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ABSTRACT

The aim of this thesis is to understand more how différent costs interact in différent lot-sizing
problems with substitution. It is a direct extension of the paper "On the interaction between
demand substitution and production changeovers" by Dawande et al. (2010). This paper
considers a small bucket model, one-way downward substitution with two products, where
product 1 could substitute for product 2 but not vice versa. The purpose of this paper is to see
how changes in cost parameters impact the rate of substitution and changeovers. There are three
main analyses in this paper. In analysis 1, a relative ratio is proposed to see how substitution and
changeover interact. Analysis 2 looks at whether a réduction in the changeover cost or a
réduction in the substitution cost wiU be more bénéficiai to the total cost réduction. FinaUy, the
purpose of analysis 3 is to find out how changes in holding cost for product 2 influence the rate
of substitution and the number of changeover.

This thesis will do similar analyses, but wdth three more models: one-way downward
substitution and big bucket model, two-way substitution and small bucket model, and two-way
substitution and big bucket model. Two testbeds will be used in this thesis: the fîrst one is similar
to the one in the original paper, and the second one with a significant gap in the demand of the
two products to verify the results of analysis 1 and analysis 2.

There are some important results observed from the test experiments with the two testbeds.
First, substitution proves to be more important for small-bucket models than for big-bucket
models. Substitution rate could reach 100% in small bucket models while this figure is only 40%
in big bucket models. Second, the product with a higher demand tends to substitute for the
product with a lower demand in small-bucket models, and there is not this tendency in big -
bucket models. Third, variance in demand bas a high impact on the rate of substitution and the
number of changeovers in small-bucket models. FinaUy, two-way substitution proves to be more
bénéficiai than one-way substitution: the total cost for models with two-way substitution is
always lower than the total cost for models tvith one-way substitution.
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CHAPTER 1:

INTRODUCTION

1.1 Général discussion about substitution

1.1.1) Introduction about substitution
Product substitution could be understood simply as when a certain product is not
available, customers are willing to switch to purchase other products or manufacturers
décidé to replace the unavailable products with products of equal or better quality and
function.

Product substitution bas been applied in many real-life contexts, such as retailing,
airline or hôtel industry, manufacturing context (cable, steel, semiconductor...). In the
airhne industry for example, customers in the economy class could be upgraded into
business class when the actual number of passengers showing up exceeds the capacity
of the economy class, while there are still empty places in the business class. In this case
it is clearly bénéficiai for the airline, since no overbooking cost wlU be incurred while
the lost revenue due to empty seats in the business class is reduced. Another example is
in the optical cable industry: a range of products with no significant gap in function
could be interchanged with each other, although the cables of higher quality might be
somewhat more expensive than the cables of lower quality.

For more information on applications of substitution, please refer to Lang (2010).

1.1.2) The benefïts of substitution in production planning

Why should product substitution be considered in production planning? It bas many
benefïts. On the manufacturing side it allows companies to have more flexibiHty in
arranging production plans, lower safety inventory levels (due to aggregation of
demand) (Chopra et al. 2012), ensure high level of product availability and therefore,

5
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reduce customer dissatisfaction. On the customer side it effets customers other choices

of products when the initial desired product is net available. The examples helow
demonstrate some of the henefïts of the product substitution in production planning:
- Windshield interlayer production planning: Lang and Shen (2011) explain why it is

bénéficiai to consider substitution in the windshield interlayer production. Several
types of interlayer are produced on the same production line, and among these some
certain types could substitute for the others. In order to produce these interlayers a
setup is required for each type, and the setup takes some time. Instead of producing
ail these différent types of interlayer, it is possible to produce certain types only and
use these types to substitute for the others. Total setup time could be reduced and
there would be more capacity (in time vmits) available for the production line.

-  Steel manufacturing: Balakrishnan and Geunes (2003) discuss a case in steel
manufacturing where customers allow the steel plates to vary within a specified
range. The steel plates are eut ffom slabs. The price of the plate sold to customers
dépend on its weight: the heavier it is, the more expensive it is. If the manufacturer
chooses to produce only the heaviest plates, there might be remaining pièces of the
slab which could not be utilized to produce any kind of plate. This in tum results in
some lost revenue. Given the fact that customers accept some allowance in product
dimensions, the plates shotild be eut in appropriate sizes so that no surplus piece of
slab is left. This would help the steel manufacturer to maximize revenue.
In a practical case that I know in the cable manufacturing industry, customers are
mainly constructors and their demand highly dépends on their winning bids.
Demand is very hard to predict, although it does vary somehow according to seasons.
In addition, the compétition among différent cable suppliers is quite fierce, and one
of the main criteria on which customers choose a certain supplier is the ability to
ship the dehveries on time. Product substitution is very important in this case: when
a required product is unavailable, the manufacturer could immediately substitute it
by other types of products. This is even more important for the products whose
production time are very long and when customers have urgent projects.
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1.1.3) Types of substitution
Lang (2010) lists qmte in détail the différent substitution characteristics. For example,
the transitivity of substitution options (product 1 could substitute for product 2, product
2 could substitute for product 3 but product 1 could not substitute directly for product
3), or the substitution triangle inequality (the total cost to convert product 1 to product
2 and successively convert product 2 to 3 is the same or higher than the cost to convert
directly product 1 to product 3). However, here only the types of substitution which
are frequently found in différent papers incorporating the substitution element are
mentioned: the substitution structure, the substitution ratio and the number of
substitution conversion steps.

•  The substitution structure:

Downward: only the products of higher quahty could substitute for the
products of lower quality but not vice versa (see figure 1.1).
Général substitution: a subset of products could substitute for other
subsets of products (see figure 1.2).

Downward substitution

P4

Général substitution

P2

Figure 1.1: Downward substitution Figure 1.2: Général substitution
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The substitution ratio:

1-1: one unit of product A could substitute for one unit of product B.
1-M: one unit of product A could substitute for M units of products B.
This is often been found in the retail industry. For example, a big package
of biscuits could be converted to smaller packages of biscuits. Since one
big package is équivalent to several units of smaller packages, in this case
one product A (big package) substitutes for M product B (smaU package).
1-partial: one unit of product A could substitute partially for one vmit of
product B. For example, in fiber optics industry, product A contains
connector, product B contains housing and product C contains both
connector and housing. Product A and product B in this case are
considered to substitute partially for product C.

The substitution conversion steps
Certain products could replace for other products directly without any
transformation. In the retail industry for instance, if a customer would like
to purchase tissue brand A but it is not available, the seUer could use tissue
brand B to replace for tissue brand A, without any further steps to convert B
to A. However, for some other industries, some products need some
transformation before they could be used to substitute for other products.

No conversion step: product A could substitute for product B directly
without any transformation.

-  Single conversion step: in order for product A to substitute for product B,
there is only one step required to convert product A to product B.

- Multiple conversion steps: in order for product A to substitute for product
B, there are several steps required to convert product A to product B.

1.2) Problem définition

This thesis is a direct extension of the paper "On the interaction between demand
substitution and production changeovers" by Dawande et al. (2010) (from now on this
paper will be called the original paper for short). Therefore, fîrst we will explain in
détail the analyses that were conducted in this paper and next, we wiU explain how this
thesis extends this paper.
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1.2.1) Main research questions and analysis of the original paper
1.2.1.1) Purpose of the paper

The purpose of the paper is to see Aow diffèrent cost parameters impact production
planning with substitution. It considers an uncapacitated production planning context
with deterministic demand, multiple periods, and a single planning level. There are two
products, product 1 could suhstitute for product 2 but not vice versa. The substitution
ratio is 1-1. Also, the model is smaU bucket: in one period it is only possible to produce
product 1 or product 2, but not botb.
The demand for product 1 and product 2 could be satisfïed by the options foUowed:

Demand is satisfied directly from production. Tbere will be a cbangeover cost if
production is sAvitcbed from product 1 to product 2 and vice versa. However, tbere
is not setup cost in tbis model. The différence between a setup and a cbangeover
will be formally discussed in the section III.
Demand for product 2 could also be satisfïed by substituting product 2 by product
1. Tbis wiU entail a substitution cost.

-  Demand could also be satisfïed by inventory from tbe previous period. Tbis will
entail a holding cost.

AU tbese tbree costs are time-invariant over tbe periods as weU as tbe same for botb
product. Tbe objective is to minimize total cost, and to see wbicb of tbe tbree options
wiU be utibzed more wben tbere are changes in cost parameters and wben tbere are
changes in demand for product 2.

1.2.1.21 Model formulation

Basic notations used to formulate and analyze tbe problem
Parameters

T  Tbe number of period;
dit Demand of product i in period t, i= 1,2; t= 1,2,... T;
hit Per-imit holding cost of product i in period t, /= 1,2; t= 1,2, ...T;
K  Cbangeover cost wben production sbifts from one product to anotber;
w  Per-unit substitution cost.

Variables

Xit Quantity of product i produced in period t,i=\,2-, t= 1,2, ...T;
lit Inventory of product i at tbe end of period f, i= 1,2; 1,2, ...T;
yt Quantity of product 1 used to suhstitute for product 2 in period t, t=

1,2,...T;
Sit Setup variable: =1 if setup for product i in period t, = 0 otberwise. i= 1,2;

t=l,2,...T;
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Let Cl = Sji . Define = |et-i. if Su + S2t = 0;
Su, otherwise.

Thus, 5t_i t = |et — et-il=l if production switches from product 1 to product 2 or
vice versa.

The objective function of this model is to minimize the total changeover cost, holding
cost, and substitution cost.

Minimize
i  / Z 1

+ ̂ ^hit * lit + w
t=2 t=l i=i t=l

Constraints

ht — h,t-i + ~ yt~ d-u {t= 1,2,...T) (1-1)'
ht — h,t-i + ̂ 2t + yt ~ d2t (t= 1,2,...T) (1-2),
Iio.IiT = 0(1=1,2) (1.3),

^u<(d2t+ Y,Udu)*Su{t=l,2,...T) (1.4),
^2t ^ (IIfc=t'^2k) * S2t {t= 1,2,...T) (1-5),
Su'^S2t<\{t=l,2,...T) (1.6),

ht ^ Xit > 0, Sit binary (1= 1, 2; t= 1,2,... T) (1.7),

yt>0 (t=l,2,...T) (1.8).

Constraints (1.1), (1.2), and (1.3) represent the inventory balance. Since there is no limit
on capacity, constraints (1.4) and (1.5) define the setup forcing. For product 1, it is
allowed to produce in period t the total demand of product 1 from period t to period
T, plus the demand of product 2 in period t. For product 2, it is allowed to produce in
period t the total demand of product 2 from period t to period T. Note the restriction
that product 1 could only be produced and substitute for product 2 in the same period
(constraint (1.4)). This restriction foUows from a property which is formally proven in
the paper. Constraint (1.6) is for smaU bucket model, ordy 1 type of product is produced
in one period.

An important contribution of the paper is the development of a polynomial time
algorithm for solving this problem. Since this is not relevant for this thesis, we will not
further focus on this algorithm.

10
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1.2.1.3) Sensitivity analyses
There are three analyses related to the foUowing three questions when there are changes
in cost parameters:

How do substitution and changeover interact? When does substitution
happen more frequently than changeover and vice versa?

-  If it is possible to reduce the changeover cost or the substitution cost to
lower the total cost, then when is it more interesting to reduce the
changeover cost or the substitution cost?

-  How do changes in holding cost for product 2 impact the substitution and
changeover?

The testbed used in this paper is similar to the ones used by Chand and Morton (1986)
and Dawande et al. (2007). Holding cost takes one value at 1 for both products (however,
in the third analysis holding cost for product 2 varies from 0.2 to 0.8). Substitution cost
takes 4 values 2, 4, 6 and 8. Changeover cost takes 10 values 10, 15, 20, 30, 50, 75, 100,
150, 200 and 300. Mean demand for product 1 is 20, and mean demand for product 2
takes the values 10, 15, 20 and 40. The number of periods is 20.

The three analyses regarding changes in cost parameters are presented next:

- Analysis 1:
•  Issue raised: How do substitution and changeover interact? When does

substitution happen more frequently than changeover and vice versa?
• Analysis method:

In this analysis the holding cost is fixed, only the substitution cost and the
changeover cost are varied so that it is easier to see how substitution and
changeover interact. A relative ratio with the foUowing définition is suggested:

,  . . Changeovercost
relative ratio =

Substitution cost x Mean demand of product 2

The idea behind this ratio is that choosing the best production option dépends
on which one bas the lower cost:

+ When this ratio is high, it means that the cost for changeover is relatively
higher than the cost for substitution. The optimal solution could then choose to

11
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produce only product 1, substitute product 2 by product 1, and limit the switch
of production to limit the cost for changeover. The higher this ratio is, the higher
the rate of substitution and the lower number of changeover.
+ However, when this ratio is low, the cost for changeover is now relatively less
costly than the cost for substitution. The optimal solution will then limit the rate
of substitution and choose to switch production more frequently between
product 1 and product 2.
Note also that the cost for substitution dépends on two elements: the substitution
cost and the demand for product 2, since in this model one must pay the
substitution cost for each unit of demand for product 2.

• Resuit:

The number of changeover and the rate of substitution is computed for each
instance. Overall the resuit is the same as hypothesized.
Figures 1.3 shows the number of changeover: X-axis shows the relative ratio, and
Y-axis shows the number of changeover.
Figures 1.4 shows the rate of substitution: X-axis shows the relative ratio, and Y-
axis shows the rate of substitution.

+ According to figure 1.3 and figure 1.4, when the relative ratio is close to 0 on
the X-axis, the number changeover is almost at maximum while the rate of
substitution is almost at 0. The cost for changeover is much cheaper than the cost
for substitution, therefore the optimal solution limits the rate of substitution and
utilizes much more often the changeover option.
+ Vice versa, when the relative ratio is more than 2, the number of changeover
is almost at 0 while the rate of substitution almost reaches 100%. The cost for
changeover is now much higher than the cost for substitution, therefore the
substitution option is more often used.
+ Substitution and changeover are both used when the relative ratio is between
1 and 1.5. In this case the cost for substitution and the cost for changeover are
almost equal, so the optimal solution utilizes both options in a balanced way.

Overall, the higher the ratio, the higher the rate of substitution and the lower
the number of changeover. Vice versa, the lower the ratio, the lower the rate of
substitution and the higher the ntunber of changeover

12
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Figure 1.3: Changeover changes
with relate to the relative ratio

Figure 1.4: Substitution changes
with relate to the relative ratio

Source: Dawande et al. (2010), "On the Interaction between demand substitution and
production changeovers", Manufacturing & Service Opérations Management, Vol
12(4), 682-691.

Analysis 2:
•  Issue raised: The authors consider it is possible to reduce the changeover cost or

the substitution cost to lower the total cost. Then how the impact of substitution
cost réduction and the impact of changeover cost réduction wordd change when
demand 2 increases from 10 to 40?

• Analysis method: First the total cost when both the substitution cost and the
changeover cost are at the highest value (8 and 200, respectively) is computed.
Then the total cost réduction due to 50% réduction in the substitution cost and

due to 50% réduction in the changeover cost are calculated separately. The cost
réduction is computed averaged over 4 base demand 2 (10, 15, 20 and 25). The
investment costs to reduce the substitution cost and the changeover cost to half
are assumed to be the same.

• Restait:

When the demand for product 2 increases from 10 to 25, the impact of
substitution cost réduction decreases from 35.8% to 16.2%, and the impact of
changeover cost réduction increases from 10.9% to 20.1%.

13
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Analysis 3:
•  Issue raised: how do changes in the holding cost for product 2 impact the rate of

substitution and the niunber of changeover?
• Analysis method: the holding cost of product 2 is varied from 0.2 to 0.8 in

incréments of 0.2. Two sub-analyses are performed. First the total number of
changeover and rate of substitution is calculated over each instance. Second, to
further see the impact of holding cost for product 2 on production planning, the
analysis is based on separating the data according to high or low changeover cost
and high or low substitution cost.

• Resuit:

+ First, when the holding cost for product 2 increase from 0.2 to 0.8, both
changeover and substitution increase: the fraction of periods with changeovers
increases from 0.186 to 0.295 (or 58%), and the rate of substitution increases
from 0.048 to 0.227 (or 366%).
+ Second, the changes in changeover and substitution is more clearly iUustrated
through figures 1.5 and 1.6 as below. Figure 1.5 shows the changes in
changeover: X-axis shows the holding cost for product 2 varying from 0.2 to 0.8,
and Y-axis is the percentage change in changeover. Similarly, figure 1.6 shows
the changes in changeover: X-axis shows the holding cost for product 2 varying
from 0.2 to 0.8, and Y-axis is the percentage change in substitution.
According to figure 1.5, when the holding cost for product 2 increases, the
fraction of periods with changeover increase more significantly for low
changeover cost or high substitution cost. However, as shown in figure 1.6, for
low substitution cost or high changeover cost, the rate of substitution increases
more significantly.
It is then concluded that when the holding cost for product 2 increases, it is
better to increase changeovers when the changeover cost is low or substitution
cost is high, and increase substitution when substitution cost is low or
changeover cost is high.

14
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Source; Dawande et al. (2010), "On the Interaction between demand substitution andproduction
cbangeovers", Manufàcturing & Service Opérations Management, Vol 12(4), 682-691

1.2.2) Comment about the relative ratio proposed in the original paper

+ First, this ratio should be understood not in the absolute term, but in the relative
tenu. That is, a higher relative ratio does not always mean a higher percentage of
substitution and vice versa, a lower relative ratio does not in ail the cases means a
higher number of changeover. Or that the same relative ratio does not mean the
optimal solution results in the same number of changeover and the same rate of
substitution.

For example, two sets of instance:

Instance 1: Dl= 50, D2= 25, substitution cost = 8, changeover cost = 200
Instance 2: Dl= 50, D2= 25, substitution cost = 2, changeover cost = 50
These two instances have the same ratio, but both the number of changeover and
the rate of substitution are lower in the first instance than in the second instance.

The reason is that in the first instance, both the changeover cost and the
substitution cost are high while the holding cost for both products stay vmchanged
at the value of 1. Therefore, instead of substituting product 1 for product 2 or
switching the setup sequentially between product 1 and product 2, the optimal
solution increases inventory for both products. Using this way, it is possible to
exploit the low value of holding cost when hoth the changeover cost and the
substitution cost are high.

15
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+ Second, this ratio only considers the changeover cost and the substitution cost
but ignores the holding cost. In addition, the demand for product 1 is not included.
For these reasons there are several cases which might not have the results as
expected, for example when the demand for product 1 is much higher than the
demand for product 2.

Example (see figure 1.7):
Mean Dl= 10,000, mean D2= 10

Substitution cost = 8, changeover cost =10, holding cost = 1.
The number of period: 10
For simplification, we assume that the actual demand is the same as mean

demand in each period.

The relative ratio is (changeover cost / (substitution cost x mean D2))
= (10 / (8*10)) = 0.125. This ratio is close to 0, so itis expected that there are lots

ofperiods with changeovers.

Below are the three possible options substitution and changeover;
Option 1- 100% substitution: produce product 1 in ail 10 periods and substitute

100% for product 2. Total cost is équivalent to total substitution cost only:
Substitution cost x mean D2 x 10 periods = 8x10x10 = 800

Option 2- Produce product 1 in the P' period, switch to produce product 2 in
the 2""^ period and switch back to produce product 1 in the period. Continue
to produce product 1 from period 4-10. Demand for product 2 for period 3-10
is satisfied by the inventory from period 2.
Total cost = Substituting product 2 by product 1 in period 1+2 changeovers +
holding cost for product 1 in period 2 + holding cost product 2 from period 3 -9
= 8*10 + 10*2 + 1*10000 + l*10*(7+6+5+4+3+2+l) = 10.380

Option 3- 100% changeover: Produce product 1 in the l'' period, switch to
produce product 2 in period 2, then produce product 1 in period 3. Continue to
produce altemately between product 1 and product 2 to the end of planning

Total cost = Substituting product 2 by product 1 in period 1 + (9 x changeover
cost) + (5 periods inventory for product 1) + 4 periods inventory for product 2) =
(8*10) + (9*10) + (5* 1 * 10,000) + (4*1*10) = 50,210

We could see that among the 3 options, option 1 has the lowest cost. For
option 2 and 3, holding cost constitutes a big portion of the total cost. The

16
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optimal solution therefore might be option 1, and this is against the expected
resuit that when the relative ratio is close to 0, the number of changeover wiU
almost reach maximum.

This example proves that ignoring the holding cost as weU as ignoring the
demand for product 1 might make this ratio not relevant when there is a big
variance in demand. Further tests for instances with big différence in demand
for différent products will be shown in chapter 4.

Period

(1) Product 1

Product 2

(2) Product 1

Product 2

(3) Product

mtTTtttt
Inv 1

Inv 2 period 3-9

Inv 2 Inv 2 Inv 2 Inv 2

kChangeover lSubstitution Production ■ Inventory

Inv: Abbreviation for inventory

Figure 1.7: Illustration of three différent production plans

1.2.2) Thesis research questions

First, with the purpose of verifying whether the conclusions in the original paper hold
true in other lot-sizing problems, this thesis will investigate four lot-sizing models,
perform calculation tests and compare the results with the original paper.

Below are the four models which wiU be tested in this thesis:

17
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- Model 1: Uncapacitated, small bucket, one-way downward substitution.

Note that this is the lot-sizing model with substitution in the original paper.

- Model 2: Uncapacitated, big bucket, one-way downward substitution

- Model 3: Uncapacitated, smaU bucket, two-way substitution

- Model 4: Uncapacitated, big bucket, two-way substitution

These models are différent from each other mainly in two points:

One-way downward substitution versus général substitution: for one-way
downward substitution models, only product 1 could substitute for product 2.
For two-way substitution, both products 1 & 2 could substitute each other.
Small bucket versus big bucket: in a big bucket model, more than one type of
product could be produced in one time period, while in a small bucket model,
at most one type of product is produced in one time period. A big bucket model
entails only setup cost, but a small bucket model entails changeover cost. The
différence between setup and changeover will be formally defined by the
models in chapter 3.

For more information on différent lot-sizing problems, please see Jans and Degraeve (2008).

Table 1.1 summarises the différent characteristics of the four models:

Model Changeover
cost

Setup
cost

Product l->

substitute product 2
Product 2->

substitute product 1
1 X X

2 X X

3 X X X
4 X X X

Table 1.1: List of différences among 4 models

Next, the conclusions in the original paper will be validated to see whether they
continue to be true in the case where the différence in demand between the two
products is large. They are vahdated upon a data set with Umited variabUity: the
différence between demand for product 1 and demand for product 2 is not signifïcant
(base demand for product 1 is at 20, and base demand for product 2 takes four values:
10,15,20 and 25). If there is big gap between demand for product 1 and that for product
2 (for example, demand for product 1 is at 2000 but demand for product 2 is at 20), the
results in analysis 1 and 2 of the original paper might be no longer relevant.
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1.2.3) Methodology

The test bed utilized in this thesis is almost the same as the one used in the original
paper, although it is somewhat adjusted and the number of instances is reduced (more
détails are given in section 4.1). The models are written in OPL language and solved in
CPLEX 12.6 using the MIP solver. They are solved on a 3.07 GHz computer with an
Intel Xeon X5667 processor and with 12GB of RAM. The new instances are generated
in Excel to test the problems.
Différent lot-sizing problems are tested to bave better insights on how changes in
parameters impact the production planning with substitution. There are two testbeds:
one is almost identical to the testbed used in the original paper, and the other with a
significant gap in demand of différent products.
In addition, the models in this thesis are reformulated using the faciHty location
reformulation for lot-sizing problems. This reformulation is based on the corrélation of
some elements between the production planning problem and the facility location
problem. A setup in one period and the fixed setup cost for a product in the production
planning are similar to the setup and fixed opening cost of a new warehouse. Fulfilment
of demand for a demand class and the fulfilment cost in the production planning are
considered similar to the transportation quantity and transportation cost from a
warehouse to customer.

The reformulation was first proposed by Krarup and Bilde (Krarup & Bilde 1977). Later,
Geunes (2003), Lang and Domschke (2010) in their experiments showed that the
solution time for lot-sizing problems cotdd be significantly reduced when they are
reformulated as faciHty location problems. For more information on the reformulation,
see Pochet & Wolsey (2006).

1.2.4) Thesis outline
The outline of this thesis is as foUows. The current chapter 1- Introduction gives an
overview of substitution, the benefits of applying substitution and its applications in
différent industries. Papers researching substitution will be briefly reviewed in chapter
2 - Literature review, with the focus on manufacturer-driven substitution. Chapter 3
and chapter 4 are the main parts of this thesis. Chapter 3 présents in détails the models
of the différent lot-sizing problems with substitution. Chapter 4 présents the test and
the results to see whether the conclusions in the original paper hold true in différent
lot-sizing problems, as well as with data sets having significant variance in demand for
différent products. Limitations and future outlook wiU be presented in chapter 5 and
finally, chapter 6 wiU be the conclusions.
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CHAPTER 2:

LITERATURE REVIEW

In this section two streams of research with substitution will be presented: customer-
driven substitution and maniifacturer-driven substitution. The relation with this thesis is

also mentioned after.

2.1) Literature review

There are varions streams of research regarding substitution in the literature: in a
manufacturing context, in a retailer context, or in revenue management (for airlines for
examples). However, within the limitation of this thesis, only two streams are mentioned:
customer-driven substitution and manufacturer-driven substitution. The former is
mainly fovmd in a retail context and the latter is mainly foxmd in a manufacturing
context. The two streams differ with respect to the person who décidés on the
substitution. For customer-driven substitution, customers décidé whether they will
substitute one product by other types when the desired products are unavailable.
Therefore the retailers must predict the probability that the customers wiU substitute
imavailable products with other products. For manufacturer-driven substitution,
manufacturers could control the substitution since the substitution is at their discrétion.
When a customer orders a certain kind of product but it is unavailable, they could décidé
whether they should replace this product with other types of products.

2.1.1) Customer-driven substitution
As mentioned above, research in this stream mainly focuses on the retailers and

aims at fînding the optimal inventory levels so that the total cost is minimized or the total
profit is maximized.
Yucel et al. (2008) investigate a retaU context with deterministic demand, général
substitution (a product could be substituted by several other types of products), limited
space for storing products, and list of suppliers who could supply more than one type of
product but one product is only supphed by one suppher. The purpose is to find, under
space constraints and with substitution considered, the optimal assortment of products
(which means which products to buy and sell) so that the profit is maximized.
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Experiments in this paper show that total profit will decrease when substitution, supplier
sélection and space constraints are ignored. Regarding substitution, tbe resuit sbows tbat
wben tbe substitution cost increases, tbe rate of substitution decreases. Tbis is because
wben tbe substitution cost increases, tbe optimal solution will increase tbe number of
products in tbe assortment and tbe number of supplier cbosen, tbereby reducing tbe
substitution rate. Nagarajan and Rajagopalan (2008) study tbe System witb two products
wbose demand are negatively correlated and a fixed proportion of customers will switcb
to tbe otber product wben tbeir desired product is unavailable. Consistent witb prior
papers in tbe Hterature, tbis paper finds tbat "as items become more substitutable, tbe
retailer needs to carry lower inventories". Anotber interesting paper by Stavrulaki (2011)
focuses on tbe inventory décisions for a system of two products wben sales are impacted
by two éléments: substitution and demand stimulation. For substitution, product 1 and
product 2 could substitute eacb otber. For demand stimulation, bigber inventory could
boost tbe demand for a product and tbereby boosting tbe sales of products (tbis point is
quite différent from otber papers, wbicb usually focus on bow to minimize inventory).
Also, product 2 bas a bigber profit margin tban product 1. Tbe experiment sbows two
noted results. Wben tbe percentage of customers wbo substitute product 1 witb product
2 increases, tbe optimal solution will increase tbe inventory for product 2, tbereby
stimulating botb demand for product 2 and increasing tbe total profit witbout lost sales
for product 1. In tbis case substitution is important and a significant loss will occur if
substitution is not considered. Conversely, wben tbe percentage of customers wbo
substitute product 2 witb product 1 increases, if tbe optimal solution increases tbe
inventory for product 1, it could stimulate more demand for product 1. Tbis migbt lower
tbe total profit and tbis is tbe undesired resuit since product 1 bas a lower profit margin
tban product 2. In tbis case it is difficult to find an optimal solution capturing botb
demand stimulation and substitution. In tbe same manner as tbe papers mentioned above.
Tan and Karabati (2013) also prove tbat incorporating substitution could improve profit.
Tbe model in tbis paper is a fixed-review period and order-up to level system. In addition,
for eacb product, it is required to satisfy tbe minimum service level by direct sales (direct
sales means tbe demand for eacb product must be satisfied directly by tbat product, not
by substituting tbis product witb otber products).

2.1.2) Manufacturer-driven substitution

Différent papers about production planning witb substitution could be found in
tbe Hterature, eacb paper considers différent combinations of production planning
cbaracteristics and substitution types. Some différent cbaracteristics of production
planning settings are single-level versus multi-levels, single item versus multi-items,
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single period versus multi-periods, capacitated versus un-capacitated, big bucket versus
small bucket, setup carry-over versus no setup carry-over, with scheduling versus no
scheduling, with capacity constraint versus no capacity constraint.

Bassok et al. (1999) btiild a profit maximization, single period, multiproduct (although
the experiment is restricted to two products), stochastic demand and downward
substitution model with two décisions: first the ordering décision before the demand
realization and second, the allocation of products to demand classes. Through varions
experiments (the method is varying one parameter while fixing the other parameters),
the results show that incorporating substitution improves the total profit, especially
when substitution cost is low. Similarly, Rao et al. (2004) build a model with two-stage
décisions, minimizing cost, a single period, multiple product, stochastic demand and
downward substitution with setup cost. Two important results are shown regarding
substitution in this paper. First, the total cost when substitution is considered in both two
stages are compared with two scénarios: 1) when substitution is completely not
considered and 2) when substitution is only considered in the second stage (allocation of
products to demand after actual demand is known). The total cost when substitution is
allowed in both two stages is lower than the total cost in each of the two scénarios.
Second, this paper also finds that savings are more significant when substitution cost is
low. This resuit is consistent with the restdt by Bassok et al. (1999). Balakrishnan and
Geunes (2000) focus on the complex interaction between setup cost and substitution cost
as weU as the benefit of substitution for a production planning problem with the
foUowing characteristics. In their uncapacitated, big bucket and two component model,
component C2 could substitute for Cl and the objective is minimizing the total cost. The
total demand for both products are the same over the planning periods, but there are two
demand scénario: first, the demand for component 1 is increasing over the planning
periods whde the demand for component 2 is decreasing over the planning periods;
second, both components have seasonal demand, with the peak demand for tbis
component corresponding to the low demand for the other. Their analysis is as foUows:
substitution cost and holding cost for component 1 is fixed at 1; holding cost for
component 2 takes 3 values, and the setup cost for both product varies from 0 to 1000.
The results show that overaU the substitution rate and the percentage of savings due to
substitution increase when the setup cost increases over both demand scénarios, although
the substitution rate and the percentage of savings are not the same for the three values
of holding cost for component 2. The other interesting restdt is that both the substitution
rate and the percentage of savings in the first demand scénario is higher than in the
second demand scénario. This restdt is attributed to "the greater disparity in the
magnitudes of the two product's demands over an extended period of time. That is,
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substimtion dépends not only on the magnitude of différence in product demands, but
also on the duration of time during which this différence in volume continues".

Some other papers focus more on the efficiency of the solution methods rather than the
analysis of costs as the three papers mentioned above in this section. Balakrishnan and
Geunes (2003) incorporate the flexibilities of customer demand in the maximizing profit
production planning problem for the steel manufacturing: in certain cases customer
requirements for the weight of plates could vary within a certain range. Therefore,
exploiting this flexibility coiild allow to fiirther increase total profit. They suggest a
composite solution including branch and bound, Lagrangian relaxation and valid
inequalities to run this model.
Hsu et al. (2005) analyze two models with one-way downward substitution, one with
conversion and the other with no conversion. The two models differ in two points. The
first différence is, in the first model, a product needs to be converted before it could
substitute other products while in the second model, a product could substitute other
products directly without any conversion. Secondly, since the holding cost for différent
products is time-varying, in order to exploit the lower holding cost, it is possible to
convert a product before it is used to replace other products in the first model. In the
second model however, a product is always kept in its own inventory before it is used to
meet the demand for other products. Hsu et al. also build a heuristic to run these models
and compare the efficiency of this hevudstic with a Wagner-Whitin algorithm over seven
sets of instances and over six parameters: conversion rate, holding cost rate, demand
variability over time, production cost variabdity over time, demand variability across
products and production cost variabihty across time.
Yaman (2009) has a model quite similar to Dawande et al. (2010) except that the
substitution cost is zéro and the context is big-bucket. The solution suggested in this
paper is LP relaxation.
Lang and Shen (2011) combine scheduling and substitution in one model, instead of
separating the two aspects in différent models. They consider the case where setups are
sequence-dependent. In a context where it is required to schedule the production of
différent products in différent periods and where it is possible for certain products to
substitute the others, it is better to combine these aspects in one model to find the optimal
solution rather than sub-optimal solutions for each problem. The benefit would be
reducing setup times, changeover times and thereby increasing available capacity for
production. The solution methods in this paper are Relax&Fix and Fix&Optimize
hexiristics.
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Geunes (2003) and Lang and Domschke (2010) prove that a reformulation of the
production planning problems using the facility location problem helps the models run
faster. Geunes (2003) reformulates the model by Balakrishnan and Geunes (2000) using
this technique. Their results show that, over three main experiments, the rvmning time
of reformtilation using the faciHty location problem is by far lower than the running time
of the shortest path reformulation. For exactly the same set of instances, Geunes (2003)
solves ail the instances of this set in less than 1 second while Balakrishnan and Geimes

(2000) solve them on average in 9 minutes. Next a larger set of instances is tested, and the
solving time is also within 1 second. Finally the reformulation could also solve a much
larger set of instances within 3 seconds. Similarly, Lang et Domschke (2010) have
comparisons among différent formulations and the results show that the reformulation
using the facility location problem is most of the time superior to other formulations
(including original formulation, user eut and valid inequaUties) in five experiments.
There are two models proposed in this paper, one with no additional resource and the
other with some additional resources, including lost sales, over-time and some capacity.
The différence between this paper and other papers is that it includes initial inventory
and in addition, it deals with a général substitution structure. In experiment 1 and 2 for
model 1 (no resource), the reformulation is superior both in the lowest running time and
in the ability to solve 100% instances in the set time limit. The resiilt is quite similar in
experiments 3-5, although in some certain instances of experiments 5, the reformulation
does not prove to be superior.

2.2) Relation with this thesis
So far in the manufacturer-driven literature there are very few papers focusing on the
analysis of costs and the benefit of général (or two-way) substitution. In addition, in the
papers which do analyze the costs, the conclusions are quite général. For example,
substitution happens more ffequently when substitution cost is low, or that the total
savings is higher when substitution cost is low and setup cost is high. Usually experiments
are based on sets of data with very low variance in demand of différent products. This
might he the reason leading to these général conclusions, which might not be true in ail
contexts. Finally, there is almost no paper analyzing how costs interact in différent lot-
sizing problems. In most of the cases there is only one type of lot-sizing problem in these
papers. This thesis, therefore, hopes to have a better look at the missing points which
have not heen mentioned in the Hteradire.
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CHAPTER 3:

MODELS & FORMULATION

This chapter présents the formulation détails of the four models mentioned in chapter 2:
fîrst the formulations for the standard lot-sizing problems and next the reformulations
for the lot-sizing problems using the facihty location problem.

The models presented in this thesis have the foUowing characteristics:

Deterministic demand

-  Two products
Multiple periods, a single planning level
No backlog
No setup carry over
1-1 substitution ratio

Independent demand
No initial inventory and no inventory left at the end of the planning horizon.
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3.1) Standard formvdation

Notation Meaning
Sets:

P  Set of products, = {1... M=2};
T  Set of periods, = {1.. .N};

Parameters:

d-ii Demand of product i in period t;
hit Per-unit holding cost of product i in period t;
w  Per-unit substitution cost;
K  Changeover cost;
Sit Setup cost for product i in period t;

Décision variables:

Xit Quantity of product i produced in period t;
ht Inventory of product i at the end of period t;
ytjt Quantity of product i used to substitute for product / in period t;
Sit Setup for product i in period =1 if setup for product i in period f, = 0

otherwise;
Zit Changeover for product i in period t

=1 if product i is produced in period f but it was not produced in period
t-h
= 0 otherwise.

3.1.1) Model from Dawande et al. (2010): one-way substitution, small-bucket
Though the model in the original paper is explicitly written for two products,
here a model for the multi-product case is presented.

Minimize
N M N M N M M

+  + Y yijt
t=l i=l t=li=l t=li=lj=i+l

Subject to
ht ~ h,t-l ^it ~ ^j=i+iyijt "f ^k=iykit ~ >fOT l<i<M (3.1)

Xit < (Lf=ui djt + Y!l=t /or 1 < t < N, 1 < i < M (3.2)
Zit ^ Sit - Si,t-i,for l<t<N,l<i<M (3.3)

Ia=iSit<l.forl<t<N (3.4)
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Zjt binary (3.5)

Sit binary (3.6)

lu>0,xu>0,yijt>0 (3.7)

Constraint (3.1) calculâtes the remaining inventory for product i at the end of period t.
Three sources increase the inventory for product i in period t: the remaining inventory
at the end of period t-1 carried on to period t, the quantity of product i produced in
period t and the total quantity of the products substituting for product i. Two sources
decrease the inventory for product i in period t : the consomption of product i in
period t and the quantity of product i allocated to substitute for other products. The
remaining inventory for product i in period t is the balance between the total quantity
that increases the inventory and the total quantity that decreases the inventory.

This model is uncapacitated, therefore constraint (3.2) allows the quantity of product i
produced in period t to its maximum: total demand for product i from period t to the
end of planning horizon (period N) plus the total quantity of product that product i
cotdd substitute for in the same period t. This property was formally proven in
Dawande et al. (2010) for two products. The purpose of this constraint is to be consistent
with constraint (1.4) in the original paper:

Xxt ^ {d2t + U=tdii) * 5it (f= IZ...T)

For constraint (3.3), there are three scénarios as helow:

If (Sjt — = 0, there are two cases: or product fis produced in period t-J and
t, or product i is not produced both in period f and t-1. In both these two cases they
ail mean that there is no changeover from period t-1 to t for product î. could be
both 0 or 1, but since the objective function is minimize, z^ will take the value 0,
which corresponds to the case that there is no changeover from period t-1 to t for
product i.

If (Sit — Si_t_i) = 1, it means product i is produced in period f but not produced in
period t-1, Le there is a changeover from period t-1 to f for product i. In this case z^
could only take the value 1, which corresponds to the case that there is a changeover
from period t-1 to r for product i.
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The last scénario is (Sjt — Sj t_i) = — 1. This equals te the case that product i is
produced in period t-1 but net produced in period t. There is no changeover in this
case, and will take the value 0 since the objective fonction is minimize.

Constraint (3.4) imposes that only one type of product is produced in one period.

The changeover décision variable and setup décision variable are defined as binary
variables in constraints (3.5) and (3.6), correspondingly. Constraints (3.7) are the non-
negativity constraints.

3.1.2) Model 2; one-way downward, big bucket and uncapacitated.
In this model it is allowed to produce more than one type of product in each
period, therefore there is no changeover décision variable The model is
similar to model 1, except that the variable Zj^ is replaced by the variable Sit in
the objective fonction and it is now associated to a setup cost Su. Also,
constraints (3.3), (3.4) and (3.5) are removed in this model.

Minimize
N M N M N M M

+  + ^ yi/t
t=l i=l t=l i=l t=li=l j=i+l

Subject to constraints (3.1), (3.2), (3.6) & (3.7).
Note that this model continues to be subject to constraint (3.2) of model 1: the
maximum production amount that product i is produced is limited to the sum
of the remaining demand until the end of planning horizon plus the quantity
of product that product i could substitute for in period t. Therefore this model
is somewhat limited and would be applied in some certain contexts.

3.1.3) Model 3: Général substitution, small bucket, imcapacitated
In this model it is necessary to separate two set of products: is the set of
products that product i could substitute for, and Pf is the set of products that
could substitute for product i.

Minimize
N M N M N M

t=l i=l t=l i=l t=l i=l ;ep.+
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Subject to

ht = kt-i + Xit - e p+ Vijt + Sfc 6 pf y kit - dit,forl<t<N,l<i<M (3.8)

Xit < (V djt + dii) * Sit^ for l<t<N,l <i< M (3.9)

^it 2 Sit- Sit:-i,for 1 <t < N,1 <i <M (3.10)

lLtx^it<^.for\<t<N (3.11)

Zitbinary (3.12)

Sit binary (3.13)

Iit'^0,Xit>0,yijt>0 (3.14)

Constraints (3.8) - (3.14) are similar to constraints (3.1) - (3.7).

3.1.4) Model 4: Two-way, big bucket, uncapacitated
In this model it is allowed to produce more than one type of product in each
period, therefore there is no changeover décision variable The model is
similar to model 3, except that the variable z^t is replaced by the variable
in the objective fonction and it is now associated to a setup cost Si^. Also,
constraints (3.10), (3.11) and (3.12) are removed.

Minimize
N M N M N M

t=l 1=1 t=l i=l t=l 1=1 jep(

Subject to constraints (3.8), (3.9), (3.13) & (3.14).
Note that this model continues to be subject to constraint (3.9) of model 3 with
respect to the maximum production amount.

3.2) Reformulation

Pochet & Wolsey (2006) reformulate the uncapacitated lot-sizing problem using the
facihty location problem as foUotvs. The setup variable Sn and setup cost 5it are kept
unchanged, but the production variable Xit and inventory are replaced by the variable

29



HEC Montréal

Wiut, with u< t. This variable represents the amount of product i produced in period
u used to satisfy the demand of product i in period t. The cost to produce is piut,
which represents the combination of production cost in period u plus the holding cost to
keep Wiut from period u to period t.
The objective function is now to minimize the total setup cost and total cost to produce
Wiiit in ail periods in the planning horizon. For the standard multi-products,
uncapacitated lot-sizing problem, the reformulation is as foUows;

Mimimize

N N M N M

Subject to

Piut * Wiut + 11^--
u=lt=ui=l t=l 1=1

t

^ Wiut = dit, for l<t<iV, l<i<M
U=1

^iut ^ dit * Siu> for l<u<t<r, l<i<M

Sit binary, Wi^t > 0

Next, we reformulate the previous models using this facihty location problem. Xit and ft
are replaced by Wi^t • In this thesis there is no production cost, therefore Pi^t is the holding
cost to keep from period u to period t.

3.2.1) Model 1: One-way substitution, small bucket and vmcapacitated.

Minimize
N M N t M N M M

u=l i=l t=lu=li=l t=l i=l 7=i+l

Subject to

iLi Wiut + Ifc=\ Vkit = dit, forl<t<N,l<i<M (3.15)
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I.t=u Wiut < ( * Siu, for l<u<N,l<i< M (3.16)
If=i yiju ^ Œf=i dju) * Siu for l<u<N,l<i< M (3.17)

Ziu 2 Siu- Si,u-i. for l<u<N (3.18)

Efii Siu <l,forl<u<N (3.19)

Ziu binary (3.20)

Siu binary (3.21)

Wiut ^ O-yot ^ 0 (3-22)

Constraint (3.15) states that demand for product i in period t is satisfîed by two
ways: 1) the quantity of product i produced in period u to satisfy the demand of
product i in period t and 2) the quantity of products that substitute for product i in
period t. Constraints (3.16) - (3.22) are similar to constraints (3.2) - (3.7).

3.2.2) Model 2: one-way downward, big bucket and un-capacitated.
In this model it is allowed to produce more than one type of product in one
period, therefore there is no changeover décision variable The model is
similar to model 1, except that the variable Zit is replaced by the variable
in the objective function and is now associated with the setup cost S^. Also,
constraints (3.18), (3.19) and (3.20) are removed.
Minimize

N M N t M N M M

Vint * Wiut +W* 111 yiju
u=li=l t=lu=li=l t=li=l;=i+l

Suhject to constraints (3.15), (3.16), (3.17), (3.21) & (3.22).

3.2.3) Model 3: Two-way substitution, small bucket and uncapacitated
In this model it is necessary to separate two set of products: Pf is set of products
that product i could substitute for, and Pf is the set of products that could
substitute for product i.
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Minimize
N M N t M N M

+"'*ZZZ''y"
u=li=l t=l u=li=l t=li=ljep^

Subject to

iLi Wiut + Ikepr Vkit = ditJor\<t<N.l<\<U (3.23)

Zu=tWiut < * ^iu . for 1 < u < N,1 < i < M (3.24)

Z Viju ^ (V dju) * SiuJor l<u<N,\<i<lA (3.25)Jep( ^jePi

Ziu â Siu- Si^u-1. forl<u<N (3.26)

I.iLiSiu <l,forl<u<N (3.27)

Ziu binary (3.28)

Siu binary (3.29)

Wiut>0,yijt>0 (3.30)

Constraints (3.23) - (3.30) are similar to constraints (3.15) - (3.22).

3.2.4) Model 4: Two-way, big bucket, uncapacitated
In this model it is allowed to produce more than one type of product in one
period, therefore there is no changeover décision variable z^. The model is
similar to model 5, except that the variable Zjt is replaced by the variable Su
in the objective function and it is now associated with a setup cost 5it. Also,
constraints (3.26), (3.27) and (3.28) are removed in this model.

Minimize
N M N t-l M N M

11 ̂it * "b Piut * Wiut + W * zzz Vijt
t=l i=l t=lu=l i=l t=l i=l ieP(

Subject to constraints (3.23), (3.24), (3.25), (3.29) & (3.30).
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CHAPTER 4:

TEST EXPERIMENTS

In this section two testbeds wiU be considered. The resnlts of the four models with the

two testbeds will be presented, and the différences in the resxilts of the four models will
also be mentioned.

4.1) Testbeds

Testbed 1 is similar to the testbeds tested in the original paper, and the purpose is to verify
whether the conclusions in the original paper are vahd in différent lot-sizing problems.
Testbed 2 is to verify whether the conclusions still hold true when there is a significant
gap in the demand of différent products. This testbed is new.

The two testbeds respect the order: holding cost < substitution cost < changeover cost as
in the original paper. The purpose of this order is to ensure the three options of satisfying
demand (inventory left over, product 1 substituting for product 2, and producing for
product 1 and product 2) are not artificially excluded in the optimal solution.

For more information we refer to the original paper.

For example;

If substitution cost = changeover cost =10, holding cost =1.

Demand 1 = demand 2 = 10, the number of periods =10.

Option T 100% substitution: produce product 1 in ail 10 periods and substitute
100% for product 2. Total cost is équivalent to total substitution cost only:
Substitution cost x mean D2 x 10 periods = 10 x 10 x 10 = 1,000

33



HEC Montréal

Option 2- 100% changeover: produce product 1 in the 1®* period, then
production is switched altemately between product 1 and product 2 in each
period. Total cost = Substituting product 2 by product 1 in period 1 + (9 x
changeover cost) + (5 periods inventory for product 1) + 4 periods inventory for
product 2) = (lOnO) + (9*10) + (5*1*10) + (4*1*10) - 280.
When substitution cost = changeover cost =10, clearly option 1 has higher cost
than option 2, and this means there will be no substitution but only changeover.
If substitution cost is less than changeover cost, for instance at 2, total cost for
option 1 wiU be 200. The optimal solution would probably utiUze both options
substitution and changeover to satisfy demand.

+ Testbed 1: Base demand Djq for product 1 is 20 and base demand for product 2
takes three value: 10, 20 and 40. For each period, mean demand is generated by the
function di = Djo for each product and actual demand is generated by the function
dit = max(l, Djo +SDiQ^i), where i represents the product and ^i represents the
standard normal variate. S takes three values 0.15, 0.5 and 1.15. Holding cost,
substitution cost and changeover cost are time-invariant and the same for both
products. For the first and second analysis, holding cost is fixed at 1 for both products.
But for the third analysis, holding cost for product 2 takes three values 0.2, 0.8 and 1
while holding cost for product is stiU fixed at 1. Substitution cost takes two values, 2
and 8, and changeover cost takes four values, 10, 75, 150 and 300. (Notice that in big
bucket lot-sizing problems, changeover cost is setup cost). The total combination of
différent parameter settings is 216 and for each combination, 10 instances are
generated.

+ Testbed 2: In order to see how variance in demand impacts the results, testbed 2 is
further classified into three sub-types. The first one, -when the demand for product 1
is substantially higher than the demand for product 2. The second one, when the
demand of the two products are equal. And finally the third one, when the demand
for product 1 is much lower than the demand for product 2.

Holding cost is fixed at 1 for both products. The substitution cost and the changeover
cost in this testbed only fall into two extremes: 8 & 10 and 2 & 300 for each of the
three sub-types. Usually when the substitution cost is at the lowest value and the
changeover cost is at the highest value, the rate of substitution will be high while the
number of changeovers will be low. The resuit is reversed when the substitution cost
is at the lowest value and the changeover cost is at the highest value. Therefore, the
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purpose of this analysis is to see if the conclusions in the original paper are still valid
for this testbed.

The set of combinations is listed in table 4.1. The actual demand is generated in the
same way as in testbed 1.

Combination D1 D2 Substitution
cost

Changeover
cost

Testbed 2a) D1 > D2
1 1000 10 8 10

2 1000 10 2 300

3 2000 20 8 10

4 2000 20 2 300

5 4000 40 8 10

6 4000 40 2 300

Testbed 2b) D: = D2

1 1000 1000 8 10

2 1000 1000 2 300

3 2000 2000 8 10

4 2000 2000 2 300

5 4000 4000 8 10

6 4000 4000 2 300

Testbed 2c) D1 < D2
1 10 1000 8 10

2 10 1000 2 300

3 20 2000 8 10

4 20 2000 2 300

5 40 4000 8 10

6 40 4000 2 300

Table 4.1: Set of combinations for testbed 2
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4.2) Results with test bed 1

AU instances of this testbed are solved to optimality and the solution time is typicaUy less
than 10 seconds.

4.2.1) Results for analysis 1

In this part, fïrst the results of the four models wiU he reviewed to see if they are consistent
with the analysis 1 of the original paper. Next the results of the four models are compared
to have more insights on the différences hetween smaU bucket models and big bucket
model, between one-way downward substitution and two way substitution.

Notice that for model 1 and model 2, with one-way downward substitution, the relative
ratio is exactly the same as in the original paper: relative ratio =

changovercost

substitution cost x Demand 2'

However, for models 3 and 4, with two-way substitution, since both product 1 and product
2 could substitute each other, two relative ratios wiU be used:

relative ratio 1 = changover cost— relative ratio 2 =
substitution cost x Demand 2

changovercost

substitution cost xDemand 1

Besides, in order to see how variance in demand impacts the rate of substitution, for model
3 & 4 there wiU be three différent substitution graphs corresponding to three cases: 1)
demand 1 > demand 2, 2) demand 1< demand 2, and 3) demand 1 = demand 2. The relative
ratio 1 and 2 wiU be used for case 1 and case 2 respectively. For case 3, it is possible to use
either of the two ratios since the two ratios are équivalent in this case. Also, the rate that
product 1 substituted by product 2 and the rate that product 2 substituted by product 1 are
also shown separately for each case.

Observation for each model:

+ Model 1: resuit is consistent with the analysis 1 of the original paper: the higher the
relative ratio, the higher the rate of substitution and the lower the number of changeover
(figures 3.1 & 3.2).

+ Model 2:

- The setup behaviour is similar to the analysis 1: the higher the relative ratio is, the lower
the number of setups (figure 3.4)
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- However, the substitution behaviour is somewhat différent: the substitution rate is almost
0% when the relative ratio is less than 1, it reaches its peak when the relative ratio is in
the range around 3- 5, and decreases to around 10 - 20% when the relative ratio exceeds 5
(figure 3.3)

It will be easier to be explained in the foUowing example:

Instance 1: Dl= 19, D2=10, Substitution cost = 2, setup cost = 75. Relative ratio
is 3.75 and substitution rate is 40%. The number of setup for product 1 is 8 and
the number of setup for product 2 is 4.
Instance 2: Dl= D2=8, Substitution cost = 2, setup cost = 300. Relative ratio is
18.75 and substitution rate is 10%. The number of setup for each product is 2.

In these models, it is required that if product i substitutes for product k a quantity q in
period t, this quantity ^must also be produced in period t and not in t-1. For the instance
number 2, the number of setups for product 1 is 2 period, therefore product 1 could only
substitute for product 2 maximum 2 periods. For the instance number 1, product 1 coiild
substitute for product 2 in 8 periods. The rate of substitution, therefore, is higher for the
instance 1 than the instance 2.

+ Model 3:

- The number of changeovers is consistent with the conclusion 1 of the original paper:
the higher the relative ratio is, the lower the number of changeover (figures 3.7, 3.10
&3.13)

- Similarly, the rate of substitution is also consistent with the conclusion 1 of the
original paper: the higher the relative ratio is, the higher the rate of substitution.
Besides, there is the tendency that the product with a higher demand wiU substitute
for the product with a lower demand:
• When demand 1 > demand 2 (figures 3.5 & 3.6): the rate that product 1 is

substituted by product 2 is 0% while the rate that product 2 is substituted by
product 1 could reach 100%. Also, the higher the relative ratio 1 is, the higher the
rate that product 2 is substituted by product 1.

• When demand 1 < demand 2 (figures 3.8 & 3.9): the rate that product 1 is
substituted by product 2 could reach 100% while the rate that product 2 is
substituted by product 1 is 0%. Also, the higher the relative ratio 2 is, the higher
the rate that product 1 is substituted by product 2.

• When demand 1 = demand 2 (figures 3.11 & 3.12): the rate that product 1 is
substituted by product 2 and the rate that product 2 is substituted by product 1 are
almost equal.

37



HEC Montréal

+ Model 4:

- The number of setups is consistent with the conclusion 1 of the original paper: the
higher the relative ratio is, the lower the numher of setup (figures 3.16, 3.19 & 3.22)

- However, substitution behaviour is somewhat différent: the substitution rate is almost

0% when the relative ratio is less than 1, it reaches its peak when the relative ratio is
in the range around 3- 5, and decreases to around 10 - 20% when the relative ratio
exceeds 5. This is similar to model 2. Also, for the three cases when demand 1 >
demand 2 (figures 3.14 & 3.15), when demand 1 < demand 2 (figures 3.8 & 3.9), and
when demand 1 = demand 2 (figures 3.11 & 3.12): variance in demand seems to have
Httle effect on the substitution rate. For example, when demand 1 > demand 2, there
are instances of which product 2 is substituted by product 1 and at the same time
product 1 is also substituted by product 2.

Comparison of the four models:

+ The substitution behaviour is not the same for small bucket models and big bucket
models. The rate of substitution in small bucket models (model 1& 3, figures 3.1, 3.5, 3.6,
3.8, 3.9, 3.11 & 3.12) could reach 100% while in big bucket models (model 2 & 4, figures
3.3, 3.14, 3.15, 3.17, 3.18, 3.20 & 3.21) this figure reaches maximum only 40%. There are
two reasons for this resuit. First, in these big bucket models there is a setup cost for each
period of production, while for small bucket models, there is only a changeover cost when
production is switched from one product to another. Second, there is the limitation that
if product y substitutes for product ka quantity q in period t, this quantity q must also be
produced in period t. Therefore if there is a limit on the number of setups, this would
also lead to a Hmited substitution.

+ For small-bucket & two-way substitution model, there is a tendency that the product
with a higher demand substitutes for the product with a lower demand. There is no setup
cost associated with production for small bucket model, but only substitution cost and
changeover cost. Therefore this tendency is understandable, since producing the product
with a higher demand and substituting for the product with a lower demand wiU lower
the cost for substitution compared to producing the product with a lower demand and
substituting the product with a higher demand.

However, there is not this tendency for big-bucket & two-way substitution model, since
there is a setup cost associated with production for big bucket model. The higher the
setup cost, the more the optimal solution wiU restrict the number of setup. The rates of
substitution of the two products now dépend largely on the number of setups.

For example:
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Instance 1: Demand 1= 20 > demand 2 = 10. Substitution cost -2, setup cost = 75.

Instance 2: Demand 1= 20 > demand 2 = 10. Substitution cost =2, setup cost = 150.

The number of period is 20.

For the instance 1, the number of setups for product 1 is 8, and the number of setup for
product 2 is 4. Product 1 substitutes 25% the demand of product 2.

For the instance 2, compare the two solutions:

1) The setup cost is much higher, so the number of setup for each product is now 4.
Product 2 substitutes 20% the demand for product 1. Product 2 is setup in periods 1, 6,
11 & 16 and substitute the demand for product 1 in these periods. For product 1, the
setups are in periods 2, 7,12 and 17. Total cost is then 2240.

2) If still let product 1 substitute for product 2: setup for product 1 in periods 1, 5, 9, 13
& 17. Product 2 wiU be substituted by product 1 in these periods. About product 2, setup
will be in periods 2, 8 and 14. Total cost for this solution is 2260, which is higher than
the first solution (2240).

Therefore when the number of setup is equal between the two products, the product with
a lower demand wiU tend to substitute for the product with a higher demand in big
bucket model.
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4. 2.2) Results for analysis 2

The purpose of this part is to see whether a réduction in the substitution cost or a
réduction in the changeover cost will be more bénéficiai. The base case is when both
the substitution cost and the changeover cost are at their highest value, 8 and 300. Then,
first we calculate the total cost réduction due to a réduction in the substitution cost:

fixing the changeover cost at 300 and decreasing the substitution cost to 2. Next the
total cost réduction due to a réduction in the changeover cost is also calculated in similar
manner: fixing the substitution cost at 8 and decreasing the changeover cost from 300
to 75. The total cost réduction is calculated over three base demand values of product 2
(10, 20 and 40) while the base demand for product 1 is kept at 20.

The results of the four models wiU be compared with the conclusion of the analysis 2.
The différences among the four models will also be compared after.

Comparison with analysis 2:

Analysis 2 mentions that "When demand for product 2 increases from 10 to 25, the
impact of substitution cost réduction decreases from 35.8% to 16.2%".

Model 1 (figure 3.2.3) shows a similar tendency, the benefit of substitution cost
réduction decreases from around 73% to around 43% when the base demand for product
2 increases from 10 to 40.

Model 2 (figure 3.2.4) does not show the same resuit, the total cost réduction due to a
réduction in the substitution cost increases slightly when the base demand for product
2 increases from 10 to 40.

Model 3 (figure 3.2.5) does not show the same resuit. The benefit of substitution cost
réduction decreases firom around 73% to around 65% when base demand 2 increases
from 10 to 20, but it increases to 70% when demand 2 increases from 20 to 40.

Model 4 (figure 3.2.6) does not show the same resuit, total cost réduction due to a
réduction in the substitution cost decreases shghtly when demand 2 increase from 10 to
20, hut it increases slightly when demand 2 increases from 20 to 40.
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Comparing the results of the four models:

+ Small bucket models versus big bucket models

As it is already shown in part 2.1, results for analysis 1, substitution might be more
important in smaU bucket models than in big bucket models (substitution rate reaches
100% in small bucket models while this figure is only maximum 40% in big bucket
models). This observation would be again strengthened in this part. In big bucket
models, figure 3.24 and figure 3.26 (model 2 & model 4) demonstrate that reducing the
substitution cost does contribute to total cost réduction, yet this réduction is
significantly overweighed by a réduction in setup cost. Conversely, in smaU bucket
models, substitution cost réduction is more important: while a réduction in changeover
cost helps to reduce the total cost from 35-40% in both model 1 & 3 (figures 3.23 &
3.25), a réduction in the substitution cost helps to reduce 45-70% the total cost for model
1 (figure 3.23) and 60%-75% the total cost for model 3 (figure 3.25).

Table 4.3 wiU help to explain more why reducing substitution cost is more important
for small-bucket models and why reducing setup cost is more important for big-bucket
models. The cost for substitution in model 1 and model 3 are 38.79% and 39.51% of the
total cost respectively, and the cost for changeover are only 24.28% and 24.26%
respectively. For model 2 and model 4, the cost for substitution is significantly lower
than the cost for setup: 2.83 % versus 58.42% for model 2 and 3.16% versus 58.51 % for
model 4. Since the cost of substitution constitutes a higher portion in the total cost t-ban
the cost for changeover, reducing the substitution cost will be more bénéficiai for small-
bucket models. Similarly, since the cost for setup constitutes a higher portion in the
total cost than the cost for substitution, reducing the setup cost will be more bénéficiai
for big-bucket models.

Cost for Cost for Cost for

substitution changeover/setup inventory Total cost
Model (%) (%) (%) (value)

1 38.79% 24.28% 36.93% 860446
2 2.83% 58.42% 38.75% 1517370

3 39.51% 24.26% 36.23% 776885

4 3.16% 58.51% 38.33% 1513511

Table 4.2: Percentage of each cost in the total cost
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+ One-way substitution models versus two-way substitution models

Comparing model 1 with model 3 (figure 3.2.3 and 3.2.5): the total cost réduction due
to a réduction in the substitution cost are the same between model 1 and model 3 when

demand 2 are 10 and 20. However, when demand 2 increases to 40, the total cost
réduction due to a réduction in the substitution cost in model 1 is aroimd 40%, while

this figure is 70% in model 3. Recalling in the previous analysis (section 4.2.1 of this
chapter), for small - bucket, two-way substitution model, there is a tendency that the
product with a higher demand wiU substitute for the product with a lower demand.
Therefore when demand 2 exceeds demand 1, two-way substitution model shows to be
more bénéficiai than one-way substitution model since product 2 could substitute for
product 1. In model 1, only product 1 could substitute for product 2, so when demand
2 begins to exceed demand 1, substitution will almost not happen, which means the
substitution cost réduction will become less important.

Comparing model 2 with model 4 (figure 3.2.4 and 3.2.6): Total cost réduction due to a
réduction in the substitution cost in model 4 is slightly higher than in model 2 when
demand 2 is 10 and 40. The value of two-way substitution in big bucket model is also
demonstrated, though it is far lower than in smaU bucket model.
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4.2.3) Results for analysis 3

The results with the test experiments over four models wiU be compared with the two
conclusions in analysis 3 of the original paper: 1) When holding cost for product 2 increases,
both changeover and substitution increase and 2) When holding cost for product 2 increases,
percentage increase in changeover is signifîcantly higher than increase in substitution when
changeover cost is low or substitution cost is high. The resuit is reversed when changeover
cost is high and substitution cost is low.

Comparison with the first conclusion:

In order to see how the holding cost of product 2 impacts the substitution rate and the
number of changeovers, the holding cost for product 1 is fixed at 1, the holding cost of
product 2 is varied from 0.2 to 0.8, and aU the other parameters stay the same. Overall the
four models have the same restdt: when the holding cost of product 2 increases from 0.2 to
0.8, both substitution and changeover increase. The détails are shown in the foUowing table:

Model

Holding
cost

% substitution:

PI substitute P2

% substitution:

P2 substitute PI

No. of

changeover
or setup

% change in the
number of

changeover or
setup

1 0.2 21.32% 0.00% 2680

1 0.8 35.57% 0.00% 3807 42.05%

2 0.2 0.27% 0.00% 9034

2 0.8 4.72% 0.00% 11556 27.92%

3 0.2 10.05% 14.04% 2288

3 0.8 18.81% 15.24% 3533 54.41%

4 0.2 0.13% 0.34% 8933

4 0.8 1.24% 0.52% 11500 28.74%

Table 4.3: % change in substitution and changeover
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Comparison with the second conclusion:

Next we fiirther investigate how changeover/setup and substitution increase by separating
two pairs of parameter: substitution cost and changeover cost/setup cost at 8 & 10 and 2 &
300. The holding cost for product 1 is still at 1 and the holding cost for product 2 varies from
0.2 to 0.8. Also, for each of these pairs of parameter, the increase is calculated separately
over three base demand 2 values 10, 20 and 40. We provide the percentage increase in the
substitution rate and the number of changeover/setup when the holding cost for product 2
varies from 0.2 to 0.8.

Models 1, 3 and 4 shows that the resvdts are consistent with analysis 3 in the original paper:
when holding cost of product 2 increase from 0.2 to 0.8, if the substitution cost is low and
the changeover cost is high, % increase in substitution will be higher than % increase in
changeover and vice versa.

For figures 3.27, 3.31 & 3.33, the substitution cost is at the highest value while
the changeover cost/setup cost is at the lowest value, the percentage increase
in changeover/setup is significantly higher than the percentage increase in
substitution.

For figures 3.28, 3.32 & 3.34, the substitution cost is at the lowest value while
the changeover cost/setup cost is at the highest value, the percentage increase
in substitution is significantly higher than the percentage increase in
changeover/setup.

However, for the model 2, the resuit is a little différent. When the substitution cost is at
the highest value while the setup cost is at the lowest value (figure 3.29), the percentage
increase in setup is significantly higher than the percentage increase in substitution. And
when the substitution cost is at the lowest value while the setup cost is at the highest value,
the percentage increase in substitution is also lower than the percentage increase in setup.
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4.2.4) Comparing the total costs of the four models

In this part the benefits of two-way substitution is demonstrated tbrougb tbe comparison in
total cost between two pairs: model 1 minus model 3 and model 2 minus model 4. As sbown in
table 3, certain instances of model 3 bave lower cost tban tbose of model 1. Tbe resuit is similar
between model 2 and model 4 (table 4).

No. D1 D2 Scost Ccost

Total
cost
Model 1

Total
cost
Model 3

Cost
for
model
1
minus
Cost

for
model
3

1 20 10 2 10 12297 12297 0

2 20 10 8 10 16011 16011 0

3 20 10 2 75 12360 12360 0

4 20 10 8 75 31312 31307 S

5 20 10 2 150 12360 12360 0

6 20 10 8 150 40838 40838 0

7 20 10 2 300 12360 12360 0

8 20 10 8 300 48145 48145 0

9 20 20 2 10 18157 18157 0

10 20 20 8 10 22005 22005 0

11 20 20 2 75 24560 24560 0

12 20 20 8 75 41323 41323 0

13 20 20 2 150 24560 24560 0

14 20 20 8 150 53647 53647 0

15 20 20 2 300 24560 24560 0

16 20 20 8 300 70859 70859 0

17 20 40 2 10 24848 23588 1260

18 20 40 8 10 32342 27796 4546

19 20 40 2 75 43198 24560 18638

20 20 40 8 75 51750 48013 3737

21 20 40 2 150 48366 24560 23806

22 20 40 8 150 65255 62214 3041

23 20 40 2 300 49198 24560 24638

24 20 40 8 300 84593 81310 3283

No. D1 D2 Scost
Setup
cost

Total
cost

Model
2

Total

cost

Model
4

Cost for
model 2

minus

Cost for
model 4

1 20 10 2 10 11184 11184 0

2 20 10 8 10 11200 11200 0

3 20 10 2 75 44712 44625 87

4 20 10 8 75 45947 45947 0

5 20 10 2 150 66250 65668 582

6 20 10 8 150 68534 68534 0

7 20 10 2 300 97281 96215 1066

8 20 10 8 300 100818 100804 14

9 20 20 2 10 11404 11404 0

10 20 20 8 10 11420 11420 0

11 20 20 2 75 51907 51907 0

12 20 20 8 75 52260 52260 0

13 20 20 2 150 75957 75957 0

14 20 20 8 150 78574 78574 0

15 20 20 2 300 111072 111072 0

16 20 20 8 300 116002 116002 0

17 20 40 2 10 11454 11454 0

18 20 40 8 10 11470 11470 0

19 20 40 2 75 59259 58649 610

20 20 40 8 75 59405 59405 0

21 20 40 2 150 89865 88700 1165

22 20 40 8 150 91298 91298 0

23 20 40 2 300 130914 130594 320

24 20 40 8 300 136303 136288 15

Table 4.4- différence in total cost between

model 1 and model 3

Table 4.5- différence in total cost

between model 2 and model 4

55



HEC Montréal

Comparison between model 1 & 3 (table 3): there is no différence between model 1 and model
3 when demand 2 is less than or equal to demand 1 (from cases 1- 16). However, when demand
2 is higher than demand 19 (from cases 17 - 24), the total cost in model 3 is much lower than
the total cost in model 1, especiaUy when the substitution cost is low and the changeover cost is
high (cases 19,21 and 23). This point could be interpreted as foUows. When demand 1 is higher
than demand 2, product 1 tends to substitute for product 2. Therefore although model 3 bas the
characteristics that product 2 could also substitute for product 1, this characteristics is not
exploited. But when demand 2 is higher than demand 1, product 2 could substitute for product
1, and this is the case when model 3 shows to be more bénéficiai than model 1, the one-way
substitution.

Comparison between model 2 and 4 (table 4); the total cost in model 4 is lower than the total
cost in model 2 when the substitution cost is low and the setup cost is higher than 10 (cases 3, 5,
7, 19, 21, 23). This imphes that substitution is mainly exploited when substitution cost is low in
big bucket model.

It is noted that model 4 has a lower cost than model 2 in cases 3, 5 & 7 even when demand 1 is
higher than demand 2. This is not the same for small-bucket, two-way substitution model and
the reason is as foUows. Model 4 is big-bucket, two-way substitution model, so the product with
the higher demand will not tend to substitute for the product with a lower demand as in model
3. However, since both products 1 & 2 could substitute each other in model 4, the optimal
solution wiU exploit this characteristics to let product 2 substitute for product 1 in certain periods
(even when demand 1 is higher than demand 2), especiaUy for instances with high setup cost.
However, when demand 1 and demand 2 are equal, there is no benefit in aUowing two-way
substitution.

Parts 2.1,2.2,2.3 & 2.4 in this section aU Ulustrate that for smaU bucket and one-way substitution
model, the différence among the demand levels should be an important criterion to look at, not
the substitution cost or the changeover cost (this is already explained in section 1.2.2, figure 1.7
and it wiU be explained again in section 4.3). This finding is not exactly similar to the
conclusions in the original paper, which always look at the substitution cost and the changeover
cost at the first place. Therefore in the next section, analysis 1 and analysis 2 are again tested
with différent testbeds which have significant gap between demand 1 and demand 2.
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4.3) Resuit with test bed 2

As mentioned in the previous sections, the pvirpose of this testbed is to verify if the
conclusions 1 and 2 in the original paper still hold when there is big gap between demand
1 and demand 2. Three resvdts with three test beds wiU be shown from figures 3.35 - 3.64.

+ Results with the testbeds

Resuit with testbed 2a. D1>D2

For model 1, figure 3.35 & 3.36: the resuit is completely différent from the analysis 1: the
rate of substitution is always 100% and the number of changeovers is always 0
irrespective of the value of the relative ratio.

For model 2, figure 3.37 & 3.38: the resuit is stiU consistent with the analysis 1. The higher
the relative ratio is, the lower number of setup and the higher rate of substitution.

Model 3 (figures 3.39, 3.40, & 3.41): bas similar results as model 1

Model 4 (figures 3.42, 3.43 & 3.44) has similar results as model 2.

Resuit with testbed 2b. D1 < D2 and 2c. D1 = D2

According to the original paper, these two set of instances will have the same relative
ratio, and therefore in many cases they will have similar rate of substitution and similar
number of changeovers or setups. However, the results shown below are very différent:

Model 1: figures 3.45 & 3.46 show a similar rate of substitution between the two set of
instances, but figures 3.47 & 3.48 show very différent niunber of changeovers. For the set
D1 < D2, the number of changeovers is most of time only at 1, but for D1 = D2, the
number of changeover is in the range from 10 -20.

Model 2: figures 3.49 - 3.52 show that the resuit still foUows the conclusion according to
analysis 1 of the original paper.

Model 3 (figures 3.53 - 3.58) have similar results as model 1, and model 4 (figures 3.59 -
3.64) have similar resvdts with model 2.

+ Conclusion:

The results with these testbeds show that for small-bucket models, variance in demand
is very important. When demand 1 is much higher than demand 2, substitution rate is
StiU almost at 100% even for instances with the substitution cost at the highest value (at
8) and the changeover cost at the lowest value (at 10). When demand 1 is much lower
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than demand 2, changeover rarely happens even for instances with the substitution cost
at the highest value (at 8) and the changeover cost at the lowest value (at 10). And when
demand 1 is equal to demand 2, changeover happens frequently even for instances with
the substitution cost at the lowest value (at 2) and the changeover cost at the highest
value (at 300).

Noted that these three testbeds still foUow the rule that holding cost < substitution cost
< changeover cost.

The resuit is quite différent for big bucket models: the results for models 2 and 4 in testbed
1 and testbed 2 are still quite consistent.

The main différence between small bucket model and big bucket model is that there is
only one product produced in one period in small bucket model, while it is possible that
two or more products are produced in one period in a big bucket model. This means that
there is always inventory in small bucket model, or there is always the holding cost. But
for big bucket model, there might or might not be inventory, or there might or might not
the holding cost.

The relative ratio {changeover cost/substitution costxmean demand 2) proposed impHes
that, the décision to switch production between product 1 and product 2 or substitute
product 2 with product 1 dépends on whether this relative ratio is small or high: if it is
small, it means that switching production between the two products is cheaper than
substituting product 2 with product 1; vice versa, substitution is a better option. For big
bucket models, this ratio might be still vaHd since there might be no holding cost.
However for small bucket, one-way downward model, there is always the holding cost
besides the changeover cost. Therefore if there is significant gap in demand between the
two products, holding cost will account for a much larger portion in the total cost
compared to changeover cost and substitution cost. For this reason the relative ratio
suggested in the original paper might not yield correct results when there is a big gap in
demand between product 1 and product 2.
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CHAPTER 5: LIMITATIONS

There are some limitations in this thesis. First, due to the limitations of time and
resources, this thesis analyzes fotu: more lot-sizing problems but confines to two products
as the original paper does. There wiU be more interesting results if there are test
experiments with more than two products. Second, ail the models in this thesis are
uncapacitated, which will only be applicable in restricted contexts. Third, ail the demand
are deterministic and time-invariant over periods. Although there are still certain
production planning contexts where ail the demand are known in advance, the resvilts
with stochastic demand would allow them to be applied in larger circumstances. Fourth,
in order to be consistent with the results in the original paper, this thesis continues to
maintain the constraint that if product i substitutes for product k a quantity q in period
t, this quantity q must also be produced in period t. This constraint Hmits the actual
resxilts for big bucket models. Finally, the relative ratio shotdd be adjusted to include the
holding cost for product 1 and holding cost for product 2. Future research could be aimed
at proposing a différent ratio which better explains the observed results.
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CHAPTER 6: CONCLUSION

Overall, the test experiments with the four models using the testbed 1 show that the restdts
are not the same for the four models:

Analysis 1: Results with model 1 and model 3 are consistent with the resuit in the original
paper: the higher the relative ratio is, the lower the number of changeover and the higher
rate of substitution.

However, the results for model 2 and model 4 are a little différent. Although the setup
behaviour is still similar (the higher the relative ratio is, the lower the number of setup), the
substitution behavioiu: is différent: the substitution rate reaches its peak when its value is in
the range of 3 -5.
Analysis 2: The resuit for model 1 is quite consistent with analysis 2 in the original paper: the
benefit of substitution cost réduction decreases when demand 2 increases. However, the
results for the other models are différent. For model 3, although the benefit of substitution
cost réduction decreases when demand 2 increases from 10 to 20, this value increases again
when demand 2 increases from 20 to 40. And for models 2 & 4, there is not much impact
when demand 2 increases from 10 to 40.

Analysis 3: similar to analysis 2, the results for the four models are quite similar to the resuit
in the original paper. When holding cost for product 2 increases, both the number of
changeover and the rate of substitution increase. This increase also dépends on the
substitution cost and changeover cost: if substitution cost is low and changeover cost is high,
the rate of substitution will increase more than the niimber of changeover. The resuit is
reversed when the substitution cost is high and the changeover cost is low. However, model
2 is a bit différent: % setup increase is much higher than % substitution increase when the
setup cost is low and the substitution cost is high, but % setup increase is still higher than %
substitution increase even when the setup cost is high and the substitution cost is low.

The test experiments using testbed 2 show completely différent results for analysis 1 and
analysis 2. Variance in demand has a high impact on the rate of substitution and the number
of changeover for model 1 and model 3, but not for model 2 and model 4.

Some other interesting points are also observed from the test experiments. First, the
substitution rate in smaU bucket models can reach 100%, while this figure is only maximuTn
40% in big bucket models. Second, there is the tendency that the product with a higher
demand tends to substitute for the product with a lower demand in small bucket models.
Third, variance in demand has a high impact on the substitution rate and the number of
changeover for small bucket models. FinaUy, two-way substitution helps to lower the total
cost more than one-way substitution.
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3.24 Total cost réduction (due to substitution cost and setup cost)
3.25 Total cost réduction (due to substitution cost and changeover cost)
3.26 Total cost réduction (due to substitution cost and setup cost)
3.27 Model 1, Substitution cost- Changeover cost at 8-10
3.28 Model 1, Substitution cost- Changeover cost at 2-300
3.29 Model 2, Substitution cost- Changeover cost at 8-10
3.30 Model 2, Substitution cost- Changeover cost at 2-300
3.31 Model 3, Substitution cost- Changeover cost at 8-10
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3.32 Model 3, Substitution cost- Changeover cost at 2-300
3.33 Model 4, Substitution cost- Changeover cost at 8-10
3.34 Model 4, Substitution cost- Changeover cost at 2-300
3.35 Model 1, % substitution (D1>D2)
3.36 Model 1, Total changeover (D1>D2)
3.37 Model 2, % substitution (D1>D2)
3.38 Model 2, Total changeover (D1>D2)
3.39 Model 3, P2 replaced by PI (D1>D2)
3.40 Model 3, PI replaced by P2 (D1>D2)
3.41 Model 3, Changeover (D1>D2)
3.42 Model 4, P2 replaced by PI (D1>D2)
3.43 Model 4, PI replaced by P2 (D1>D2)
3.44 Model 4, Changeover (D1>D2)
3.45 Model 1, % substitution (D1<D2)
3.46 Model 1, % substitution (D1=D2)
3.47 Model 1, Changeover (D1<D2)
3.48 Model 1, Changeover (D1=D2)
3.49 Model 2, % substitution (D1<D2)
3.50 Model 2, % substitution (D1=D2)
3.51 Model 2, Changeover (D1<D2)
3.52 Model 2, Changeover (D1=D2)
3.53 Model 3, P2 replaced by PI (D1<D2)
3.54 Model 3, PI replaced by P2 (D1<D2)
3.55 Model 3, P2 replaced by PI (D1=D2)
3.56 Model 3, PI replaced by P2 (D1=D2)
3.57 Model 3, Changeover (D1<D2)
3.58 Model 3, Changeover (D1=D2)
3.59 Model 4, P2 replaced by PI (D1<D2)
3.60 Model 4, PI replaced by P2 (D1<D2)
3.61 Model 4, P2 replaced by PI (D1=D2)
3.62 Model 4, PI replaced by P2 (D1=D2)
3.63 Model 4, Changeover (D1<D2)
3.64 Model 4, Changeover (D1=D2)
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