAT(IZ)
REBDI5+2) (R{J) 9 J=1sN) - N
3 FORMAT(FT .0}
J=3 - S
I=N
LAf =1 +J
ClLALNyN) =L
) i=I=1
ITI=i+1
3=zN - -
5 LAZSI*i +J
HILAZyIZs3)=HH{I43JyTI4590He")
IF(Il.L-.2)G0 TG &
LAZ=Ii®ict+) i o
C{LA3,II,.B) =)
[ LAGSI*1u+J
LAS=Ii*41¢ +J
ClLAL I +B)SH(LAGLTT43)+C(LAS,TI,4R)
B=B~1
IF{3,535.I)16GQ TO €
IF{I."E.1)56D 70 6 -
I=N
J=2 -
LAB=HN® L #p
p{LAEO-‘JqN)=:’¢J(H’H'N"\'QDF"
LEZ=N=1E +Jd .
CULAT s HeNIZI(LAB LN, H)
15 I=1-1
=1 - -
8=I
Ti=1+1
11 G6=3
15 GG=5+1 T T T 0 T
LAB=IN10+2 o )
P{LA3sI4GIZP2(1s3elaG+0F) T et T
LAG=Iv1[ +2
HOLAT 53¢ 7)) SR 3 Ca BBy 2y Hy =)
IF{GG.LE.6)50 TO 7
LALG=II*Lf +2 . - o -
. CULALL 4G6Ge3) =
LAZi=1%1, +3 T o T
LALZ2=T%50 +2
LAL3=.I%1U+2
CIZIBfoLLIL:IQG) FOILALL a2 GY+H(LAL 2400481+ (LAL34GRE)
IF(G.£3.2)G60 7o @ T T B T
—_— LAL4=Zi*1g+2
. IF{CIcI3eGroCILAZG4,I.B0IG0 1€ 93 o
8 LALS= 10 +2
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ClLA15+1,B}=C12IB
GOP(LAL15,1,3) =6

G=G+1

IF(GsLELBIGI TU 10

g=B+1
IF(3.LEWNIGO

0 11
IF(I.ER.1)G0 77 12

A=T+1

16
14

g=4
LAle=I%1({+2

HELALG 3 A 3)YSHH (T s24AsEyLH )
IF{A.LE.B)GD TO 13

LAL7=IT*1c+2
ClLAL7,A,B) =]

i3

LRLe=I=20+2
LA3Q=IT*g +2

CILALO2AeBI=HILLIIGA,3I+C( A1 3,4,3)
GOP(LALE,£43) =0

B=3+1
IF{8.LE.H}GO JO 14

Azf+1
IF{A.GT.MNIGD TO 15

ie

GO 70 16
J=1

I=N
LAZ0 =410 +2

BLLAZ, s NI =PRI 2ol DF)
LA24=N"iE 41

22

PILAZL s e ) TP L AT gy NY+U (LAZ S g Hy W}

23

21

G=MaXL (Z,AA}
OG=5+1

LA22=I=30+2
PILARZ4 A4 G)=PP(I424A,4G4CF)

IF(GG.LELH)GL TG 17
LA23=11%17 =2

17

ClLAZZ GGy N) =0
LAZy=_*20 42

LAZS=II*4t +4
cIiAN=pr52L1FgG)+C(LAE&!AOG)+C(Ln251§§lﬁ)

IFI(CLAVE.LRIIBT TO 16
LAZb=I*1M431

i8

IFCCLILANLGECILAZR ANIIGL "C 19

LAR7=1%10+1

C{LAZ7 A, N)=CI1AL
GUPLLPZ?QAON)zgm

13

CLAVC=G
6=G+1

IFIG.LELNIGY T
IF(IaeQ01059 7

Lt

2
3

Fa A
S

AzA+a
IF(ALGT HIG

o
Ny
3]

GO TO &3
A=l

JC 52 17514t
DO 52 1IFr=1,¢

52
c1

X(I7+18)=t
SONTILUE

1=1
J=1



33

LAZB=I*i(+

J

GA(I J)=GGP{LAZ8,A,N)

171

X(1sJdY=2
LATA=GA(I,

Ji

00 24 J7=1

rLﬁTA

24 AT+ JJ)=X(I,J)«R(JTY

J=J+l
Jdz =1

LATO=GA (I,
LATI=C*10+

JJ)
J

GALI,JY=GUPILATIHA,LATO)

INVII.J)=GACT Jd) ~GA(1eJ)

INA=INVIZ,

J)

IF(I®NVIETyJ)eGTLR)GO TO E5

CLAVEL=(
GO TC 26

25
26

CLAVeLl=1
X{I,J)="

CATE=GA (I,

DO 27 J7=:

D
JLATE

27

X(I,J1=4 (2
AZGALI,J)+

WJIEROITY

M

31

I=i+1
II=I-31

IF(CLAVI1.nNEL1)GC TO 32

IF(A.57.1)

30 72 34

LJ=INA+IT
Laz3a=1*i{ +

J

GA(L+J)=GUP(LECT4A,4LT)
INVII«JISINVIIZ 4 dV=GA{T.d)

IHA=INV (I,

Ji

IF(INV(T+J).GTL0)GO TO 2@

CLAVEL=]
GG 70 29

23

CLAVEL=L
XEIad)=t

LATU=GA(L,
DO 33 J7=3

J)
+LATU

XA{Ied)=x (1
A=GA(I,N+

R LAY
1

32

20 To 3%
J=1

IF(I.LCeM)
D¢ 34 1=1,

i
vl

HETITE(B s 55) I4X (110,

FCRMAT (1H!

GO TG 73
|

. 1] (13
s Xy X ("

b
H
1

[AYEE S

PeF el lCX s Ay IE " 2

- T

-1
CONTINUE

STOP
END

[elloRwl

FUNCTZON pP(IngK‘ngfj

TDIMINSION

IF(L.GE.K)?

Ca(35)
6l 70 €2

EEET)
GC TO 6%

62
63

P2=CA(J)
CONT iNUE

RETURH
£ ND

FUNCTION

IIHHll



FUNCTION HH{I,JyKaLyAMILOEM)
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OIMENSIGN AMI(5),DEM(5)
HH=3

IF{K.GT.L)GI TQ 73
D0 72 I3=K,sl

72 HH=HH+DEMII NI YAMI(J)

7

3 CONTINUE

RETURN
END

PROGRAM THI17 (INSUT.CUTFUT,TARES=INPUT«TAPZE=UTRUT)

THIS PROGRAM OGOTAINS LOT 512i5 FOP THE CASC GF RSSemiLy STRUCTORL,
THOJLGLIGY

SIHNGLE ITEM, TIME VAFPYING DEMAND, FIKITC HIRIZON. THE =&

USET I7l THE ALGURITHM IS & DYHAMIC PFCGYAMAING AFPIIGACH SUGGISTII EY

WALLACE Be CEOASTON AND MICHEIL He WAGHIA.

1:4PUT VERIAELES

NUMEER OF STAGZS
HCRIZON PERICD

SEY UP COST

VARIEBLT COST
DEMARD

O< I inz =2
LB I BNTENIRN]

0UTPUTS
TOTAL COST

QUAHTITY GPCEES FC2 STAGES A7 Al P-32i00S5

CHO GO OO0 0|0 00 OO0 0o 00

DIMENSIGON S{iL)sHULG) 2 VIZr) L (51 4PAY(5) 4NPAY (32,5}

DIMZN:ION HDAYl( 2Y 4 MEPLY {32 5!;;04(9),10&01(9).¢Cl 2 (5}

OIMENSION JCADZ(2745) +CTKI(11 )+ ICACL(Lua35)+R{1045)

DIMENSION HORFA(Z2,5)
READ(S,1) MM

1 FCRAAT (L2412
o QEAD(S.Z)(S(I).ﬁ(IlyV(I).I=1vN)
Z FORMAT(FIeZ+FGo3,F643) ' T TTT T
READ(5+3) (D(J) s Jd=1et) 3 L _ 3
2 FORMATI(FT.0) T T T
cLAZ=;
CLAVIS=L
D0 4 J=mi.M o R e . R
b PAY{J)=1 - -/ e e - - T
. JuL=2 . e i .
8¢ CTESFINeMe Dy SIM) gV {M)Y sHIMY FAY)

I1=1

3 CTL=FUNsMasO+SUIT)WVITII)an({II) +PAY)

=0

5

DO 5 J=a,H

JI=zJI+l
COKNT THUE

_IF(2AY (U)W NEL2YGG TO 5 e e

ICu=-1

_ klma=gerJr

DO 5 J=i,M
IF(J.EQ.1)G] T0 7

IF{PAY{J).HC.1)GD TO 8
CLAVE=L



ICO=ICO+1

icoz=1

173

Ico3=a
GO TO 8

-

cLave=D
CONTIHUEZ

00 9 1=1,LIM1
IF(J.NE.1)GO TO 1C

HPAY(I.,J)=1
GO 70 9

13

IF(CLAVELEQW1)5G 70 11
NPAY (14J)=0

i1

GO Ty 3
L2IC0=2**1CO

14

IF{IC02.6T.L2ICOIGO TO 12
NPAY (I4J)=1

ICOZ=ICucZ+1
GO 7O 3

12

IF(ICA3.,GT,L21C0YGO TC 12
N2AY (I.J)=0

ICO3I=iC03+1
GG TO 3

13

ICCc=1
IC03=1

GO Ta 14
CONTINUE

CONTINUE
IF{CLAVIS,NL+1}GD TG B8

CLAVIS=
LANDASLIML

DO 580 IMZ=1,LANDA
D0 587 INY=1i.M

WOKMA(INZ,INY) =NFPAY (IRZ5INY)
COMT ILUE

CONTINUL
12=C

00 15 I=2.LIML
Tor=¢

16

DO 16 J=Z.M
TOT=TOT+NEAY {1+ J)=NRAY (I4J)

IF(TOTWNELLIGC TG 15
I2=12+1

15

NPAY1(iz)=1
CORTIKUE

CLAZ=L
DO 17 T=1.12

T5=HPAY1(1)
JK=3

D0 18 J=2.H )
IF(NPAY(IZ,J) 4 NEL$)GD TO 13

—————

1¢

JK= 2K+ 1
CONTINUE

LICO=~1
DO 13 J=i,HM

TFTS.E9.1160 10 2D
IF(HPAY(I3,J1450.1)60 7C 21

Cuavz=0C
GG TN 20

21

29

CLAVE=E

LICO=LICO+1
LIco2=1
LICO3=1

CONTINUE
LIMZ=z%%JK




‘D0 22 I9=1,LIM2

IF(J.HEL1)GD TO 23
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NZPAY (I9.J)=1
GO To 22

23

IF{CLAVE.£Q.2)G0 TO 24
NZPAY(IS.J)=(

2k

GO 1C 22
L2LICO=2**L]ICC

27

IF(LICO2.GT.LZLICOIGO TGO 25
NZPAY(I3.J) =1

Lic02=LIci2+1
GO 19 22

25

IF(LICO3.GT,L2LICGIGO TC 26
NZ2PAY (I9.J)=0

LICO3=LICG3+1
GG TO 22

26

LICae=4
LICO03=1

2e

G0 70 27
CONTINUE

CONTINUE
CLA=1

DO 30 I8=1,LIv2
DO 31 J=1.M

31

ICA(JI=N22AY(I3,J)
CT2=F(NsMeDyS(IJ),VIIT},H(II),TICA)

IF(CLALEQ.1)GD TO 2
IF(CTMINGSLTL.CTZ)G0 TO 30

GO TO 33
CLA=ZD

CTMIN=CT2
DO 34 JCATLI4M

ICADL(JCAY=ICALJICA)
CONT INUE

IFLCLAZ.Z0e11G0 TD 25
IF(CTOTMILLTLCTMINIGO TG 17

35

GO 70 36
cLa2=g

36

CYOTMI=CTMIN
00 37 JCA=1,H

37
17

ICAC2UJCAY=1CADL (JCA)
CONT INUE

CTK(Ii}=AMINL(CTOTMI,CT1)
IF(CTOTMILLT.CT1)GD TC &

39

D0 33 JCA=1,M
ICAO3(II,JCA)=RAY(JCA)

38

GO TO 41
CONTIMNUE

&C

DO 40 JCA=i,M
ICAO3(II,JCAY=ICAD2 (JCA)

NN=N-y N
IF{ITLEQuNNIGE 7C 42

II=I1+1
GO TO 43

42

CONTINUE
DO & JFIS1,N!

by

CT=CT+CTK(JED)
IF{CLA3.EN.1)50 70 45

IFICTPILLELCTIGC TO 47
GO TO 46

45
46

SLAZ=
CTPI=CT

DO 48 IR=1,NN
J0 49 JR=i4M
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TCAOL(IR,JRYSICAOZ(IR,JR)Y
49 CONTINUE

48 CONTINUE
DD 532 JR=1,M

50 ICAQGIN,JRI=PLY (JR)
L7 IF(JULe.GE.LANCA)GC TO 53 ————

DO 536 JARAT1,.M
536 PAY (JARA)=NCGRMA (JUL+JARR)

JUL=JUL+1
GO _TO 52

51 1I=1

58  J=1 e
JJ=J

56 Q(I.H=pLfJ) : e -

55  JJ=JJ+i
IF(JJGT.HMIGD TD 53

IF(ICAQu({IvJI)JEQCIGE TS 54
J=JJ . ——

GO TO 53
S4 AT LN =001, +D(JN

GO TO 56
53 I=I+l

IF(I.GT.N)GD TO 57
GG 70 58 i o e

57 HREITE(G+59)ICTFI

_ 59 FORMAT(1Hi415¥%,."THZ TOTAL CUST I3 = ",F1343) . B L

DO 6C T=1sN
DO 61 J=i.M

HRITE(S+62)1JsQ(Iad)
62 FORMAT[IH 415X "STAGF "4 I2,5X+"TIME ",I3,5Xs"QUANTTITY QRDS3 ",F

=10.0)
61 CONTIHUE . . .

60 CONTIKUE
ST1GP

END

leNelle]

FUNCTION “F*

FUNCTIOM FINsMeDaSeVeHFAYS)
DIMNZNSTON QU10)  FAYP{LG)4C(20[)

I0=5
HT=0 i S

J=1
JJ=J

ST=3
132 QA =i

103 Jd=JJ+l
IF(JJ.6T.HMIGE T 10D

IF(PAYR(JJI . EQ. 5160 TO 1T:
5T=35T+3 ) o o o

J=3J
Ip=r

GC 70 172
191 ID=I0+1

HTI=AT+D(JJ)*I0*H
Q€1 =200 +0 (I _ - o - o .

GO T0 i73
100 CONTINUZ

DO 1u9 I=1.M
159 DY=DT+3(1)

F=ST+HT+DT™V
RETURN

END



176

THE SIS i8

PROGRAM THELS (INPUT,CUTPUT,TAPESZINPUT,TAPIE=QUTPUT)

TOTAL COQEY

QUANTZTY ORDERS FC- STAGES AT 4_L PZRIJDS

c
C THIS PrROGRAM OBTAINS LOT SIZ:Z3 FOP THZ CaS:= JF ArS0RESCENCE

C STRUCTURE, SIMGLE ITEM, TIME VAFYING DEMAND, FIMITE HOATZON. ) L
C THE MZTHJIDOLOGY USEZD IM THE ALGCARITHM IS A DYMNAMIC PFIGFAMMING '

C_ APPROACH SUGGISTED BY ARTHUR F. VEINCTT, JR. . L
c

c INPUT VYARIABLES

c N = NUABLR OF STAGES

C M = HCRIZOM TIME o -
c S = SET UP COST

C H = INVENTCRY CARFYING COST o B S
] V = VARILBLE CoST

C D = DEMAELD

c DUTPUTS

c

c

C

DIMENSION SOL0) oM L0 oVIIL) 4 CAL0 15 oF (1525453 3 JOP 1l 95451
DIMEASION G(17,5)

RELD (5411 N4M
1 FOPMAT (T2,I2) _ ' o

READ(S2I (ST H{I) V(T I 4i1)
2 FOQHAT(F9021F603!F6.3) . P

DO & I=2.M
READI(S,3)(D(Iy4J),4J=14M)

FORMAT(FT .0
CONTINUE.

F

D3 217 J=i.HM
D(1,J)=0

0C 315 I=Zsn
316 D(1.J)=0(2,J)+D(I,J}

317 CONTINUZ

DO 5 K=1.HN _ _ o

DO B Z=14M

FI{KsIsI)={ ) 3 o e

JOP(K,yI+T)=I
& CONTINUC

5 CCNT INUE
-K=¢e

13 I=M-1

12 Mi=H . — . o I

11 CLA=1 - S
J=I+1
NNENDST

744 IF(JJ.LTWMIIGC 7C 2T

FIKeJdIoMid) =0
10 Fﬁlﬂ1=C(K-IkoS-V,H.D)+F(K,JJ.H1)

IFICLA.LQ2)G60 TC 7
IF{FIKyIo I} JLTLFKIMIIGE YO E

GO TC 3
7 CLA=¢g

9 F(KyI+MI)=FKIML

JCP Ky I M2)=J

8 JEJ+1

JJ=J+2 . . e e =



IF(J.LE.ML1GD TO 714
 Mi=M1-)

IF(ML1,GT,I)G0 TG 11
I=I-1

177

K=

IF(I«GT.a}50 70 12
K=K+l

IF(K.LELNIG) TO 13

i9

I=M=-1
M=

CLA=1
JEI+;

183

NN LS

IF(JJeLT.M1)GO TC 18

id

F(KyJJIyMi) =l o
SUF=y

iy

DC 14 K4=Z4H
SUF= bUF"'F(KgyAvJ)

FKIMIZC(KeZoJs3yVaHy D) +SUFHF (KyJJaMi)

IF(CLALEQ.WL)62 TC 1%

IF(F(KyIoeM1) oLT.FKIH
GO TO 17

2IGe TD 1R

15  CLA=U
17 FUX,I,M1)=FKIM2 o o L
JOP (K, I¢M1)=J
16 J=J+i - o o e
JJ=J+l
IF(J..E.M1)GC TO 133
I=1~2
IF(I.GCT()GY TO 19 o o
DO 25 K=i1,N
0C 24 J=1,M ~ o ) o .
QK J) =t
21 CONTINUE
Zd  COWiiInNUc
I=1 3 L
28  J=M - T T
K=1 o . L -
19:=1 o o
JENT=JOZ(KeIad)
OC &¢ 19=I13tsJEnt
22 QUKsy1)=2(KeI)+D(K,I3)
ENEFNEICISTNIN , T T
) RRITE(6,351) 291 ,JEnTydd o e o
301 FORMAT(iHL,10x,4"291 = "1:L‘15)|"J:|T = .'14'JX,.'JJ = "y T4)
K=2
Ze  I11=1
25 Iei=1:
JENTO=JI2 (K 114J0) T T T
. MRITelS.d.ubI6lediNFO _
300 FORMAT(LH. 410X oMIdl = PaTu LA, ™1inT0 = ", Iu) i B B )
DC 23 IA=IA1,JINTQ
23 Q(Ksl 1= JIK, I Y+ (K250
— __LELJQﬂIF'QEEQ{lj‘.TQ_E“ S
I1=JENTS+1 )
... bG T 25 _
24 K=K+1 - T
IF(KL_ELNIGY TO B
IF(JILGE.NGC TO o7
L _I=JJ+l
Go TO 28 T T o - i .
_B7  _WRITE(B429)F(L,1.1)
29 erHAn(1H1'*5!g"IHr TOTAL COST IS = “\FL3,3y 7 T

DG b4 I=1N
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00 61 J=i,H
NRITZ(65€2)I4J,0(I0J)

2 FORMAT (1Hu 145Ky "STAGE ", 326X+ "TIHE "+ 13+5X«“QUANTITY ORDZR “,F

DO 5 i=i,.L
READ(E ) AT o) s J=LL M)

6
-iouf’
61 CONTINUZ
60  CONTINUE L )
STo=>
END _ B B
c
c FUNLTION "C"
c
_ FUNCTIOM C(KalsJdsSeVaHyD) . L
DIMINSIGN S(2u)yHLD) 4V (L) 4Tl ,5)
CONT ={ ] o L o o
HT=(
BT={
IR=I+1
DO 160 IZ2=id,d e i i L
Hi=HT+H(KI*CUNT*0(K.I2)
DT=0T+D(K,12) B S - o
100 C.MT ZCCHT+1
=S (K} +V{KI*DT+HT
QETURN
END e o o
THE S IS 13
PROGRAM THELY {(iNOUT,CUTPUT.TAPES=INAUT,TACE6=2UTPUT) -
c
C THI3 PrOGREM O3TZIKS LCT $1Z03 Fusx THE ca:E’L: CACYCLZIC =TRUCTURZ, o
C SINGLL IT9:, TIMD VASYING EFMANDy FINITE 40KIZOMNs THE MOTHGICLOGY
C USED In 7Hc ALGOFZTHM IS AM HIUFLISTLC APPRJIACH SUGGESTZD 8Y -1CArCE
C . LOPEZ. ) B S
c
[ INSUT VARIZABLL S
C N = NUWBEs ¢F sTAGZS T/ T/ /T /o7 T
€ L = S5TAGI T AT LEVIL=g
c M = HORIZON TIHF
c S = SET uo_ggil__ o L o o
c H = IRVINTCRY CAFLY.sG CO57T
[ D = DcdAND o - i o
[ A = RELAVIOMSHIC MATFIX B
C QUTRUTS
C TOTAL CO&T
c QUANTITY GREBIFRS FCR a.ns”s CAT ALl ALRI00S S
c
Vv________D_IH_N_.;I{_;N ::f_"__L_)vp_(ﬁ;l_y_gg_l_;._!__?_)_!ﬁ(?rrllf‘ia}ﬁ\(u:_vJ'vV Ja(;l
DIME‘,\JJICW MATAZ ::q‘r)"TABLE(S._-.E'OUD(")c\f’ ('lq‘lu—(::)
aznzu::ou Crlinfil g VOaCE(Lr 4B oW IT{20,5) 252 421)
INTEGER A
e '\E_LDL;’J;)"QL.QF o o S
1 FCRMAT(IZ 1 422) B
 REAQC(S,2)(S(I)eHtTY AT 1,8 S
2 FORMATI(FY.2sFELD)
LL=p+2
D0 & I=cl M
7”7ﬁDEAD{5 j,(D(LIJ,QJ 1+M) o e o - -
3 FURMATI(F7.0) o
_ A gonrinut B e e )



B FORMAT(5(311)
5 CONT INUE
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0 7 1=1,L
DO 8 K=1,M

D(1,K}=2
30 3 J=Lih.N

T 9 DIV KYED(IL, KD K RA(I, D)

8 CONTINUE

7 CONTINUE
02 1v J=24M

LIcJ2=1

LIDOM=2%" (M=1)}
o0Cc 21 I=Z,L1I00M
IF(LICOZ+CTa1JduJIGO TO

14 HMABA(I,J) =2

LICE27LTICC241
20 TO 11
1z IF(.iC03.56T.LIDLJ)GD TI 47

©MABAtI,J ) =T
LICGTIZLICC3+1

GO 79 1t
LICozZ2=i

13
LIc03=1
GO TQO 14

S i1 COoNTINUZ
15 COMTINUS

D0 15 I=1.,LI00H

15 MABA(I,1)=t

CaM=%
I=1 _

CONTINUE
0G 16 J=i4M

53

VEBA(JIsMeBA (L4 J)
CLA=U

15

coL=u
DO 17 J=2.M o

IF(VIZAGJINE. 216D Ta 17
Cot=Cot+n

CONTINUE
LDGCQ2=4**C01

17

DG 18 J=i.M
IF(J.NEL2IGD TU 376

OC 749 K=21,L0520
879 MAJAL (K, =2

[

oa 2i

878 CONTINUE
IF(VCSANJ) 2042060 5C 4

K=l 4LO0C01
20 MABAL(K,J)=.
G0 7O 13

19 vIcoz2=.

AP (Lie02.6T.LO0CLMI0D TC 22
MABAZ (K, )7 =2
LTC025LTI5C2+1

&

!
ol

GO TO 21
22

IF(LICOT4GT.LC0CLAIGE TC 23
MABR1 (K, ) =" .
LICJ3=LICO3+L

G0 T0 21

23 LICcoe=:



CLIC03=1

GO TO 24
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21

CONTINUZ
CLAZCLA+1L

138

CONTIRUL
co={

00 25 J=i+M
IF(VEIZ3A(JIWNELCYGD TO E5

25

CO=C0+1
CONTINUE

LI00cC=2**Co
CLA=E

Do 26 J=1.,4
IF(VIBACY) E1) 60 7O 27

28

00 28 K=1,LI03C0
MABAZ({KsJ) =21

GC 70 26
LiCOe=1

LICO3=1
LDCCLA=2**CLA

DO &9 K=1.LTIJLCO
IF(LICO02,6T.LOJ0CLAIGO TC 3¢

HABAZ (K, J) =2
LICOZ2=LICCéE+L

GO TO 29

IFELICOT.GT.LO0CLAIGE TC 3

MABAZ (KsJ) =L
LICO3=LICC3+:

G0 70 274
LICOc=1

LIco3=1
GO 72 32

CONTINUZ
CLA=CLA+1

CONTINUE
K=1

INT=1
DO 33 J=:,LDCC0i

B0 X4 JUK=1,+
DFP{JK) =D Ky JK)

K

VO(JK) ="a QAL (J, JK)
CT=COSTOIMyS(K) 4yHIK) 4 TP,V o)

IF(INTLEQ.1)50 TC 3%
IF(CTHINGGELCTIGE TE 26

GO TO 33
INT =3

CTHINECT
DO 37 JK=1,M

VOPRP{JKI=NF(JK)
CONTINUE

CTIHIKY=CTMIN
DG 38 JX=:,M4

338

VOS2 (XK =02 UKD
K=K+l

L6

IF(K.LE.L)IGD 1O 3@
INT=1

DO 42 J=1,LI0LC3S
DO 4l JK=2,H

BOTIKI =L (K, JK)
VPUJK) SMABAE (J, JK)

CT=COSTO(MeS(KI 2HIK) 40O,V P}
JLFCINTLE041)580 TC &2

IF(CTHMINGGL.CTIGD TC 42
GO TU 4’




42
b3

INT=(
CTMIN=CT
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00 44 JK=1.M

G4 VOP(JX)=yP{JK)

CONTIHUE
CTI%(K)'CTW‘N

40

00 45 JK=1,4

45 VOOP(KyJK)=VOP{JK)

K=K+1

TF(KSLE<NIGD 7O 46

TOT=0

DO 47 K=1,N

47  7GT TUT+CT¢I(K1

IF{CAMZR+2)5GU TO &%

'
-

IF{T01I.a:.TUt)GG T0
GG 79 57

L2

CAmM={
TOHI=70T

43
&9

06 51 K=l.N
DO_52 JK=I,M

VORI (K, JK) =VILP (K. JK)

52 CONTINUZ

CONT INUE
I=I+1

S1
SL

IF(IsLEaIiDOMIGO TO 52

K=1

58
57

i=1

J{KsTI=D(KyI)

II=]

56 II=II+1

IF(I1.GT.MGT TC

N
IF(VORIIK, 1) 50,1168

QK L) =LK 2V +D(K I 1)
GC 7O 56

TS

-

£3

55 =il

GO TO 37

5S4 K=K+1

IF{KaLENIGS TO &R

WRITE(Bs59)TOMY

53 FCEMATVIIHLLEx,"THE

TCTAL CUST

MeT12.)

xS

DO &b I=1,N
00 51 J=1.4HM

HEITC(b+hE)I+JsQ(Iyd)
62

=10.0)
61 CONTINYT

2

FORMAT (3K 5254, STAGE "y i2,5X¢"TIMZ ™, T3,5X, " JUANTI

TY GrFO:

Pol
~

EL  CONTINU:
sTOP

END

OO0

FUNCTZON ""cCds7o™

FUnZTZ 0N

DIMENSION O{5)+VEC(S)

COSTU(MaSsHaTaV: 0

sT=6
HT'r

CLa=
+=1

i1i=1

ST=5T+53

1u2 Ii=II+1

IFUIILGT. M50 Ty 260

CIF{VECI{IIV.E1.11GC TO
HT=HT+D(II)*H*CLA

4
-

1



CLA=RCLA+L

GG TO 12 e
11 CLa=1

3T=3T+3

I=11

GC 7O 142 ——
1060 CCSTO=HT+3T

RETURN

END

L]
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