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ABSTRACT

The problem of product assortment and inventory planning under customer-driven
demand substitution is analyzed and a model for this problem is developed in this
thesis. In addition, other realistic issues in a retail context such as supplier selection,
shelf space constraints, and poor quality procurement are also taken into account. The
model is analyzed for three different cases: (i) the deterministic demand, single-period
case, (ii) the deterministic demand, multi-period case, and (iii) the stochastic demand,
single period case. The characteristics of optimal assortment for different substitution
costs is examined for each case. Then, the performance of the modified models, which
neglects customers substitution behavior, which excludes supplier selection decision,
and which ignores shelf space limitations, are analyzed separately. The results of
the analysis demonstrate that neglecting customer-driven substitution or excluding
supplier selection or ignoring shelf space limitations leads to inefficient assortments.

Empirical analysis for some of the input parameters of the model is also performed.
During this analysis, we gather data on the substitution behavior of the customers in
regard of product categories and retailer choices.

The main contribution of this thesis is the development of a practical and flexible
model for retailer systems which results in optimal assortments in terms of total profit

of the system.
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OZETCE

Bu tezde miisteri kaynakl iirtin ikamesi varliginda iiriin portfoyiiniin belirlenmesi
ve envanter planlamasi problemi incelenmis ve problem i¢in bir model geligtirilmistir.
Bunun yan sira, tedarikc¢i se¢imi, raf kisitlamalari, kalite ve kapasite acisindan tedarik-
¢i kisitlart gibi perakendeciler icin gecerli olan diger gergekci konular da dikkate
alinmigtir.  Geligtirilen model ¢ farkli durum i¢in analiz edilmigtir: (i) determin-
ist talep, tekil donem durumu, (ii) determinist talep, ¢oklu dénem durumu, ve (iii)
stokastik talep, tekil donem durumu. Her durumda, farkli ikame bedelleri i¢in 6nerilen
en iyi tiriin portfoylerinin ozellikleri incelenmigtir. Ayrica, miigterilerin ikame davra-
niglarini ihmal eden, tedarik¢i segimi kararlarini dikkate almayan, ve raf kisitlarini goz
ardi eden degistirilmig modeller ayr1 ayr1 analiz edilmistir. Bu analizlerin sonuclarina
gore, miisterilerin ikame davranmglarini ihmal etmenin, ya da tedarikci se¢imi karar-
larin1 dikkate almamanin, veya raf kisitlarini goz ardi etmenin daha diisiik karh iirtin
portfoylerine neden oldugu goriilmiistiir.

Bunlarin yani sira, modelin bazi girdi parametreleri i¢in deneysel caligmalar yapil-
mistir. Bu caligmalar sirasinda, miisterilerden tiriin kategorisi ve perakendeci secimi
ile ilgili ikame davranslar: tizerine bilgi toplanmigtir.

Bu tezin en onemli katkisi, perakende sistemleri i¢in en kazanch tiriin portfoyiinii

sunan pratik ve esnek bir model gelistirilmesidir.
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Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

In order to survive in a competitive environment and maximize profits, retailers
should use effective positioning strategies, which differentiate themselves from their
competitors and satisfy the needs and wants of their customers. The differences
and similarities in the positioning strategies lead to strategic groupings in the retail
market. For instance, Gosh and McLafferty (1987) identify a number of different
strategic groups in the department/discount store category, such as prestige stores,
traditional department stores, mass merchandisers, and so on, each with a distinct
price, quality, and product assortment strategy. In retailing terminology, product
assortment is used for the collection and quantity of products in a category and
product line is used for the number of product categories. It is common to classify
retailers by the characteristics of their product line and product assortment: Specialty
stores have narrow product line with deep product assortment, Department stores
have a wide variety of product lines, Supermarkets have wide variety of food, laundry,
and household products, Convenience stores have limited line of high-turnover goods,
Superstores have large assortment of routinely purchased food and nonfood products,
Category killers are giant specialty stores that carry a very deep assortment of a
particular line, and Hyperstores are very large superstores.

Different price, quality, product line, and product assortment offerings of retailers
attract customers with different demographic characteristics. For example, retailers
that focus on quality are expected to attract different type of customers than retailers
that compete primarily on a price basis. As an example of this from the Turkish retail

market, the customers of Migros, that values the breadth and quality of the product
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assortment over price, have different expectations than that of the customers of BIM,
which offers a limited assortment focusing on lower price. Therefore, while positioning
themselves in the market and defining the customer segment that they target, retailers
identify a general policy on the width and depth of their product assortment as well
as their price and quality offerings at an aggregate level.

On the other hand, the product assortment decisions on a category basis are
closely related with the operational activities. Therefore, while constructing a strong
strategic position in the market, at the same time, retailers should be able to man-
age their operational activities in order to decrease operational costs while providing
an adequate customer service-level. The operational costs are related to inventory
management in the store, purchasing and ordering of products, establishing a rela-
tionship with the suppliers, and costs due to poor quality procurement. In addition,
retailers are subject to store related limitations such as shelf space constraints. There-
fore, maximizing the profit in the existence of strategic and operational issues is not
straightforward for retailers.

The problem of optimal product assortment and inventory stocking policies for
a given product category and a set of suppliers under customer-driven demand sub-
stitution in retail operations is examined in this thesis. Customer-driven demand
substitution means that if a product type is unavailable, the customer might pur-
chase a substitute product type or might not purchase anything which leads to a
lost sale. Thus, when certain product types are not carried in the assortment or are
stocked out, substitution causes the demand for the remaining product types to in-
crease, affecting their optimal inventory levels. An important trade-off exists in retail
operations in finding the right product assortment since increasing variety increases
customer satisfaction but has a negative effect on operational costs. Therefore, the
product assortment decision is impacted by several closely-related issues such as cat-
egory management, selection of suppliers, and demand substitution. Since each prod-
uct type corresponds to a brand, product assortment and selection of suppliers cannot

be separated. In addition, as a result of product substitution behavior of customers,
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increasing the assortment reduces the demand per variant. Thus, customer-driven
substitution should not be neglected in operational decision making. Due to shelf
space limitations, inventory management should also be incorporated in the decision
process.

Product assortment, demand substitution, supplier selection, and inventory man-
agement have been extensively studied separately. However, to the best of our knowl-
edge, there is no previous work that considers all these aspects together. We introduce
a mathematical model for the joint problem in order to specify which product types
should be ordered from the suppliers, as well as the optimal ordering quantities, and
the order frequencies for the ordered product types. The optimal policy is determined
by maximizing expected total profit over a planning horizon.

In this problem, a number of issues complicate the optimization. First, customer
demand for products is not known with certainty. Second, substitution affects the
demand for all products in a category and their optimal inventory levels.

The main contribution of this study is providing an efficient tool to determine
the product assortment for retailers, which considers supplier selection and inven-
tory management decisions in the presence of shelf space limitations and substitution
behavior of customers. With computational experiments, we identify the effect of sub-
stitution on the product assortment by varying substitution costs. Different substi-
tution costs represent different expectations of the customers in terms of the product
offerings of the retailer and the product category under consideration. In addition,
we show that incorporating the supplier selection decision into the determination of
product assortment may result in significantly increased profit and considering shelf
space limitations in the decision process leads to more profitable assortments.

The organization of the remaining part of the thesis is as follows: Chapter 2
provides the necessary background and literature on product assortment, demand
substitution, and supplier selection problems.

The mathematical model for the problem is presented in Chapter 3. A simple

illustrative example is presented in order to make the model more understandable.
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In addition, the model proposed by Smith and Agrawal (2000) is examined in detail
and the performance of the model developed in this thesis is compared with that of
Smith and Agrawal (2000).

In Chapter 4, three cases of the problem - the deterministic demand, multi-period
case; the deterministic demand, single-period case; and the single-period, stochastic
demand case - are analyzed and the test results for these cases with the comparison
of the test results are provided.

The determination of input parameters in the model is explained in Chapter 5. In
this context, the results of the survey that is conducted with 200 participants in order
to understand the customer substitution behavior and the effects of retailer choice
and product category in substitution cost are presented.

Chapter 6 concludes the thesis, summarizes the main contributions, and gives an

outline of possible extensions of the thesis.
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Chapter 2

LITERATURE REVIEW

2.1 Overview

In this chapter, a review of the literature on product assortment, inventory man-
agement, and supplier selection problems is given. Although each of these problems
is extensively studied in the literature, to the best of our knowledge there does not
exist any research on the joint problem of product assortment, demand substitution,

supplier selection, and inventory management

2.2 Literature on Product Assortment and Inventory Management

Multi-product inventory management problem under a single resource constraint
has been studied extensively in the literature (Hadley and Whitin (1963), Nahmias
and Smith (1984), Downs et al. (2002), and others. ) However, these models do not
consider demand substitution or supplier selection.

Product assortment planning under demand substitution is defined as the selection
of products in a category and determining inventory levels for the selected products
when customers can meet their demand with another product in the same category if
their first choice is unavailable. Product assortment and inventory management prob-
lem with stockout-based substitution was first introduced by McGillivary and Silver
(1978). Later, Parlar and Goyal (1984), Pasternack and Drezner (1991), Moinzadeh
and Ingene (1993), and Drezner et al. (1995) studied inventory management of two
products in the existence of demand substitution. The solution approaches in these
articles are complex and unsuitable for application to a larger number of products.

In addition, researchers such as Netessine and Rudi (2003), Parlar (1985), Avsar and
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Baykal-Gursoy (2002), and Rajaram and Tang (2001) studied this problem for cen-
tralized and decentralized regimes. However, the models provided by these studies
have no resource constraint and focus on the stocking decisions for a given assortment,
but not the selection of the assortment.

Pentico (1974), (1976), (1988), and Chand et al. (1994) studied inventory manage-
ment problem of a multi-product system under deterministic, one-way substitution.
They developed dynamic programming algorithms for finding the optimal product
assortment. However, they considered only one-way substitution and neglected other
cost items related to supplier selection or invisible costs related to substitution.

Matthews (1978) developed a linear programming formulation for the problem of
inventory management under deterministic demand rates and deterministic substitu-
tion. Klein et al. (1993) studied resource allocation with deterministic demands where
substitutions are represented by graphs. These articles consider only deterministic
demand and do not consider supplier selection and substitution costs.

In addition, there exist several studies on modeling customers’ choices under
demand substitution (McFadden (1973), Guadagni and Little (1983), Bultez et al.
(1989), Shugan (1989), Jain et al. (1994), and others). However, this group of studies
does not consider inventory management and the proposed choice models can be used
as an input for inventory management and product assortment problems.

One can consider two forms of demand substitution: In assortment-based substitu-
tion, a consumer might substitute when her favorite product is not in the assortment
carried by the store, whereas in stockout-based substitution, a consumer might sub-
stitute when her favorite product is stocked-out at the moment of purchasing. Van
Ryzin and Mahajan (1999) developed a model to determine the optimal assortment
under stochastic demand, single-period setting with a utility-based approach, namely
the multinomial logit (MNL) choice decision model. In utility-based model of substitu-
tion, a consumer chooses the alternative which maximizes her utility from a choice set.
The choice set includes the products in the store and the no-purchase option. Their

model allows assortment-based substitution, but does not consider stockout-based
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substitution. Later, Mahajan and van Ryzin (2001) proposed a stochastic sample
path optimization method for the same model under both assortment-based and mul-
tiple rounds of stockout-based substitution. However, resource constraints are not
considered in these articles. Kok and Fisher (2004) argued that the MNL model in its
simplest form, which is used in both papers of Mahajan and van Ryzin, is unable to
capture an important characteristic of the substitution behavior. They prove that it
is not possible with this model to have two categories with the same penetration rate
(purchase incidence) but different substitution rates. As an alternative for the MNL
model, the probabilistic model of substitution is often used in inventory models (see
Netessine and Rudi (2003)). Smith and Agrawal (2000) used the probabilistic model
and studied the assortment planning problem with multi-period base-stock inventory
models. They considered both assortment-based and stockout-based substitution, but
allowed for one substitution attempt only. In their model, substitution is based on
deterministic substitution probability matrices and they presented an approximation
to the objective function of the resulting integer program. Our study differs from
the previous two studies in the fact that we work on multi-way demand substitu-
tion including both assortment-based and stockout-based substitution. In addition
as stated by Kok and Fisher (2004), the solution methodologies proposed by the last
two papers have limited applicability for large problems.

Hsu and Bassok (1999) presented a single-period, multiproduct, downward sub-
stitution model. They determined the optimal production units to satisfy demand.
In order to model random yield and random demand they use the technique of gen-
erating random scenarios. Rao et al. (2004) studied the same problem as Hsu and
Bassok (1999) but they integrated setup costs in the system. These papers are rel-
evant for production systems rather than retailing systems since substitution is not
customer-driven. Kok and Fisher (2004) studied joint assortment selection and inven-
tory planning problem under substitution. Their model of substitution is a probabilis-
tic model with one substitution attempt only. They developed an estimation method-

ology for substitution rate and an iterative optimization heuristic for the assortment
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optimization problem which is a nonlinear, nonseperable, knapsack problem. They
also considered realistic constraints such as discrete maximum inventory levels, batch
sizes, delivery lead times, and perishability of products. In this paper, although we
do not try to estimate substitution parameters, we also consider realistic constraints
such as self space limitations and ordering quantity quotas for suppliers. As Kok and
Fisher(2004) did, we also use probabilistic model for substitutions. In addition, our
model does not neglect the supplier selection decision which is an important concern

when maximizing total profit.

2.3 Literature on Supplier Selection

Supplier selection is a multi-criteria problem which includes both qualitative and
quantitative factors. It is composed of four phases (Boer et al. (2001)): (7). Defining
the goals of supplier selection (For example, profit maximization, increasing market
share.), (ii). Defining the criteria (Historical data or forecasting might be used.
Weights of each criterion should also be determined.), (ii7). Supplier Qualification (A
set of suppliers is sorted and/or ranked. Several objectives with several constraints
exist. Qualification methods should be used.), (iv). Making the decision

The initial work for the supplier selection problem by Dickson (1966) underlines
that cost, quality and delivery performance are the three most important criteria that
need to be considered for vendor evaluation. The problem becomes different for the
Single Sourcing case where the decision maker selects only the best supplier, and for
the Multiple Sourcing case where the decision maker needs to make two decisions:
which suppliers are the best and how much should be ordered from each selected
supplier. Although the latter case is also important, not many articles focus on it.

The solution methods for the problem can be divided into two groups according to
their objective: single objective and multiple objectives. Single objective techniques
such as linear weighting, mixed integer programming usually consider cost as the
unique criterion in the objective function. Other criteria are included as constraints.

(See Gaballa (1974) and Pan (1989).) The problem with these techniques is that
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the criteria embedded in constraints are weighted equally. Also, qualitative factors
are ignored. Multiple objectives techniques such as goal programming and multi-
objective linear programming assign different weights to each criteria. (See Buffa
and Jackson (1983), Sharma et al. (1989), and Weber and Current (1993)) Although
these methods can assign different weights to different criteria, they are also weak in
considering qualitative factors.

A distinction can also be made between single product and multiple product mod-
els. Single product models select suppliers for one product, that is the reason for that
they do not consider the interdependencies between different products that the same
supplier can offer.

The most important methods for supplier selection problem can be summarized
as follows. Rating/Linear Weighting Methods use simple scoring methods which are
very subjective and sensitive to different rating scales. (See Ghobadian et al. (1993))
Most of them are compensatory. In a compensatory model a low rating on a criterion
can be compensated by a high rating on another criterion. In a non-compensatory
model different minimum levels for each criterion are required.

Categorical Methods are qualitative and based on historical data. Suppliers are
evaluated as Positive, Negative, and Neutral for each criteria and a total rate is
calculated for each. Although these methods are very simple to implement, they are
also subjective and depend on human judgment. Also, all the attributes are weighted
equally.

Total Cost Methods outperform the rating models by objectifying the supplier se-
lection process. They qualify all costs associated with the purchasing process through-
out the entire value chain of the firm. Thus, they need extensive financial information.
(See Timmerman (1986)) They are used for single-product models since it is hard to
gather such information.

Analytical Hierarchy Process (AHP) method can be classified under linear weight-
ing models. But it is somewhat different. It uses pairwise comparisons for obtaining

scores of the suppliers and the weights of the attributes. It is used by Narasimhan
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(1983). There is no imprecision according to decision maker’s subjectivity. Analytical
Network Process (ANP) is a more sophisticated version of AHP.

In Data Envelopment Analysis, suppliers are evaluated on benefit criteria (output)
and cost criteria (input). The ratio of weighted sum of outputs to weighted sum of
inputs gives the efficiency criteria for a supplier. (see Weber et al. (1998))

Cluster Analysis uses a classification algorithm to group a number of items that
are described by a set of numerical attribute scores into a number of clusters such
that for any two clusters there is low coupling and high cohesion. Therefore, Cluster
Analysis can also be applied to a group of suppliers that are described by scores on
some criteria. (see Holt (1998))

Case-based Reasoning Systems fall in the category of the so-called artificial intel-
ligence approach. A case-based reasoning system is a software-driven database which
provides decision-maker with useful information and experiences from similar, previ-
ous decision situations. This approach is very new and only a few systems have been
developed for purchasing decision-making. (see Ng and Skitmore (1995))

Fuzzy Sets Theory is also a version of linear weighting model. Since supplier selec-
tion decision is hard due to high degree of fuzziness and uncertainties involved in the
data set, some of the researchers focus on fuzzy set theory. Fuzzy set theory provides a
framework for handling the uncertainties of this type. It offers a mathematical precise
way of modeling vague preferences (e.g. weights of performance scores on criteria).
Fuzzy Sets Theory can be combined with other methods. Morlacchi (1997) combines
FST with AHP.

Statistical Models consider stochastic uncertainty related to the supplier selection.
Very few models handle this uncertainty. Soukoup (1987) introduces uncertainty with
respect to the requirements patterns in a single item rating model without inventory
management.

Mathematical Programming Models are more objective than rating models since
they force the decision-maker to explicitly state the objective function. However, they

are based on more quantitative criteria and have problems in including qualitative
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criteria that are very important in decision making (such as for partnership policies).
This problem can be overcome by including AHP or ANP for treating qualitative fac-
tors. The literature survey reveals that in MP models, linear programming, (mixed)
integer programming, and goal programming or multi-objective programming are the
commonly used techniques (See Moore and Fearon (1972), Oliveria and Lourenco
(2002), and Sharma et al. (1989)). Many of these models consider predetermined lev-
els on quality, service and delivery constraints. Weber and Current (1993) overcome
this by using more complex weighting and constraint methods and presenting trade
off curves among multiple objectives as decision support. Weber and Desai (1996)
combine multi-objective programming with Data Envelopment Analysis to offer buy-
ers a negotiation with suppliers and to evaluate the number of suppliers to select.
However, it only allows for negotiation with inefficient vendors but it is possible that
some inefficient suppliers might perform better than some efficient suppliers. This
is because an efficient unit may be excelling on only few dimensions and performing
poorly on many other dimensions. That is the reason that Talluri (2002) proposed
a buyer-seller game model for selection and negotiation of purchasing bids. Goal
programming is used to minimize costs and maximize quality and delivery reliability.
The drawback of goal programming and multi-objective programming is that it re-
quires arbitrary aspiration levels and it fails in accommodation of subjective criteria.
Ghoudsypour and O’Brien (1998) combine AHP and MP in order to consider tangible
as well as intangible criteria and to optimize order allocation among suppliers.

In order to include performance variability measures in evaluating alternative sup-
pliers, Talluri and Narasimhan (2002) proposed a Max-min Approach, which relies on
maximizing the minimum performance of a supplier against the best target measures
set by the buyer. It is formed of two models: the first model is structured in a way
to identify the areas in which a supplier excells, the second model identifies the areas
in which a supplier performs poorly. The main advantage of this approach is that it
provides the buyer with effective alternative choices within a vendor group. Thus, fi-

nal decision is based on also intangible factors. Price is considered as output and cost
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and delivery performance are considered as input for the model, where the objective
function is defined as the ratio of weighted outputs to weighted inputs. This way, the
objective function represents the productivity of suppliers and is maximized subject
to a set of constraints.

Kasilingam and Lee (1996) proposed a mixed-integer programming model which
includes the stochastic nature of demand, quality of supplied parts, the cost of pur-
chasing and transportation, the fixed cost of establishing vendors, the cost of receiving
poor quality parts, and the lead time requirements for the parts.

Kumar et al. (2004) proposed a fuzzy mixed integer goal programming approach
which has three main goals: minimizing net cost, minimizing net rejections and min-
imizing net late deliveries subject to realistic constraints regarding buyer’s demand,
supplier’s capacity, supplier’s quota flexibility, purchase value of items, budget allo-
cation to each supplier, etc. However, it has some non-realistic assumptions, such as,
only one item is purchased from one supplier, quantity discounts are ignored, and no
shortage in supplier side and demand is deterministic.

Most of the existing literature on supplier selection do not consider inventory man-
agement of the purchased items. Only some models incorporate decision to schedule
orders over time with the supplier selection decision. In reality, the ordering policy
and supplier choice affects one another. For instance, if frequent ordering is necessary
due to inventory management reasons (e.g. perishable inventory), a supplier with
low unit price but high order cost might generate a higher total cost than a supplier
with a high unit price and low order cost. As another example, when suppliers offer
quantity discounts, the trade-off between savings in purchasing and inventory hold-
ing costs should be considered. Bender, et al. (1985), Buffa and Jackson (1983)-but
for single-item case-, and Degraeve, et al. (2000) consider inventory management in
supplier selection problems. They propose mathematical programming methods for
the problem. Degraeve and Roodhooft (1998) and Degraeve et al. (2000) developed
a mathematical programming model, which minimizes the total cost of ownership

of the supplier choice and inventory management policy using activity-based costing
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information.

Most of the existing literature on supplier selection are relevant for production
systems rather than retail operations (see Chen and Munson (2004), Goyal et al.
(2003), and Bender, et al. (1985)).

To the best of our knowledge, multiple products, multi-way product substitution,
inventory planning, and supplier selection are not considered in an integrated model
in the literature. In this thesis, we formulate the multi-period, multi-product in-
ventory, product assortment, and supplier selection problem with multi-way demand
substitution in order to maximize the total profit of a retail store. In that sense, our
work provides the first step toward developing a guideline for retailers during their

decision making process.
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Chapter 3

THE MODEL

Our model aims to determine which product types should be ordered from the
suppliers and the optimal ordering quantities in each period that maximize profit
in the existence of operational costs. Operational costs include fixed ordering costs
placed per order, fixed costs of supplier selection due to costs of establishing relations
with suppliers, purchasing costs, inventory holding costs, costs incurred as a result
of poor quality products received, and substitution costs. Constraints of the model
include shelf space limitations and ordering quantity quotas of the suppliers.

The multi-period planning model considers one product category, such as sham-
poos or laundry detergents, consisting of a set of products, offered in the market,
denoted by P and a set of suppliers, offering these products, denoted by S. There

assumed to be no lead time.

3.1 Characteristics of the Model

The sequence of events in the system is as follows; first the suppliers declare their
products and the order quantity quotas that they can supply. Next, the decision
maker selects which products and how much to order with the knowledge of ordering
costs, purchasing costs, lost sales costs, substitution costs, inventory holding costs,
poor quality purchase costs, shelf space limitations and revenues associated with each
product.

We assume stochastic demand and deterministic substitution behavior for cus-
tomers. That is, customers are expected to substitute from one product to another
with deterministic proportions. These proportions might be obtained by market re-

search or by the methodology proposed by Kok and Fisher (2004). This is a deter-
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ministic approximation for probabilistic models of substitution.

As discussed in Chapter 2, it is possible to consider different levels and types
of substitution. While Mahajan and van Ryzin (2001) allow multiple attempts of
stockout-based substitution, Kok and Fisher (2004), Smith and Agrawal (2000) and
Netessine and Rudi (2003) allow one substitution attempt only. In our model, we allow
at most M levels of substitution and consider both stockout-based and assortment-
based substitution. We consider multi-way demand substitution since we assume that
customers know exactly what they want, and therefore, have deterministic substitu-
tion rates. In the formulation of the model, we use the same substitution matrix
for all levels in order to make the model simpler, however, one can define different
substitution rates for different levels and incorporate them to the model easily, as it
is shown in Section 3.6.4.

We assume each product is supplied by exactly one supplier, whereas a supplier
may supply more than one product.

Since a retailer cannot have an unlimited store space, retailers define limitations
on product categories offered. In general form, these limitations are known as shelf
space limitations. Shelf space limitations might limit the space that the assortment of
the category covers, the number of products/brands that the assortment contains, the
number of suppliers that the assortment selects, and/or the number of SKUs (Store
Keeping Units) that the assortment contains. During our analysis, we concentrate on
the number of SKUs in the assortment as the shelf space limitation, where one unit
of each product/brand is assumed to cover one unit of SKU on the shelf. The reason
that we select the maximum number of SKUs as the shelf space limitation is that this
type of limitation is more generally handled in the literature. It should be noted that,
implementation of other types of shelf space limitations requires slight modifications
in the model.

In addition, in this thesis, the term shelf space limitation is used as a generalization
of all of the space limitations such as store depot/warehouse limitations regarding the

retailers. Such a generalization is meaningful, since we do not consider handling costs
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of inventory from store depot/warehouse to shelf inside a retailer store. Therefore,
retailers are expected to distribute the available space in a store depot/warehouse to
products proportional to the allocated shelf space for the products.

Substitution costs represent the cost of the loss of goodwill of customers that may
reflect on the retailer at a future time point as lost sales. However, it is difficult to
identify when and in what magnitude the loss of goodwill will incur an actual cost.
Therefore, in our model we include a substitution cost per each substitution realized
as if this cost is incurred to the retailer at the moment of the substitution or the
lost sales. If the retailers know that their customers expect to find a wide product
assortment, in general or in particular for the product category under consideration,
or a high quality of service at their stores, then we assume that this implies that the
retail will incur high substitution costs. During our analysis, which are provided in
Chapter 4, we observed the effect of the level of the expectations of customers by

changing the substitution costs.

3.2 Decision Variables
The decision variables of the model are as follows:

e z;; : inventory position of product i at the end of period ¢. [Z: vector represen-

tation]

e 1;; : quantity of product i to be ordered per order in period t. [X: vector

representation]
e y; : 1,if product ¢ is ordered in period ¢; 0, otherwise. [Y: vector representation]
e ofs; : number of orders placed with supplier j for all periods ¢t =1,..,T.
e 0j; : 1, if an order is placed with supplier j in period t; 0, otherwise.

e ss; : 1, if any order is placed with supplier j in any period; 0, otherwise.
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e 20;; : the amount of satisfied demand for product i in period ¢.

® TS, ¢ the amount of product i used to satisfy m* substitution from product

k in period t. (m =1,2,..., M)

We use Figure 3.1 to explain the role of the substitution variables, indicating first
choice demands and substituted demands to the products in any period ¢. For each

product, there are three sets of arcs in the figure:

e First choice demand arc, denoted by x0;;, incoming to the product i.

e Substitution demand arcs set, one for each level of substitution denoted by

> TSmijt, incoming to the product 1.
e Substituted demand arcs set, one for each level of substitution denoted by

>k TSmrit, outgoing from the product i.

3.3 Parameters
The model has the following parameters:

e w;, : the proportion of customers whose preference is product k£ that substitute

product k with product . (wgx = 0) [W: Substitution probability matrix]
e ¢; : unit cost of purchasing plus transportation for product i.
e oc; : cost of ordering per order placed with supplier j.
e ssc; @ cost of selecting supplier j as a supplier.
e d;; : random demand for product i in period . [D: vector representation]

e Fj(.) : cumulative probability distribution function of d;.
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e OQ); : order quantity quota for product 4.
e 5SS, : shelf space limitation quantity for product <.

e a;; : 1, if product ¢ can be supplied by supplier j; 0, otherwise. [A: matrix

representation; product-supplier availability matrix]
e h; : inventory holding cost per unit of product ¢ for one period.
e pg; : unit cost due to receiving poor quality products of type 7.
e ¢; : percentage of defective products of type i.
e p;; : unit price of product ¢ in period t.

® 5, : penalty cost of m'" substitution from product i. (Lost sales are assumed

as substitution to a dummy product.)

e 20; : initial inventory position for product i.

3.4 Objective Function
The objective of the model is to maximize the total profit.
Maximize TP =TR—-TCO —-TCSS —TCP -TCI -TCPQ —-TCS (3.1)

In Equation 3.1, T'P is used for total profit, TR stands for total revenue, T'C'O is
total cost of ordering, T'C'SS is used for total cost of supplier selection, T'C'P stands
for total cost of purchasing, T'C'I is total cost of inventory holding, T'C'PQ) is used for
total cost of poor quality products, and T'C'S stands for total cost of substitution.

3.5 Constraints

The model tries to achieve the objective with the following constraints:



Chapter 3: The Model 20

e The total revenue is equal to the sum of revenue generated in each period for
each product. Revenue generated by a product in a period is the price multiplied
by the amount sold in that period. The total revenue equation is expressed in
Equation 3.2.

T
TR= Zpil (20; + @3 — 2i1) + Z Zpit (Zig—1 + it — 2it) (3.2)

i€P t=2i€P

e The total cost of ordering is equal to the sum of ordering cost for each supplier.
Ordering cost for a supplier is the order frequency multiplied by the ordering
cost of the supplier selected. The ordering frequency for a supplier is the sum
of orders placed with that supplier during all periods. An order is placed for a
supplier in a period if at least one of the products supplied by her is ordered
in that period. The total cost of ordering is expressed in Equations 3.3 to 3.5,

where ordering frequencies for suppliers are calculated by using the availability

matrix A.
TCO => ocjofs; (3.3)
jes
T
ofsj = Zojt,Vj es (3.4)
t=1
0jt > aijyi, Vt=1,.,T,Vie P,Vje S (3.5)

e The total cost of supplier selection is equal to the sum of supplier selection
costs of each selected supplier. Total cost of supplier selection is expressed in
Equations 3.6 and 3.7, where selecting a supplier means at least one order is

placed with that supplier.

TCSS = ss¢ss; (3.6)
jes
ss; > o, Vt=1,..,T,Vj €S (3.7)

e The total purchasing cost is the sum of purchasing costs of each product in each

period. Purchasing cost for a product in a period is unit purchasing cost for



Chapter 3: The Model 21

that product multiplied by the quantity of that product to be ordered. The
total cost of purchasing is expressed in Equation 3.8.

TCP = XT: Z CiTit (3.8)

t=14ieP

e The total inventory holding cost is the sum of inventory holding costs of each
product in each period. Inventory holding cost for a product in a period is
unit inventory cost multiplied by the expected inventory of that product in that
period. Expected inventory of a product in a period is calculated as the average
of beginning inventory and ending inventory in that period. The total cost of

inventory is expressed in Equation 3.9.

20; + zi + 2z T Zit—1 T Ty + Zit
TCI = Z fhi + Z Z h; ( 5 ) (3.9)

ieP

e The total cost of poor quality products is the sum of poor quality cost of each
product in each period. Poor quality cost of a product in a period is unit cost of
poor quality multiplied by the quantity of defective items in that period. The
total cost of poor quality products is expressed in Equation 3.10 .

T
TCPQ = Z Zp%‘qz‘%t (3.10)

t=1:eP

e The total substitution cost represents the expected substitution cost under the
inventory position, Z, and the order quantity, X, for all demand realizations,
D’s. The substitution cost for a demand realization d under inventory position,

Z, and order quantity, X is represented as L(Z, X, d).
TCS = / L(Z, X, d)dF(d) (3.11)
D

L(Z, X,d) is the sum of all substitution costs among all periods.

L(Z,X,d) ZZZ >SSk (3.12)

m 4 kk#i
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Demand for a product is the sum of satisfied demand and all substitutions from
other products to that product and is expressed in Equation 3.13.

20 + YD TS = dig, Vi€ P,VE=1,..,T (3.13)

m ki

In any period, for each product, the sum of the inventory level for that product
at the end of the previous period and the quantity ordered for that product
should be equal to the sum of substitutions to that product from any first
choice product including itself and the inventory level of that product at the
end of that period.
Then, for the first period:

20,1 + Z Z TSmik1 + 2i1 = 20; + x40, Vi € P (3.14)

m ki
For the remaining periods:
20 + YD TSmint + 2t = Zigo1 + xy, Vi € P,VE=2,..,T (3.15)
m i

The substitution behavior of a customer is expressed in Equations 3.16- 3.18,
which use the substitution probability matrix WW. The amount of any level of
substitution from product k£ to product ¢ is less than or equal to a certain pro-
portion of the satisfied demand for product k either by the stock of product k
or by a substitution. This proportion is equal to the proportion obtained by
multiplying the substitution probabilities in matrix W, which exist in that sub-
stitution chain. Substitution chain includes all the products that the customer
tries to substitute from product k& up to product i. Substitution inequalities
are written for each level of substitution. Because of the complexity associated

with higher substitution levels, we provide only the first three of them.
TSkt < (dkt — a:Okt)wik, VZ, k€ P, Vit = 1, ..,T (316)

TSt < (dyr — 20k — Z TS1rkt) Z WyWi, Vi € P, Yk € P\{i},Vt =1,..,T
reP repP

(3.17)
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Tsgike < (dpe — 20p — Zr;r;ﬁk,i TS1rkt — Zr;r;ﬁk,i TSorkt) Zr;r;ék,i Zp;p;ﬁk,i,r Wrk Wpr Wip,

Vike P\{i},Vt=1,.,T (3.18)
(3.19)

e There exist shelf space limitations for each product. For the first period:
For the remaining periods:

Zit—1 + X4 < SSZ, YVt = 2, ..,T, Vie P (321)

e If an order is not placed for a product in a period, the ordering quantity for that
product in that period should be zero. If an order is placed for a product, then
the quantity should be less than or equal to the maximum ordering quantity for
that product.

0<uz; <OQui, Vt=1,.T, Vi€ P (3.22)

e In a period an order might or might not be placed.

yi €{0,1},Vie P,Vt=1,.,T (3.23)

3.6 Illustrative Example

In order to illustrate how this model can be used, let us work on a simple exam-
ple. For this illustrative example, we consider a deterministic demand, single-period
setting for simplicity. € is considered to be 0.3. Assume there are 3 products/brands:
P1, P2, and P3; and 2 suppliers : S1 and S2 , where S1 supplies product P2 and S2
supplies products P1 and P3. Assume zero initial inventory and product P4 denotes
lost sales and at most 3 levels of substitution exists(M = 3). The substitution matrix
is as provided in Table 3.1.

The parameter values for products are set as provided in Table 3.2 and the para-

meter values for suppliers are set as provided in Table 3.3 .
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i + 15 preference

ith preference P1 P2 P3 P4

P1 - 01 02 07
P2 02 - 05 03
P3 01 05 - 04

Table 3.1: The substitution matrix

Parameter P1 P2 P3

c 10 8 6

d 3,000 4,000 5,000
0Q 12,000 10,000 20,000
SS 10,000 12,000 9,000

h 0.7 0.5 0.4
Pq 4 3 2

q 0.05 0.10 0.09
P 19 14 12

Table 3.2: Parameter values for products

The model for this example can be formulated as provided in Table 3.4.

The optimal assortment provided by this model is provided in Table 3.5 with total
profit of 10, 825.

As seen, the supplier S1 is not selected. With this assortment, all of demands for
products P1 and P3 are satisfied, where 40% of demand for product P2 is lost and
60% of demand for product P2 is substituted. The total profit is 10, 825.

3.6.1 The Importance of Substitution Behavior

When we ignore the consumers substitution behavior in this example, the model

proposes an assortment, which generates a total profit of 8, 333, thus resulting in 23%
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Parameter S1 S2

oc 40 45

ssc 35,000 50,000

Table 3.3: Parameter values for suppliers

profit loss.

3.6.2 The Importance of Supplier Selection

When we ignore the supplier selection decision in this example, the model proposes
an assortment, which generates total profit of 7,565, thus resulting in 30% of profit

loss.

3.6.3 The Importance of Shelf Space Limitations

If the assortment is decided without considering shelf space limitations, most
probably this might cause inconvenience since the optimal ordering quantities might
not fit into the reserved shelf space for that category. In this case, one strategy the
retailer may take is to distribute the limited shelf space proportionally among the
products according to the product quantities of proposed assortment, which we call
method 1. Another simple strategy that comes to mind is dividing the excess amount
of quantity to the number of products in the assortment and each product’s quantity
is subtracted by that amount, which we call method 2.

In order to analyze the importance of shelf space limitations, we first introduced an
effective shelf space limitation of 8,800 units for the category and found the optimal
assortment with this constraint. Then, we excluded shelf space constraint from the
model and found the optimal assortment for this new setting. Then, we applied the
shelf space limitations to this assortment in both methods described in the previous
paragraph and found the total profits that these assortments generate for the case

with shelf space limitation. Table 3.6 shows the assortments and the profits that these
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Mazimize TP =TR—-TCO —-TCSS—-TCP—-TCI—-TCPQ —-TCS
subject to
TR =19z 4+ 1429 + 1213
TCO = 4001 + 4509
TCSS = 3500001 + 5000004
TCP = 10x1 + 8xo + 6x3
TCI =0.7217/2+ 0.5z2/2 + 0.4x3/2
TCP =4%0.05%x1 +3*%0.1%x9+2%0.09* x5
TCS =0.3(9xs112 + 928113 + 625121 + 625193 + 625131 + 625132)
+0.3 % 2 (975212 + 975213 + 65221 + 65223 + 625231 + 6x5232)
+0.3 % 3 (925312 + 9xs313 + 625321 + 625323 + 65331 + 62S332),
xs112 < 0.1(3000 — 201), xs113 < 0.2(3000 — 201), xs114 < 0.7(3000 — 207),
xs121 < 0.2(4000 — 203), xs123 < 0.5(4000 — 203), xs124 < 0.3(4000 — z02),
xs131 < 0.1(5000 — 203), xs132 < 0.5(5000 — 203), xs134 < 0.4(5000 — 203),
xs212 < 0.1(3000 — 207 — 28112 — TS113 — TS114),
xs213 < 0.05(3000 — 207 — 28112 — £S113 — TS114),
xs214 < 0.11(3000 — 207 — xS112 — £S113 — TS114),
xs221 < 0.05(4000 — 202 — xs121 — TS123 — TS124),
xs223 < 0.04(4000 — 202 — 28121 — TS123 — TS124),
xs924 < 0.34(4000 — 202 — 28121 — TS123 — TS124),
xs931 < 0.1(5000 — 203 — xS131 — TS132 — TS134),
xs232 < 0.01(5000 — 203 — 28131 — TS132 — TS134),
xs934 < 0.22(5000 — 203 — 28131 — TS132 — TS134),
TS314 < 0.05(3000 — 201 — TS112 — TS113 — TS114 — TS212 — TS213 — TS214),
x8324 < 0.051(4000 — 202 — 28121 — TS123 — TS124 — TS221 — TS223 — LS224),
xs334 < 0.073(5000 — 203 — 25131 — TS132 — TS134 — TS232 — TS231 — LS234),
r1 < 10000, 92 < 12000, 3 <9000, z1 < 12000y1, x2 < 10000y2, 3 < 20000ys3,
01 2 Y2, 02 2> Y1, 02 > Y3,
T1, T2, T3, TS112, TS113, TS121, T123, LS131, LS132, TS212, TS213, L8221, L5223, TS231 = 0,

L5932, TS313, TS321, L5323, L5331, 5332 > 0, Y1,Y2,¥3,01,02 € {0,1}.

Table 3.4: The model for the illustrative example
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P11 P2 P3

z 3,400 - 7,000

Table 3.5: Optimal ordering quantities for products

assortments generate.

Method The Assortment  [TP]
P1 P2 P3

The original model 3,400 - 5,400 1,833

Without shelf space limitations

with method 1 2,877 - 5923 353

Without shelf space limitations

with method 2 2,600 - 6,200 -431

Table 3.6: The effect of shelf space limitations

In Table 3.6, we see that the assortments of the model without self space constraint
either with method 1 or method 2 generate lower profit than the optimal assortment

of the model with shelf space constraints generates.

3.6.4 Different Substitution Matrices for Different Substitution Levels

In the formulation of the model, we use the same substitution matrix for all levels
in order to make the model simpler, however, one can define different substitution
rates for different levels and incorporate them to the model easily. In order to show
the applicability of such a case, let us consider the substitution matrix provided in
Table 3.1 for the first level of substitution, and two other substitution matrices, which
are provided in Table 3.7 and Table 3.8, for the second and third levels of substitutions,
respectively. As seen in Table 3.8, in the third level of substitution lost sales must

occur since with 3 products it is impossible to substitute to another product.
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37 preference

ond preference Pl P2 P3 P4

P1 - 0.05 0.15 0.8
P2 0.1 - 0.4 0.5
P3 0.05 0.35 - 0.6

Table 3.7: The substitution matrix for the second level

4t preference

37 preference P1 P2 P3 P4

P1 - 0 0 1
P2 0 - 0 1
P3 0 0 - 1

Table 3.8: The substitution matrix for the third level

The optimal assortment provided by the modified model, which considers different
substitution matrices for different levels, for this example is provided in Table 3.9 with
total profit of 9,612. In the new optimal assortment, compared to that of the single
substitution matrix case, ordering amount of product P1 is higher and the total profit
is lower. The reason for this is that since the substitution matrices for second and
third levels have high lost sales probability, the system orders more in order not to

pay more for lost sales.

P1 P2 P3

z 3,800 - 7,000

Table 3.9: Optimal ordering quantities for products



Chapter 3: The Model 29

3.6.5 Different Demand Scenarios with Different Probabilities

Continuing with the same example, we can consider different demand scenarios
for individual products with different probabilities rather than assuming deterministic
demand. There is not any change in all of the parameters, except we introduce two
scenarios for demand as follows: for scenario 1, same as the deterministic demand
case, the individual demands for products P1, P2, and P3 are 3,000, 4,000, and
5,000, respectively, and for scenario 2, 2,500, 4,300, and 5,200. The total demand
in both of the scenarios are the same. The probability of scenario 1 is 0.3, whereas
the probability of scenario 2 is 0.7.

The variables that need to be modified to handle these two scenarios are xs,
20, and z1, and we should add them one more index denoting the scenario. In
addition, for this case, the objective function is maximization of the expected profit
over scenarios. The generalized version of handling different demand scenarios with
different probabilities when modeling the stochastic demand case in Section 4.2.

The optimal assortment provided by this model is provided in Table 3.10 with
total profit of 7,130.

P11 P2 P3

x 2930 - 7,350

Table 3.10: Optimal ordering quantities for products with different demand scenarios

Compared to the optimal solution provided for the original example, we observe in
Table 3.10 that the system orders more and results in reduced profit. This observation

about the effects of increasing demand variability will be generalized in Section 4.5.

3.6.6 Adding a New Product into the Assortment

An important decision should be taken when a new product is introduced to the
market. While deciding on the entrance of such a new product into the assortment,

retailers are interested in the profit margin of this product, its forecasted market
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share, its effect on the category sales, and the revenue that it is supposed to gen-
erate. In addition to these issues, incoming substitution rates to this product from
other products is also another important concern since it affects the assortment sales
amounts.

In this subsection, continuing with the same example, we want to analyze new
product introduction and concentrate on the issues about profit margins, category
sales, and incoming substitution rates. Related to the position of this new product

in the whole category, we consider three cases:

1. New Product with Higher Incoming Substitution Rate: The profit margin of the
new product is not worse than any product in the assortment, but the rate
of substitutions to this product is more than that of the lowest profit margin

product in the assortment.

2. New Product with Higher Profit Margin: The profit margin of the new product
is greater than the lowest profit margin product in the assortment, but the rate
of substitutions to this product is the same as that of the lowest profit margin

product in the assortment.

3. New Product that Increases Category Sales: Including the new product in the
assortment increases the demand for the category and the profit margin of the
new product. The rate of substitutions to this product are same as that of the

lowest profit margin product in the assortment.

3.6.6.1 Case 1: New Product with Higher Incoming Substitution Rate

In the optimal assortment we have two products P1 and P3. The profit margins
of these products are 9 = (pp; — cp1) for P1 and 6 =(pp3 — cp3) for P3. Then, let us
assume that the new product, say P*, is being introduced as a competitor for product
P3 and therefore, has a profit margin of 6. As a competitor of P3, P* is introduced
by supplier S1. Considering that the rate of substitutions to P* is more than P3,
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assume that according to survey data the new substitution matrix is as provided in

Table 3.11.

i + 15t preference

ith preference P1 P2 P3 P4 P*

P1 - 0.06 0.10 0.7 0.15
P2 0.09 - 0.225 0.3 0.385
P3 0.05 0.25 - 04 0.3

P 0.06 025 03 04 -

Table 3.11: The new substitution matrix - parameter w

Note that the previous lost sales rates are not changed and the substitution rates
are adjusted so that P* has more incoming substitution rates than P3 and the propor-
tions of substitution rates of the initial products remain as they were. For instance;
before the introduction of P*, the lost sales rate of P1 was 0.7 and it does not change
after the introduction of P*. Before the introduction of P*, the substitution rate from
P1 to P3 was two times the substitution rate from P1 to P2 and it does not change
after the introduction of P*. In addition, the substitution rate from P1 to P3 is less
than the substitution rate from P1 to P*.

The optimal assortment for this new setting is shown in Table 3.12.

Pl P2 P3 P
r - 4833 - 3,400

Table 3.12: Optimal ordering quantities for products

Note that, in the previous assortment only supplier S2 was selected, in this assort-
ment only supplier S1 is selected and the assortment is changed completely. There-
fore, the system prefers the products that have more incoming substitution rates when

profit margins are same.
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3.6.6.2 Case 2: New Product with Higher Profit Margin

In this case, the new product has higher profit margin than the product with
the lowest profit margin in the assortment. In the optimal assortment we have two
products P1 and P3. Then, let us assume that the new product, say P*, has a profit
margin of 7. Again, P* is introduced by supplier S1. Considering that the rate of
substitutions to P* is the same as that of P3, assume that according to survey data

the new substitution matrix is as provided in Table 3.13.

i + 15 preference

ith preference Pl P2 P3 P4  PpP*

P1 - 0.06 0.12 0.7 0.12
P2 0.117 - 0.2915 0.3 0.2915
P3 0.0545 0.2725 - 0.4 0.2725
pPr 0.05645 0.2725 0.2725 04 -

Table 3.13: The new substitution matrix

Note that the previous lost sales rates are not changed and the substitution rates
are adjusted so that P* has the same substitution rates with P3 and the proportions
of substitution rates of the initial products remain as they were. For instance, before
the introduction of P*, the lost sales rate of P1 was 0.7 and it does not change after
the introduction of P*. Likewise, before the introduction of P*, the substitution rate
from P1 to P3 was two times the substitution rate from P1 to P2 and it does not
change after the introduction of P*. In addition, the substitution rate from P1 to P3
is the same as the substitution rate from P1 to P*.

The optimal assortment for this new setting is shown in Table 3.14.

Again, the assortment is changed completely and instead of supplier S2, supplier
S1 is selected. Therefore, the system prefers the products that have more profit

margins when incoming substitution are the same.
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P11 P2 P3 P*

z - 5080 - 3,345

Table 3.14: Optimal ordering quantities for products

3.6.6.3 Case 3: New Product that Increases Category Sales

In this case, the new product increases the category sales and has the same profit
margin and incoming substitution rates as the product with the lowest profit margin
in the assortment. Then, let us assume that the new product, say P*, has a profit
margin of 6. Again, P* is introduced by supplier S1. Since the rate of substitutions to
P* is the same as that of P3, assume that the new substitution matrix is as provided
in Table 3.13. According to the survey results, the category demand is expected to
increase by 5 %.

The optimal assortment for this new setting is shown in Table 3.15.

Pl P2 P3 P

z - 5334 - 3512

Table 3.15: Optimal ordering quantities for products

Again, the assortment is changed completely and instead of supplier S2, supplier
S1 is selected. Therefore, the system prefers the products that increases category
demand when profit margins and incoming substitution are same.

This example illustrates that using our model, retailers can decide on new product
introduction, given the estimate of the profit margin of the product, substitution rates

from/to this product, and its expected effect on the category demand.
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3.7 The Performance of the Model - Advantages and Limitations

As seen in the formulation of the model, there exist demand realizations, denoted
by d, which specify the individual demands for that realization, and the probabilities
of the demand realizations, denoted by dF'(d). Therefore, for any realization of the
total demand of the product category (except the case when the total demand is equal
to zero), there exist more than one demand realization for that product category, in
which the total demand is distributed in different ways. If we consider each demand re-
alization as a scenario, then the set of possible scenarios and their probabilities should
be provided as input for the model. However, when the total demand is defined as a
random variable with a probability distribution function and the product preference
proportions/frequencies are given, it is hard to generate demand scenarios and their
probabilities. In such cases, in the model defining the total demand as a random vari-
able with given probability distribution function and distributing the total demand
to individual products according to given product preference proportions/frequencies
is an approximation of the real case and facilitates the implementation of random de-
mand in the model. By this approximation, for each realization of the total demand,
rather than having more than one demand scenario with different probabilities, in
which the total demand is distributed in different ways, we only consider one sce-
nario, in which the total demand is distributed according to given frequencies. In this
section, we investigate whether this approximation may cause significant profit loss
with a benchmark comparison with the computational results of Smith and Agrawal
(2000), in which the demand is modeled as originating from a random number of
arriving customers, who select randomly with known frequencies from the product
category. We compare the solutions proposed by our model for the same example set
analyzed by Smith and Agrawal (2000) with the results generated by the model of
Smith and Agrawal (2000).

In the following subsections, first, their methodology is summarized, then, the
solutions proposed by our model for the same example set analyzed by Smith and

Agrawal (2000) are provided and compared with the results generated by the model of
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Smith and Agrawal (2000). Finally, according to these comparisons, the advantages
and limitations of our model are explained. During our analysis, we used GAMS with

Cplex 9.1 as the computational environment.

3.7.1 The Solution Methodology of Smith and Agrawal (2000)

As briefly summarized in Section 2.2, Smith and Agrawal (2000) studied the as-
sortment planning problem with multi-period base-stock inventory models. They con-
structed a customer demand model in which the demand per period originates from
a random number of arriving customers, who wish to purchase exactly one product
of a particular type. The probability that an arriving customer initially prefers prod-
uct ¢ from a choice set of products, E , where F = 1,2,...,n, is denoted by f;, and
the probability that a customer, who initially prefers product ¢ and sees that it is
unavailable, switches to product j is denoted by c;;. Then, a lost sales for an initial
choice product 7 occurs with probability L; =1 — 37, a;;. This model of substitution
is known as the logit model ( Guadagni and Little (1983) ) and is widely used in
marketing studies. According to this model, when the products in a set R C E are
removed, the substitution probabilities are: a;; = fi(1 — L;)/ Xyg¢r fr, where i € R,
j R

In their model, D is expressed as the total number of customers arriving per period
for products in E, where ¢(d) = P{D = d}, meaning that the probability that D
equals d is given by ¥(d). They assume that for a total demand of D = d, the total
number of customers per period initially preferring product ¢, which is denoted by
D;(f:), has a binomial distribution. Then, the probability distribution for the initial
demand for product i is expressed as ¢(d;|f;) = X324, (i) fEQU = i) ap(d).

By using this model, they decide on either stocking a product ¢ or not, which is
expressed by variable x;, and the inventory level for product ¢ at the beginning of
each period. They assume that in a given set of products to stock, specified by x, the
base stock level ¢; is set to achieve a fixed service level r; = P {Di(q, x) < q,}, where

D;(q,z) stands for the demand for product i, given the inventory policy ¢,z. As a
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result of this assumption, for given service levels rq, ..., 7, they determine g; by using
the inequalities: P {DZ(I) < qi} > r; and P {Dz(x) <gq — 1} <.

Before they construct their model, they observe that the likelihood of substitution
due to stockouts increases as the cycle progresses. Therefore, they focus on the number
of previous arrivals and denote the probability that product i is demanded by m!*
arrival, either as an initial preference or as a substitute, by g;(z, m). As a result of their
assumption on service level, r; < P {last arriving customer finds i still in stock},
then, they indicate that f; +3 ;. fi(1 —x;)ay < gi(x,m) < fi+ 3, fi(1—xm5)a;.
They use the lower bound of g;(x, m), which is denoted by h;(x) and h;(z) = g;(z, 1),
as an approximation for its value in computing the demand distribution for D;(z).
Therefore, the probability distribution for the demand for product 7 is now expressed
as o (dilhi(x)) = ("5 )N (L = yi)d; where y; = S Bas d = 0,1,2, ..., and
negative binomial distribution is used.

As the parameters of the model, V; denotes the fixed cost associated with stocking
product 7, m; denotes the unit profit margin for product ¢, ¢,; denotes the unit overage
cost for product ¢’s inventory left at the end of period, and c¢,; denotes the unit
underage cost for product i, including m; and possibly other factors. Then, for the
negative binomial demand distribution, using h;(x) as an approximation in computing
product demands, the expected profit per period is written as

7(q,z) = Z mi(qi, x)x; — Vixy, (3.24)
where 7;(gi, ) = mipi(r) — coi Zgo (@ — )Yi(d|hi(2)) — cui 232, (g — d)i(d[hi(w)).

They rearrange terms and find that

qi—1
(g, ) = (m; — o) pi(x) + (Cui + Coi) dz:o ri — U(d|hi(z)) (3.25)
By taking the first differences with respect to ¢;, the first order necessary conditions
are W;(q;lhi(z)) > r;' and U;(¢; — 1)hi(x)) < 1. Then, each ¢; can be written

as g;(hi(x)), i = 1,...,n, and then be substituted into Equation 3.25 to obtain an

1 denotes the cumulative probability distribution for the demand for product 4
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optimization problem in x only. Since total profit for all products can be maximized
by maximizing profit of each product individually due to Equation 3.24, the problem
turns out to be maximization of m(¢g(x),x) with respect to x. Since x; = 0,1, for all
i, Equation 3.24 is a nonlinear integer programming problem. For small values of n -
number of products-, solution by enumeration of all combinations of the z; is possible.
For larger values of n, Equation 3.24 is approximated by a 0,1 linear programming
problem.

Smith and Agrawal (2000) analyzes this solution methodology by using a set of
numerical examples. These examples and the results obtained by our model for these
examples are provided in the following subsection. The results of Smith and Agrawal

(2000) are provided in Appendix A.

3.7.2  The Results of Our Model for The Exzamples of Smith and Agrawal (2000)

All examples have 5 substitutable products. The total number of customers per
cycle has a negative binomial distribution with N = 3 and p = 1/6, i.e., a mean of 15
and a standard deviation of 9.5. The shortage costs c,; are set to the profit margins
m; and all products have the same target in-stock probability r and fixed cost V.
In the first example set, all products have identical costs, profit margins, and initial
preferences. In the second example set, products have different profit margins m;. In
the third example set, products have different initial preferences f;.

Three different substitution matrices (a;;) shown below are evaluated and com-
pared to the case L = 1 , that corresponds to no substitution, where L denotes the
lost sales probability. The Random Substitution Matriz describes the case in which
all products have equal market shares resulting in equal substitution rates. The Ad-
jacent Substitution Matriz describes the case in which products are rank ordered by
customers according to some criterion, and in case of an unavailability in first choice
product, customers choose a product that is adjacent in rank to their first preference.
The One-Item Substitution Matriz describes the case where one product is a common

second choice for all customers.
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The Random Substitution Matriz

U i
% % 0 % % (3.26)
b oLt oo i
T e e L
The Adjacent Substitution Matriz
0 1-L 0 0 0
0 5200 0
0o o0 Lo (3.27)
0 o L+ 0 EE
0 0 0O 1—-L 0
The One-Item Substitution Matrix
00 1-L 00
00 1—-L 00
00 0 00 (3.28)
00 1-L 00
00 1—-L 00

In the following subsections the results generated by our model for all three ex-

ample sets with these different substitution cases and the no substitution case are
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provided. In order to compare these results with that of Smith and Agrawal (2000),
the results of Smith and Agrawal (2000) are provided in Appendix A.

3.7.2.1 FExample Set 1: Identical Products

The following parameter values are used for this example set.

Mean total demand per period (per store) p 15

Initial preference probabilities fi 02,i=1,...,5

Critical ratio (target in-stock probability) r  0.95

Unit profit margin m; 95,1=1,...,5

Fixed cost per cycle of stocking product ¢ V10

P {lostsale | productisunavailable} L 02

Table 3.16: Example Set 1 Parameter Values

The optimal results generated by our model for the three different substitution

matrices and the no substitution case are provided in Table 3.17.

No Subs. Random Subs. Adjacent Subs. One-Item Subs.
Products Assort. Size Assort. Size Assort. Size Assort. Size
1 8 12
2 8 12 22
3 8 12 42
4 8 12 22
5 8
Opt. Profit 16.4 22.6 37.6 45.1

Table 3.17: Optimal assortment generated by our model for Example Set 1
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3.7.2.2  Example Set 2: Products with Different Profit Margins

This example set has the same parameter values with the Example Set 1, except
for the fixed cost and unit profit margins, which are different for each product. The

fixed costs are set to zero in order to focus only on the effect of different profit margins.

Unit profit margin mi =5 mg=4m3=3, my=2, ms=1

Fixed cost per cycle

of stocking product i V =0

Table 3.18: Example Set 2 Parameter Values

The optimal results generated by our model for the three different substitution

matrices and the no substitution case are provided in Table 3.19.

No Subs. Random Subs. Adjacent Subs. One-Item Subs.
Products Assort. Size Assort. Size Assort. Size Assort. Size
1 8 9 8 8
2 8 9 9 8
3 7 9 8 30
4 7 8 12
5 6 8 4
Opt. Profit 41.1 40.9 40.4 44.6

Table 3.19: Optimal assortment generated by our model for Example Set 2

3.7.2.3 FExample Set 3: Products with Different Initial Preferences

This example set also has the same parameter values for Example Set 1, except
for the initial probabilities, which are different for each product. The fixed costs are

set to zero in order to focus only on the effect of different profit margins.
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Initial preference probabilities f; = 0.5, fo = 0.2, f3 =0.15, f4 = 0.1, f5 = 0.05

Table 3.20: Example Set 3 Parameter Values

The optimal results generated by our model for three different substitution ma-

trices and the no substitution case are provided in Table 3.21.

No Subs. Random Subs. Adjacent Subs. One-Item Subs.

Products Assort. Size Assort. Size Assort. Size Assort. Size
1 19 26 19 19

2 8 11 19

3 6 8 27

4 4 6 10

5

Opt. Profit 23.4 30.3 33.4 40.6

Table 3.21: Optimal assortment generated by our model for Example Set 3

3.7.2.4 The Analysis of Results

In order to benchmark our model using the model of Smith and Agrawal (2000),
we tailored our model to a similar setting. Specifically, we excluded supplier selection,
shelf space limitations, poor quality procurement, and order quotas of suppliers from
the model and considered the same objective function with that of Smith and Agrawal
(2000). Therefore, the model of Smith and Agrawal (2000) constitutes a pessimistic
benchmark for our model. In addition, the model of Smith and Agrawal (2000) is not
guaranteed to provide the best solutions for the systems.

When the results generated by our model provided in Tables 3.17, 3.19, and 3.21
and the results of Smith and Agrawal (2000) provided in Appendix A are compared,

we see that our model generates solutions with lower profit. The difference between
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the profits is %14.4 in the worst case and %7.5 in the average case. The median of
the difference is %7.2. The reason for this difference is that, as stated in the first
paragraph of Section 3.7, in our model, for each realization of total demand, rather
than having more than one demand scenario with different probabilities, in which the
total demand is distributed to individual product in different ways, we only consider
one scenario, in which the total demand is distributed according to given frequencies.
This easy approximation results in profit loss. In order to prevent the profit loss, the
demand scenarios/realizations should be generated. According to these results, we
can state that using the approximation for random demand does not result in high

profit losses.

3.7.3 The Advantages and Limitations of Our Model compared to Smith and Agrawal
(2000)

When we analyze the solution methodology of Smith and Agrawal (2000), we see
that it has the following advantages:

e The demand is modeled as originating from a random number of arriving cus-
tomers, who select randomly with known frequencies from the product category.
Therefore, when the total demand is defined as a random variable with a proba-
bility distribution function and the frequencies are given, all demand realizations

are considered.

e It gives an optimal solution for small values of n, the number of products.
However, this solution methodology has also some limitations such as:

e For large values of n, the solution methodology provides an approximate solution

rather than an optimal solution.

e Even for small values of n, finding the optimal solution by enumerating all

combinations of the {v;} is hard to implement.
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e For small values of n, that is, when optimal solution is obtainable, adding new
constraints, such as shelf space constraints, to the system makes the implemen-
tation harder. When the number of constraints increases, the complexity also

ncreases.

Considering the advantages and limitations of Smith and Agrawal (2000), our solu-
tion methodology has also a limitation: in the cases when the total demand is defined
as a random variable with a probability distribution function and the frequencies are
given, in our model it is easier to define the total demand as a random variable with
given probability distribution function and distribute the total demand to individual
products according to given frequencies. However, it results in profit loss. In order
to prevent this profit loss, each possible demand scenario should be generated, which
is hard to implement.

Although our methodology has these limitations, it has the following advantages:

e Our method is much more practical for all values of n, much more understand-

able and easier to implement.

e It is simple to add new constraints, such as limitations on the number of store
keeping units (SKU), to the system. The number of new constraints does not

affect the complexity.

e In addition to adding new constraints, decision makers can modify the objective
function. For example, new revenues or costs, such as supplier selection costs,

can be added easily.

As a conclusion of this section, we can say that in general, both methodologies
propose an approximate solution. However, our solution methodology is more flexible

and practical when the changing requirements of retailers are considered.
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Chapter 4

EXPERIMENTAL STUDY I:
THE ANALYSIS FROM THE RESULTS OF THE MODEL

In this chapter, we analyze the results of the model for certain settings such as the
multi-period problem with deterministic demand and the single-period problem with
stochastic demand in an experimental study. We investigate the effect of ignoring sup-
plier selection decision, the effect of changing substitution cost, the effect of ignoring
substitution cost, and the effect of ignoring shelf space limitations. First, the analy-
ses are performed for the multi-period problem with deterministic demand. Next,
the single-period problem with stochastic demand is considered. In order to perform
comparisons between the stochastic demand case and the deterministic demand case,

analysis on single-period problem with deterministic demand is also performed.

4.1 Analysis of the Multi-period Problem with Deterministic Demand

In this section, first, the deterministic demand, multi-period case is analyzed to
observe the effects of varying substitution costs in optimal order quantities. Second,
the performance of a model, which neglects customers’ substitution behavior is ex-
amined. Third, the analysis on the performance of another model, which excludes
the supplier selection decision, is performed. Finally, the importance of shelf space
constraints is analyzed.

With deterministic demand assumption, the parameter d;; represents the fore-
casted demand for product 7 in period ¢. In the model, Equations 3.11 and 3.12 are

combined in Equation 4.1 :

M
TCS = Z Z Z SmiLSmikt (4.1)

t=1m=1¢€P keP
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In the deterministic demand setting, it is possible to focus on demand variation

over time, such as seasonality.

4.1.1 Ezperimental Data

In our experiments we generated instances with four time periods (7" = 4), 10
products (with the 11" product representing lost sales), and 5 suppliers. We assumed
that customers perform at most 3 levels of substitution (M = 3). This is a reasonable
value for the maximum substitution level since we can both consider multiple-way of
substitution and also get rid of the complexity caused by extremely small numerals of
substitution probabilities of higher substitution levels. In addition to this, for many
customers, substitution becomes meaningless after the third attempt.

The substitution cost is assumed to be a linear function of the substitution level,
m. That is, we let s,,; = SC; x m, where SC; denotes the first level substitution cost
from product i. The first level substitution cost for a product 7 is a linear function of
its margin, mg;, and is calculated as SC; = 6 x mg;. We vary # in our experiments.

The supplier-product availability matrix, A, is given in Table 4.1. Note that,
products correspond to brands so that a product cannot be supplied by more than

one supplier, but a supplier can supply more than one product/brand.

Product

Supplier 1 2 3 4 5 6 7 8 9 10

1 101 01 00 O0O0 O
2 01 0 0 0 O0 OO0 O0 1
3 0 001 00 00 0 O
4 o0 0 0 011 10 O
) 0 00 00 O0O0OO0OT1 O

Table 4.1: The supplier-product availability matrix, A

The parameter values are generated according to Table 4.2. We generate 100
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random data sets according to the provided distributions. The average of investigated
values over these 100 data sets are provided as test results. GAMS with Cplex version

9.1 is used as the computational environment.

Parameter Distribution

Wik Uniform distribution where >, cpwir, =1 and 0 <wy, <1, Vi, k€ P

Ci Uniform distribution, where 5 < ¢; <10, Vi € P

oc; Uniform distribution, where 30 < oc; < 50, Vj € S

55C; Uniform distribution, where 15,000 < ssc; < 50,000, Vj € S

dit d* = 10,000 * o;, where >idie =10,000 and 0 < a; <1,Vie P,Vt=1,..,T

(Total demand for products is assumed to be 10,000 for each period.)

0Q; Uniform distribution, where 1,000 < OQ; < 8,500, Vi € P

SS; Uniform distribution, where 2,000 < S.5; < 10,000, Vi € P

h; Uniform distribution, where 0.3 < h; <1,Vi € P

Pq; Uniform distribution, where 2 < pq; < 4, Vi € P

Qi Uniform distribution, where 0.0 < ¢; < 0.15, Vi € P

i p; = ¢; + mg;, where mg; has a normal distribution with mean 6 and

deviation 2, Vi € P.
(Price for products is assumed to be constant over all periods and

mg; can be considered as the margin of product i.)

Table 4.2: Experimental Data for multi-period problem with deterministic demand

4.1.2  The Impact of Changing Substitution Costs

The model is solved for different ¢ values that result in different substitution
costs. In these experiments it is observed that all types of costs, total revenue, and
the percentage of demand satisfied are sensitive to the substitution cost changes.
Table 4.3 shows the results obtained for 0.0 < # < 1. In the table, TP is used for

the optimal total profit, %ds denotes the average percentage of demand satisfied with
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the original product, %ls is the average percentage of lost sales, %f, %s, %t are the
average percentage of substituted demand to all other products in the first, second
and third level of substitutions, respectively, %subs denotes the average percentage
of sum of all levels of substitutions, where %subs = %f + %s + %t, TR is the total
revenue, TCO is used for the total cost of ordering, TCSS is the total cost of supplier
selection, TCP denotes the total cost of purchasing, TCI is used for the total cost of
inventory, TCP(Q denotes the total cost of poor quality parts, TCS is the total cost

of substitution, and SOC is used for the sum of operating costs.



8F

0 TP %ds  %ls %t %s %t %subs TR TCO TCSS TCP TCI TCPQ TCS SOC
0.0 239,669 36.2 4.8 26 205 12.6 59 828,434 535 101,523 440,845 33,009 12,853 0 588,765
0.1 224,871 585 3.6 21.3 11.1 5.5 37.9 833,071 544 103,658 445,178 34,502 13,029 11,291 608,200
0.2 215,651 66.2 2.7 196 7.9 35 31 845,000 570 109,905 454,286 35,548 13,315 15,724 629,349
0.3 208,683 70.7 23 183 6.2 25 27 850,293 580 113,116 459,910 36,105 13,443 18,456 641,610
04 203,249 752 21 164 46 1.7 22.7 855,833 600 117,130 465,437 36,784 13,678 18,956 652,584
0.5 198,979 787 1.7 148 3.6 1.2 19.6 860,864 616 121,755 469,922 37,415 13,871 18,306 661,885
0.6 195,716 81.7 1.7 131 2.6 0.8 16.6 862,191 632 124,911 472,070 37,744 13,969 17,148 666,475
0.7 193,197 839 19 11.7 19 0.6 14.2 862,047 641 126,721 473,116 38,023 14,006 16,344 668,850
0.8 190,984 8.7 19 105 14 04 12.4 863,121 649 128,937 474,923 38,176 14,048 15,404 672,137
0.9 189,223 8.6 19 99 13 04 11.5 862,380 654 129,657 474,555 38,185 14,012 16,094 673,157

1 187,330 8.1 19 &7 1.0 0.3 10 865,640 667 132,546 477,131 38,495 14,146 15,325 678,310

Table 4.3: The effect of changing substitution cost in deterministic demand, multi-period case
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Figure 4.1: Change in the profit, revenue, and operating costs as 6 increases

The effect of substitution cost on system parameters such as total revenue (TR),
total profit (TP), and total operating costs (SOC) is shown in Figure 4.1, Figure 4.2,
and Figure 4.3 are provided.

The optimal system has limited assortment with 6 = 0, selecting a small subset
of suppliers and favors substitution since it generates no cost, as shown in Table 4.3.
During the analysis, we set high supplier selection costs in order to observe this effect.
When 6 > 0.1, the optimal system extends its assortment, increasing the number of
selected suppliers. Therefore, supplier selection costs increase as seen in Figure 4.2.
This shows that substitution costs significantly affect ordering and supplier selection
decisions.

As it is expected, the increase in the substitution and lost sales costs results in
satisfying more demand and decreasing substitutions, especially for higher levels of
substitution, as seen in Figure 4.3. In order to achieve this, the system purchases more,
resulting in increased inventory. Therefore, purchasing and inventory costs increase
as observed in Figure 4.2. This shows that substitution costs affect purchasing and
inventory decisions, as well. Hence, it is important to estimate the substitution cost

accurately.
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Figure 4.2: Change in each operating cost as 6 increases
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Figure 4.3: Change in the percentages of satisfied demand, lost sales and substitution
as 0 increases
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The decision maker may vary €, and observe the change in profit as well as cus-
tomer service level in terms of the percentage of demand satisfied as shown in Fig-
ures 4.1 and 4.3. In Figure 4.1, it is observed that as substitution costs increase,
total revenue increases, however, the sum of operational costs increases more than
total revenue, resulting in decreased total profit.

By using Figure 4.2, we can also state that the desired service level might be used
set the value of the parameter 6 as will be discussed in Section 5.2. In addition, we
should note that the value of # depends on the product category and which customer

segment the retailer attracts, in terms of their product assortment expectations.

4.1.3  The Importance of Substitution Behavior

In order to analyze the importance of considering customers’ substitution behavior
in this problem, the total cost of substitution (TCS) is excluded from the objective
function and a modified model is obtained. Next, the total profit is calculated by
subtracting the total cost of substitution from the optimal objective value of modified
model.

In this way, we compared the optimal total profit of the model without substitution
costs with that of the original model. Since the optimal solution of the original model
is also feasible for the model without substitution costs, the optimal total profit
of the former is at least as good as the latter. Then, it is clear that excluding
substitution costs cannot provide better results. Table 4.4 shows the results obtained
with the same experimental data used in Section 4.1.1. In the table, [TP] is used for
the optimal total profit of the original model, [TP w/o sc| is given for the optimal
total profit of the model without substitution cost, [Difference| denotes the difference
between these values, where Difference = [TP] - [TP w/o sc], and [%Difference] is

the percentage of the difference compared to the optimal total profit of the original

([T P]—[TPw/osc])*100

Wz . In order to illustrate the results of

model, where %Difference =
Table 4.4 graphically, Figure 4.4 is provided.

The results show that when substitution costs increase, neglecting customers’
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0 [TP]  [TP w/osc|] [Difference] [ % Difference]

0 239,669 239,669 0 0
0.1 224871 217,406 7,465 3.3
0.2 215651 195,144 20,508 9.5
0.3 208,683 172,381 35,302 17.2
04 203,249 150,619 52,630 25.9
0.5 198,979 128,357 70,622 35.5
0.6 195,717 106,094 89,622 45.8
0.7 193,197 83,832 109,365 56.6
0.8 190,984 61,569 129,415 67.8
0.9 189,223 39,307 149,916 79.2

1 187,330 17,045 170,285 90.9

Table 4.4: The effect of substitution behavior in deterministic demand, multi-period
case

substitution behavior results in increased profit loss which cannot be neglected as

seen in Figure 4.4.

4.1.4  The Importance of Supplier Selection Decision

In order to analyze the importance of supplier selection in this problem, the total
cost of supplier selection (TCSS), which is equal to the sum of supplier selection costs
for each selected supplier, is excluded from the objective function and a modified
model is obtained. Similar to the previous case, in order to obtain the total profit,
the total cost of ordering of selected suppliers is subtracted from the optimal objective
value of the modified model.

We compared the optimal total profit of the model without supplier selection
decision with that of the original model. As before, it is clear that, excluding supplier

selection decision cannot provide better results. When the same experimental data
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Figure 4.4: Change in the percentage of profit loss as # increases in case of ignored
substitution behavior

of Section 4.1.1 is used, we observe that excluding supplier selection decision results
in full assortment, that is, all of the suppliers are selected, hence, profit decreases.
Table 4.5 shows these results. In the table, [TP] is used for the optimal total profit
of the original model, [TP w/o ss] is given for the optimal total profit of the modified
model, which excludes supplier selection decision, [Difference] denotes the difference
between these values, where Difference = [TP] - [TP w/o ss|, and [%Difference] is

the percentage of the difference compared to the optimal total profit of the original

([T P]—|TPw/oss])*100

model, where %Difference = 7]

In order to illustrate the results of Table 4.5 graphically, Figure 4.5 is provided.
According to the Figure 4.5, it is observed that as substitution costs increase, the
profit loss due to ignoring supplier selection decision decreases, in other words, the
importance of integrated supplier selection decreases. The reason of this is that
as substitution costs increase, the percentage of the total substitution cost in total
operating costs increases so much that the percentage of total supplier selection cost

in total operating costs decreases. As a result of this, the importance of integrated
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0 [TP] [TP w/oss] [Difference] [ % Difference]

0 239,668 212,035 27,634 11.5
0.1 224,871 198,511 26,360 11.7
0.2 215,651 191,477 24,175 11.2
0.3 208,683 186,844 21,840 10.5
0.4 203,249 183,655 19,594 9.6
0.5 198,979 181,458 17,520 8.8
0.6 195,716 179,862 15,854 8.1
0.7 193,197 178,646 14,551 7.5
0.8 190,984 177,699 13,285 7.0
0.9 189,222 177, 015 12,208 6.5

1 187,330 176,475 10,854 5.8

Table 4.5: The effect of supplier selection decision as substitution costs change

supplier selection decreases.

In addition, the effect of including supplier selection decision in the model is
analyzed with increasing supplier selection costs. Table 4.6 shows the results obtained
with the same experimental data used in Section 4.1.1 except that the interval for
uniform distribution of supplier selection cost is changed during the analysis and 6 is
considered to be 0.3. This time, the number of selected suppliers for both problems
are provided in the table for comparison purposes. In the table, I[ssc| is used for the
supplier selection cost(ssc) interval, [N(S)] denotes the number of selected suppliers,
and [N(S) w/o ss] is given for the number of selected suppliers in the model without
supplier selection. Figure 4.6 is provided in order to illustrate the results of Table 4.6
graphically. As seen in Figure 4.6 when supplier selection costs increase, excluding
supplier selection decision results in increased profit loss since neglecting supplier
selection cost during decision making results in selecting more suppliers.

Another point that can be observed in Table 4.6 is that as the difference between
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Figure 4.5: Change in the percentage of profit loss as # increases in case of ignored
supplier selection

I[ssc] [TP]  [N(S)] [TP w/oss|] [N(S)w/oss] [% Difference]
15,000 — 50,000 208,688 3.6 186,844 ) 10.5
25,000 — 60,000 208,688 3.6 136,844 ) 34.4
35,000 — 70,000 173,590 3.3 86,844 ) 50
45,000 — 80,000 142,777 2.9 36,844 ) 74.2
55,000 — 90,000 115,301 2.6 -13,156 ) 111.4

65,000 — 1000,000 90,993 2.3 -63,156 ) 169.4

Table 4.6: The effect of supplier selection decision as supplier selection costs change
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Figure 4.6: Change in the percentage of profit loss as supplier selection costs increase
in case of ignored supplier selection

the number of suppliers that the model, which initially neglects supplier selection
costs, selects and the number of suppliers that the original model selects increases, the
profit loss increases if supplier selections costs are not considered initially. This implies
that when supplier selection decision is not integrated in the assortment selection
decision, as the number of suppliers increases, the importance of integrated supplier

selection decision increases.

4.1.5  The Importance of Shelf Space Limitations

In order to analyze the importance of shelf space limitations in this problem, we
first introduced an effective shelf space limitation of 8, 000 units for the category and
found the optimal profit with this constraint. Then, we excluded the shelf space
constraint from the model and found the optimal assortment for this new setting.
Later, we applied the shelf space limitation to this assortment in both ways described
in Section 3.6.3 and found the total profits that these optimal assortments generate
with shelf space limitations. Lastly, we compared these profits with the total profit

generated when shelf space limitations are included in the model. We performed these
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The assortment [TP]  [% Profit Loss]
The assortment of the original model 22,312 -

The assortment of the model w/o shelf space limitations

applied with method 1 12,209 45.3

The assortment of the model w/o shelf space limitations

applied with method 2 16,292 27

Table 4.7: The effect of shelf space limitations on total profit

with the same experimental data used in Section 4.1.1, where 6 is considered to be
0.3, and we observed that excluding shelf space limitation in the model results in
significant decreases in profit. Table 4.7 shows these results. In this table, the total
profit of the assortment proposed by original model, the total profit of the assortment
obtained by applying method 1 to the optimal assortment of the model without shelf
space constraints, and the total profit of the assortment obtained by applying method
2 to the optimal assortment of the model without shelf space constraints are provided
in the second column. The percentages of profit loss compared to the optimal total
profit found by the original model are given in the third column.

According to these results, the assortments of the model without shelf space con-
straints either with method 1 or method 2 generate lower profit than the optimal
assortment of the model with shelf space constraints generates. In addition, there
exist high profit losses when shelf space limitations are not considered. When we an-
alyzed the results, we see that the main deficiency of neglecting shelf space limitations
is that in that case system selects more suppliers because of unlimited space and this
incurs additional cost.

In order to see the effect of shelf space limitations on the number of selected
suppliers, we also performed experiments on the original model and observed the
number of suppliers for changing shelf space limitations. Table 4.8 shows the results

obtained for the same experimental data except that the shelf space limitation is
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Shelf Space Limitation [units] [N(S)]

8,000 1.38
20,000 1.98
32,000 2.87

Table 4.8: The effect of shelf space limitations on the number of selected suppliers

changing. Again, 6 is considered to be 0.3. In the table, [N(S)] denotes the average
number of selected suppliers. The results show that as shelf space limitations becomes
looser, the number of selected suppliers increases.

We can relate the results in Table 4.8 with the results obtained in Section 4.1.4.
According to Table 4.6 when supplier selection decision is not integrated in the as-
sortment selection decision, as the number of suppliers increases, the importance of
integrated supplier selection decision increases. Therefore, it is implied that as shelf
space limitations becomes looser, the importance of integrated supplier selection de-

cision increases.

4.2 Analysis of the Single-period Problem with Stochastic Demand

As the next step of our analysis, we consider the stochastic demand, single-period
case. This version of the problem results in modifications in decision variables and
constraints. In order to model random demand, we can formulate the problem in a
way that demand distributions are represented by a collection of random scenarios.
The technique of generating random scenarios is equivalent to Monte Carlo sampling.
The objective of the formulation is, then, to minimize the expected cost over the
scenarios. Let B denote the number of possible demand realizations and 3, denote
the probability of demand realization b such that Z{,B:l Gy, = 1. We denote the demand
for product ¢ under the demand realization b by d;. In this new formulation, we have

the following decision variables:
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e 21, : ending inventory position of product i under demand realization b. [Z:

vector representation)]
e 1; : quantity of product i to be ordered per order. [X: vector representation]
e y; : 1, if product i is ordered; 0, otherwise. [Y: vector representation]

® O, .

; ¢+ 1, if an order is placed with supplier j; 0, otherwise. (o, also indicates

whether supplier j is selected or not.)

e 20; : the amount of satisfied demand for product i under demand realization

b.

® TS, ¢ the amount of product i used to satisfy m!” substitution from product

k under demand realization b. (m = 1,2,..., M where M is a constant)
The parameters that are modified are:
e 20; : the initial inventory position of product i.
e p; : unit price of product i.

The constraints are also modified as follows:

B
i€P b=1
TCO =" oc;o; (4.3)
jeS
0j Z Ai5Yi, Vi c P, Vj S S (44)
TCSS =Y sscjo; (4.5)
JeS
1eP

b=1ieP
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TCPQ = Zp%%‘xi (4.8)

1eP

TCS =Y >3 SmilsTSmire (4.9)

b=1m=14i€eP keP

0+ > Y TSmpip = da, Vi € P, Vb € B (4.10)
m keP
20+ D> TS + 21y = 20; + 2, Vi € P, Vb € B (4.11)
m keP
810 < (dgp — 20gp)wig, Vi, k € P\{i}, Vb€ B (4.12)
2oy < (dip — 20k — D> TS1,mp) D Wrkwyr, Vi € P, Vk € P\{i},Vbe B (4.13)
reP reP
LA (4.14)
20; + 1; < S85;,Vie P (4.15)
0<ux; <0Qy;, VieP (4.16)
vy, €{0,1},Vie P (4.17)

The same analysis explained in Section 4.1 is also performed for this case.

4.2.1  Ezperimental Data

In order to facilitate comparisons among different cases of the problem, experi-
mental data for all cases are taken to be consistent with experimental data provided in
Section 4.1.1. Again, 10 products (with the 11" product representing the lost sales)
and 5 suppliers are considered. Customers perform at most 3 levels of substitution
(M = 3). Since in this case we consider single-period, distributions for some of the

parameters are modified. The updated parameter distributions are shown in Table 4.9

In order to make relevant comparisons, demand data values of 100 data sets, which
are generated initially, are considered as possible demand realizations. Thus, B is set
to 100. Since we take the average of results during the previous analysis, here, we

consider equal probability for each demand realization setting 3, = 0.01 for each b.

IBecause of the complexity associated with higher substitution levels, we provide only the first
two of the substitution inequalities.
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Parameter Description Distribution
0Q; Order quantity quota Uniform distribution, where
of product i 4,000 < 0Q; < 34,000, Vi € P
SS; Shelf space limitation quantity Uniform distribution, where
of product 4 8,000 < 5S; < 40,000, Vi € P

Table 4.9: Experimental Data for single-period problem with stochastic demand

During our analysis, we assume that the total demand for the product category
is a random variable, with a known probability distribution function, and in order to
reduce the computational complexity, we distribute the total demand to individual
products according to given deterministic customer preference proportions, which is

an approximation of the real case.

4.2.2  The Impact of Changing Substitution Costs

Table 4.10 shows the results obtained for 0.0 < § < 1.



0 TP  %ds %ls %f %s %t %subs TR  TCO TCSS TCP  TCI TCPQ TCS SOC
0.0 199,711 483 3.7 23 162 88 48 978,934 835 151,027 565,876 43,609 17,876 0 779,223
0.1 190,110 675 2.6 183 7.9 3.7 299 1019464 944 153,058 605,780 44,672 17,889 7,011 829,354
0.2 185,194 743 2.0 160 56 2.7 243 1095064 980 165905 669,286 45568 17,987 10,144 909,870
0.3 182,266 77.0 1.6 148 4.2 24 214 1,110,036 1,050 170,896 679,810 47,005 18,003 11,006 927,770
04 181,089 80.2 1.2 140 34 1.2 186 1,139,104 1,200 178,030 700,437 48,004 18,108 12,136 958,015
0.5 180,009 831 1.0 131 21 0.7 159 1,149,834 1,261 179,999 709,976 48,112 18,171 12,306 969,825
0.6 178,716 851 1.0 120 1.4 0.5 139 1,174,248 1,332 184,111 732,078 48,994 18,249 10,768 995,532
0.7 176,997 876 0.9 102 1.0 0.3 11.5 1,209,345 1,483 187,687 766,116 49,123 18296 9,644 1,032,348
0.8 175987 89.2 0.9 9.0 0.7 02 99 1238356 1,549 188,037 786,175 49,356 18,348 8,904 1,062,369
2 0.9 173,843 904 0.7 83 0.6 0.2 9.1 1278200 1,660 205789 818,875 49,985 18,459 9,589 1,104,357
1 170,990 91.3 0.7 7.3 05 02 8 1,300,004 1,671 214,746 835031 50,075 18,496 8,995 1,129,014

Table 4.10: The effect of changing substitution cost in stochastic demand, single-period case
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In order to illustrate the results of Table 4.10 graphically, Figure 4.7, Figure 4.8,
and Figure 4.9 are provided.

Similar to the deterministic demand, multi-period case, with 6 = 0, the optimal
system has limited assortment, selecting a subset of suppliers and favors substitution
since it generates no cost. As 6 increases, the optimal system extends the assort-
ment, increasing the number of selected suppliers. Therefore, supplier selection costs
increase as seen in Figure 4.8. Again, this shows that substitution costs significantly
affect ordering and supplier selection decisions.

Increase in substitution and lost sales costs leads to increases in the amount of
purchases, resulting in decreased amounts of substitution as seen in Figure 4.9 and
increased inventory. Therefore, purchasing and inventory costs increase as seen in
Figure 4.8. Again, this shows that substitution costs affect purchasing and inventory
decisions, as well.

Similarly, in Figure 4.7, it is observed that as substitution costs increase, although
total revenue increases, total profit decreases since the sum of operational costs in-

crease more than total revenue.

4.2.3  The Importance of Substitution Behavior

The results shown in Table 4.11 and illustrated in Figure 4.10 are similar to the
deterministic demand, multi-period case and show that increase in substitution costs

increases profit loss if customers’ substitution behavior is neglected.

4.2.4  The Importance of Supplier Selection Decision

Similar to the deterministic demand, multi-period case, in this case excluding
supplier selection decision results in decreased profit as shown in Table 4.12. However,

in this case the profit loss is more than 50% .
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Figure 4.7: Change in the profit, revenue, and operating costs as € increases
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0 [TP]  [TP w/osc|] [Difference] [ % Difference]

0 199,711 199,711 0 0
0.1 190,110 181,936 8,174 4.3
0.2 185,194 175,564 9,630 5.2
0.3 182,266 162,217 20,049 11.0
0.4 181,089 108,835 72,254 39.9
0.5 180,009 62,109 117,900 65.5
0.6 178,716 -7,668 186,384 104.3
0.7 176,997 -100,003 277,000 156.5
0.8 175,987 -196,809 373,796 212.4
0.9 173,843 -327,867 501,710 288.6

1 170,990 -376,550 547,540 320.2

Table 4.11: The effect of substitution behavior in stochastic demand, single-period
case

4.2.5  The Importance of Shelf Space Limitations

As discussed in Section 3.6.3, in order to analyze the importance of shelf space
limitation in this problem, we first introduced an effective shelf space limitation of
8,000 units for the category and found the optimal profit with this constraint. Then,
we excluded shelf space constraint from the model and found the assortment for this
new setting. Then, we applied the shelf space limitation to this assortment in both
ways described in Section 3.6.3 and found the total profits that these assortments
generate for the case with shelf space limitations. Lastly, we compared these profits
with the total profit generated when shelf space limitations are included in the model.
We performed these for the same experimental data used in Section 4.1.1, where € is
considered to be 0.3, and we observed that excluding shelf space limitations results
in decreased profit. Table 4.13 shows these results.

Similar to the deterministic demand, multi-period case, the assortments of the
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Figure 4.10: Change in the percentage of profit loss as 6 increases in case of ignored
substitution behavior

model without self space constraints either with method 1 or method 2 generate lower
profit than the optimal assortment of the model with shelf space constraints generates,
and there exists high profit loss when shelf space limitations are not considered as a
result of higher supplier selection costs.

In order to see the effect of shelf space limitations on the number of selected
suppliers, we also performed experiments on the original model and observed the
number of suppliers for changing shelf space limitations. Table 4.14 shows the results
obtained for the same experimental data except that the shelf space limitation is
changing. Again, 6 is considered to be 0.3. The results show that similar to the
deterministic demand and multi-period case, as shelf space limitations becomes looser,
the number of selected suppliers increases. Therefore, also for stochastic demand
case, as shelf space limitations becomes looser, the importance of integrated supplier

selection decision increases.
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0 [TP] [TP w/oss] [Difference] [ % Difference]

0 199,711 95,662 104,049 52.1
0.1 190,110 86,125 103,985 54.7
0.2 185,194 83,337 101,857 55.0
0.3 182,266 82,936 99,330 54.5
0.4 181,089 80,947 100,142 55.3
0.5 180,009 80,364 99,645 55.3
0.6 178,716 79,388 96,328 95.5
0.7 176,997 77,012 99,985 56.4
0.8 175,987 76,946 99,041 56.2
0.9 173,843 76,266 89,877 56.1

1 170,990 75,975 95,015 55.5

Table 4.12: The effect of supplier selection decision as substitution costs change in
stochastic demand, single-period case

4.3 The Benchmark Case: The Single-period Problem with Determin-

istic Demand

As the next step of our analysis, we consider the deterministic demand, single-
period case in order to make comparisons with the stochastic demand, single-period
case. The deterministic demand, single-period problem is a special case of both the
deterministic demand, multi-period problem, where the number of periods is equal to
1 (T =1) and the stochastic demand, single-period problem, where there exists one
possible scenario. This special case requires modifications in decision variables and
constraints of the model. In the new formulation, forecasted demand for product 7 is

parameterized as d; and we have the following decision variables:

e 21, : ending inventory position of product i.

e 1; : quantity of product ¢ to be ordered per order.
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The assortment [TP]  [% Profit Loss]
The assortment of the original model 19,872 -

The assortment of the model w/o shelf space limitations 15,453 22.2

with method 1

The assortment of the model w/o shelf space limitations 13,983 29.6
with method 2

Table 4.13: The effect of shelf space limitations

Shelf Space Limitation [units] [N(S)]

8,000 1.20
20,000 1.89
32,000 2.68

Table 4.14: The effect of shelf space limitations on the number of selected suppliers

y; : 1, if product ¢ is ordered; 0, otherwise.

oj : 1, if an order is placed with supplier j; 0, otherwise. (o; also indicates

whether supplier j is selected or not.)
e 20, : the amount of satisfied demand for product 7.

TSmak : the amount of product i used to satisfy m* substitution from product

k.

The parameters that are modified are:

e 20; : the initial inventory position of product i.

e p; : unit price of product i.
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The constraints are also modified as follows:
= pi (200 + z; — z1;) (4.18)
i€EP
TCO =" oc;o; (4.19)
jes
0; Z aijyi,W S P, \V/] es (420)
TCSS = sscjo; (4.21)
jes
iEP
0; +x; + 21;
ror—y Blitatal), (4.23)
ieP 2
TCPQ = quiqixi (4.24)
icP
M
Z Z Z Symi T Smik (4.25)
m=1ieP keP
20, + Y > TSk = d;, Vi € P (4.26)
m keP
x0; + Z Z TSmir + 21; = 20, + x;,Vi € P (4.27)
m keP
TS < (dk — ZL’Ok)wzk,\V/Z, ke P\{Z} (428)
TS < (dy, — 20 — Z TS1rk) Z wyepw;, Vi € P,YEk € P\{i} (4.29)
repP reP
L2 (4.30)
20, +x; < SS;,Vi € P (4.31)

The analysis carried out for the deterministic demand, multi-period case given in

Section 4.1 is also performed for this case.

2Because of the complexity associated with higher substitution levels, we provide only the first

two of the substitution inequalities.
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4.3.1  Ezperimental Data

The experimental data used for the deterministic demand, single-period case is
taken to be consistent with experimental data provided in Section 4.1.1 and the
updated parameter distributions, which are shown in Table 4.9. The deterministic
demand for products, d;, is determined as d; = 40,000 * a;, where >, d; = 40000 and
0 <a; <1,Vi e P. Here, note that, the total demand for products is assumed to be
40, 000.

4.8.2  The Impact of Changing Substitution Costs

Table 4.15 shows the results obtained for different 6 values in the range 0 < 6 < 1.



Gl

0 TP %Nds  %ls %t %s %t Ysubs TR TCO TCSS TCP TCI TCPQ TCS SOC
0.0 152,164 36.3 11.7 244 175 10.1 5197 481,894 85.5 62,793 249,031 10,621 7,198 0 329,730
0.1 132,000 44.5 85 240 152 79 4711 493,155 90.0 66,749 257,855 10,907 7,464 18,090 361,156
0.2 115,876 51.2 6.2 235 128 6.3 4258 501,911 998 74,644 264,085 11,302 7,614 28,289 386,035
0.3 103,259 56.5 53 231 104 4.8 3824 505,203 108.2 81,414 267,962 11,452 7,753 33,254 401,944
0.4 93,59 620 48 21.6 81 3.5 3317 505,699 114.7 87,574 270,394 11,621 7,803 34,594 412,103
0.5 86,061 66.7 55 195 5.8 22 2767 499,122 120.1 92,058 268,960 11,6556 7,814 32,452 413,062
0.6 80,262 698 56 187 41 1.5 2450 497,326 125.6 96,861 268,981 11,644 7,826 31,623 417,064
0.7 7548 73.5 55 166 3.1 1.1 2087 496,198 131.1 102,132 269,689 11,710 7,812 29,236 420,713
0.8 71,593 749 6.1 159 22 0.7 19.05 493422 133.8 104,175 268,879 11,667 7,767 29,203 421,829
09 68172 764 57 152 1.8 06 1778 493,383 137.1 107,252 269,317 11,691 7,793 29,019 425,211

1 65161 781 54 144 14 05 1644 494,442 1404 109,983 270,761 11,724 7,833 28,838 429,281

Table 4.15: The effect of changing substitution cost in deterministic demand, single-period case
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Figure 4.11: Change in the profit, revenue, and operating costs as # increases

In order to illustrate the results of Table 4.15 graphically, Figure 4.11, Figure 4.12,
and Figure 4.13 are provided.

According to these results, for smaller 6 values, the optimal system has limited
assortment, selecting a subset of suppliers and favors substitution since it generates
no cost. However, for greater  values, the optimal system extends its assortment, in-
creasing the number of selected suppliers. Therefore, supplier selection costs increase
as seen in Figure 4.12. Similar to the deterministic demand and multi-period case,
this shows that substitution costs significantly affect ordering and supplier selection
decisions.

As substitution and lost sales costs increase, the system tries to satisfy more
demand and decreases substitutions as shown in Figure 4.13. Thus, similar to the
deterministic demand, multi-period case, this shows that substitution costs affect
purchasing and inventory decisions, as well.

When we compare these results with the results obtained for previous cases, it
is observed that stochastic demand case generates higher costs and lower profit. In

the stochastic demand case, less substitution and lost sales are preferred, and more
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products are ordered. As a result of these higher costs, for the stochastic demand

case, proper identification of substitution costs has higher importance.

4.3.3  The Importance of Substitution Behavior

The results, shown in Table 4.16, are similar to the deterministic demand, multi-
period case. In Figure 4.14, we observe that as substitution costs increase, profit loss
increases if customers’ substitution behavior is neglected. According to the results
Table 4.16, in single-period case the profit loss becomes more critical compared to
that of multi-period case especially in case of high substitution costs.

More importantly, when we compare Table 4.16 with Table 4.11 | we observe that
for the stochastic demand case, the profit loss becomes much more critical compared

to that of the deterministic demand case especially when substitution costs are high.

0 [TP]  [TP w/osc|] [Difference] [ % Difference]

0 152,164 152,164 0 0
0.1 132,000 129,608 2,392 1.8
0.2 115876 107,052 8,824 7.6
0.3 103,259 84,496 18,763 18.2
0.4 93,596 61,940 31,656 33.8
0.5 86,061 39,384 46,677 54.2
0.6 80,262 16,828 63,485 79
0.7 75,486 -5,728 81,214 107.6
0.8 71,593  -28,284 99,878 139.5
0.0 68172  -50,840 119,012 174.6

1 65,161 -73,396 138,557 212.6

Table 4.16: The effect of substitution behavior in deterministic demand, single-period
case
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Figure 4.14: Change in the percentage of profit loss as 6 increases in case of ignored
substitution behavior

4.3.4  The Importance of Supplier Selection Decision

Similar to the multi-period case, in the single-period case excluding supplier se-
lection decision results in decreased profit of more than 40% . Table 4.17 shows these
results.

More importantly, when we compare Table 4.17 with Table 4.12 | we observe that
for stochastic demand case, the profit loss becomes much more critical compared to
that of previous cases especially when supplier substitution costs are high.

If we compare the single-period and the multi-period, deterministic demand cases,
we see that the percentage of profit loss as a result of excluding supplier selection
decision in single-period case is greater than that of multi-period case. This shows

that in the single-period case, supplier selection decision is more important.

4.3.5  The Importance of Shelf Space Limitations

As discussed in Section 3.6.3 in order to analyze the importance of shelf space

limitation in this problem, we first introduced an effective shelf space limitation of
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0 [TP] [TP w/oss] [Difference] [ % Difference]

0 152,164 82,669 69,495 45.7
0.1 132,000 66,318 65,683 49.8
0.2 115876 57,398 58,478 50.5
0.3 103,259 51,935 51,324 49.7
04 93,596 46,685 46,911 50.1
0.5 86,061 43,815 42,246 49.1
0.6 80,262 41,741 38,522 48
0.7 75,486 40,546 34,940 46.3
0.8 71,593 39,335 32,259 45.1
0.9 68,172 38,098 30,075 44.1

1 65,161 37,431 27,731 42.6

Table 4.17: The effect of supplier selection decision as substitution costs change for
deterministic demand, single-period case

8,000 units for the category and found the optimal profit with this constraint. Then,
we excluded shelf space constraint from the model and found the assortment for this
new setting. Next, we applied the shelf space limitation to this assortment in both
ways described in Section 3.6.3 and found the total profits that these assortments
generate for the case with shelf space limitations. Lastly, we compared these profits
with the total profit generated when shelf space limitations are included in the model.
We performed these for the same experimental data used in Section 4.1.1, where 0 is
considered to be 0.3, and we observed that excluding shelf space limitations results
in decreased profit. Table 4.18 shows these results.

According to these results, similar to the multi-period, deterministic demand case,
the assortments of the model without self space constraints either with method 1 or
method 2 generate lower profit than the optimal assortment of the model with shelf
space constraints generates. In addition, there exist high profit losses when shelf space

limitations are not considered. Again, it is as a results of that the system selects more
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The assortment [TP]  [% Profit Loss]
The assortment of the original model 16,187

The assortment of the model w/o shelf space limitations

with method 1 12,389 23.5

The assortment of the model w/o shelf space limitations

with method 2 11,456 29.2

Table 4.18: The effect of shelf space limitations

suppliers because of unlimited space in case of unlimited shelf space.

When we compare the deterministic demand case with the stochastic demand
case considering Tables 4.18 and 4.13, we observe that profit losses are greater in
stochastic demand case. Therefore, when the demand is stochastic, including shelf
space constraints in the model gains more importance.

In order to see the effect of shelf space limitations on the number of selected
suppliers, we also performed experiments on the original model and observed the
number of suppliers for changing shelf space limitations. Table 4.19 shows the results
obtained for the same experimental data except that the shelf space limitation is
changing. Again, 6 is considered to be 0.3. The results show that similar to the multi-
period case, as shelf space limitations becomes looser, the number of selected suppliers
increases. Therefore, also for the deterministic demand and single-period case, as
shelf space limitations becomes looser, the importance of integrated supplier selection
decision increases. In addition, since the number of selected suppliers in the stochastic
demand case is more than that of deterministic demand case, the importance of

integrated supplier selection decision is also greater for stochastic demand case.
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Shelf Space Limitation [units] [N(S)]

8,000 1
20, 000 1.57
32,000 2.41

Table 4.19: The effect of shelf space limitations on the number of selected suppliers

4.4 Comparisons of Test Results for Deterministic Demand and Sto-

chastic Demand Cases

If we summarize the comparisons among the stochastic demand and the deter-

ministic demand cases, we make the following observations provided in Table 4.20.

Single-period, Single-period,

Determistic Demand Stochastic Demand

Original demand satisfied Higher
Substitution percentages Higher
The Amount of Lost Sales Higher
Ordering Quantitites per period Higher
Optimal Profit Higher
Importance of Substitution Higher
Importance of Supplier Selection Higher
Importance of Shelf Space Limitations Higher

Table 4.20: Comparisons of Test Results for Deterministic Demand and Stochastic
Demand Cases

These results are based on the following facts: in the stochastic demand case, since

the demand is not known with certainty, the system orders more in order to satisfy
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the future demand. As a results of this, more demand can be satisfied compared to
the deterministic demand case. Although percentage of the lost sales and substitution
amounts are lower, ordering more decreases the total profit.

In addition, since the system is more sensitive due to demand uncertainty in
stochastic demand case, the impact of substitution, supplier selection, and shelf space
limitations on the total cost are greater. An important point needs clarification here:
although substitution and lost sales percentages are lower in the stochastic demand
case, the effect of substitution on the total cost is higher. This can be explained by
the fact that the incurred substitution costs might be lower in stochastic demand
case, however, the profit is also lower, and therefore the percentage of substitution

cost in profit and/or revenue is higher than that of the deterministic demand case.

4.5 The Impact of Demand Variability

In order to see the impact of demand variability on substitution amounts, the
optimal profit, ordering quantities, and supplier selection costs, we change the demand
variability and observe the corresponding parameters.

In our experiments, we consider the single-period problem with # = 0.3 and the
parameter values are generated according to Table 4.21.

The mean of total demand for products is assumed to be constant, 40,000, for
all experiments, where it is uniformly distributed according to changing variances
provided in Table 4.22. Again Monte Carlo sampling is used and 100 scenarios are
generated for total demand.

Table 4.22 provides the results of the experiments. Under the Total Substitution
Percentage column, the sum of first, second, third levels of substitution percentages
and lost sales percentages for all products is given. The substitution percentage of
a product at a certain level is calculated as the ratio of the sum of substitutions
from that product in that level to the demand for that product. Similarly, the lost
sales percentage of a product is calculated as the ratio of lost sales amount from that

product to the demand for that product.
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Parameter Value

Wik Random, where >, cpwiy, =1 and 0 <wy, <1, Vi, k€ P

o Random, where 5 < ¢; <10 ,Vi e P

oc; Random, where 30 < oc; <50, Vj €S

55¢j Random, where 15,000 < ssc; < 50,000, Vj € S

d; di = (3°;di) * v, where >, =1land 0< o; <1,Vie P,Vt=1,..,T

(Total demand distribution varies from one experiment to another and

is provided in Table 4.22.)

0Q; Random, where 4,000 < OQ); < 34,000, Vi € P

SS; Random, where 8,000 < S'S; < 40,000, Vi € P

h; Random, where 0.3 < h; <1,Vie P

PG; Random, where 2 < pg; <4, Vi e P

Qi Random, where 0.0 < ¢; < 0.15, Vi € P

Di pi = ¢; + mg;, where mg; is random with 4 < mg; < 8, Vi € P.

Table 4.21: Experimental Data



Mean of Uniform Distribution Total Substitution Optimal  Cost of Cost of Cost of
Demand Variance Percentage Profit ~ Ordering Supplier Selection Substitution
40,000  wvariance = 0 (deterministic) 43.4 % 103,259 108.2 81,414 33,254
40,000 39,000 < ", d; < 41,000 29.6 % 81,034 156.4 102,344 26,840
40,000 35,000 < 3", d; < 45,000 20.1 % 66,309 203.5 102,344 22,397
40,000 30,000 < °, d; < 50,000 11.3 % 55,183 289.2 125,198 19,172

Table 4.22: The Impact of Demand Variability
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According to Table 4.20, it is seen that substitution amounts of the stochastic
demand case are lower than that of the deterministic demand case. Due to the
results provided in Table 4.22, it is observed that as the demand variability increases,
the substitution percentages decrease. This generalizes the comparison result related
to substitution amounts in stochastic and deterministic cases stated in Table 4.20.

According to the results provided in Table 4.22, increasing demand variability
decreases optimal profit, which generalizes the comparison result related to optimal
profit stated in Table 4.20.

When ordering amounts are observed for increasing demand variability, it is seen
in Table 4.22 that as demand variability increases, the system orders more in order to
be able to meet the demand and pay more for ordering. By ordering more, the system
makes less substitution and pay less substitution cost. However, since optimal profit
decreases as demand becomes more variable, the proportion of substitution cost to
total profit increases. Therefore, the importance of substitution increases as demand
variability increases. These observations are the generalization of the the comparison
result related to ordering amounts and the importance of substitution provided in
Table 4.20.

Another result of increasing demand variability is increased supplier selection cost
as observed in Table 4.22. In order to be able to satisfy the demand for products
in case of variability in demand, on behalf of ordering more, the system extends its
assortment and works with more suppliers. Therefore, as demand variability increases,

the importance of integrated supplier selection decision increases.
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Chapter 5

EXPERIMENTAL STUDY II:
EMPIRICAL OBSERVATIONS

In our model, there are some input parameters that need to be set carefully, since
we have observed that the model solution is sensitive to these parameters. These

parameters are

e w;, : the proportion of customers whose preference is product k£ and who sub-
stitute product k with product ¢ in case of unavailability, that is substitution

rates, and

e s5,,; : the penalty cost of m*" substitution from product i.

5.1 Determination of Substitution Rates, w;,’s

Previous research on customer response to stockouts have shown that stockouts
might result in substantial losses from a brand sales perspective (Schary and Christo-
pher (1979)) and from a category sales perspective (Bell and Fitzsimons (1999)).
Although there is some researches on the assortment and/or inventory planning in
the existence of substitution in the literature, there is not so much research on the es-
timation of substitution rates. Anupindi et al. (1998) develop a methodology in order
to estimate customer demand with stockout-based substitution. In this method, the
arrival process for products is presumed to be a Poisson process and they solve for the
arrival rates and substitution rates by maximizing the likelihood function by using the
expected-maximization method. Their method requires partial or complete inventory
transaction data. Campo et al. (2003) apply the logit model estimation of when-

to-buy, what-to-buy, and how-much-to-buy decisions of customers by dynamically
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changing the product assortment and observes the impact of stockouts on category
sales and purchase quantity. Kok and Fisher (2004) develop an new methodology
for assortment-based demand estimation under an assumed relatively simple substi-
tution structure and use the estimations for the stockout-based substitution. Smith
and Agrawal (2000) use a probabilistic model and determine substitution rates as
described in Section 3.7.1.

Any one of the above methods can be used to determine the input parameters,

substitution rates, of our model.

5.2 Determination of Substitution Cost Penalties, s,,;’s

As stated in Section 4.1.1, we assume s,,; = SC; * m, where SC; denotes the
first level substitution cost from product ¢, SC; is a linear function of its margin,
mg;, and is calculated as SC; = 6 x mg;. Therefore, in order to find SC;, we need to
determine 6. Since @ is specific for our model, we prepared a survey to understand the
substitution behavior of customers, and used the results of the survey to determine

the characteristics of 0.

5.2.1 The Customer Survey on the Substitution Behavior

In the survey, we tried to analyze the effect of retailer choice in substitution cost,
and the effect of product category in substitution. Rather than to provide specific
results, with this survey we aimed to gain insights on the substitution behavior. There
are 250 people who participated in the survey. The survey questions and the results
that we obtained are provided in Appendix B.

The results of the survey can be stated as follows:

e Customers incur less substitution cost for retailers with limited assortment.
That is, the customers of the retailers with limited assortment are more likely
to substitute to available products whereas the customers of the retailers with

larger assortment are intolerant to product unavailabilities.
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e The sensitivity of customers to product unavailabilities is not same for all prod-
uct categories. They are more sensitive in categories of milk products, meat
products, and cosmetics, and the sensitivity to these product categories is inde-

pendent of the retailer choice of the customer.

e The expectation of female customers on the product variety and availability is
more than that of male customers. Females are less price-sensitive than male

customers.

e The lost sales penalty and the probability of losing customers forever are smaller
for limited assortment, low price retailers than that for retailers with large

assortment and higher price.

e The customers of limited assortment, low price retailers have less brand loyalty

than the customers of retailers with large assortment and higher price.

Due to these results, we can say that the following two factors determine the value
of @ for a product category in a retailer, and explain how the value of  for a product

category can be set.

1. The characteristics of the assortment for that product category. Here, we use the
term characteristics since not only the size of the assortment but also its content
are important factors. For instance, a retailer might have two products/brands
in a category but these two products/brands might span 90% of the market,
whereas another retailer might have two products/brands in a category which
spans only 30% of the market share. However, the amount of share that the
assortment spans in the market is not only the determinant factor as the next
instance shows. For instance, there might be two retailers, A and B, both having
assortments with size 2 that span 50 % of the market in a product category.
In this product category, retailer A’s assortment is composed of market-leader
brand, which has a share of 40 %, and the brand with lowest market share,

10 %. Retailer B’s assortment is composed of two brands with market shares
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of 25 % each. Clearly, the value of 6 will be different for retailer B in that
product category. Therefore, although 6 is used to determine the assortment,
the assortment determines the value of 6, as well. Then, we can say that the
retailer sets a mean value of # for all product categories when he determines its
position in the market, for instance as being a hard discounter or a department

store.

2. The product category itself. After the retailer determines its position in the
market and sets the mean value of # for all product categories, say as g, the
value of 6 for each product category can be set so that their mean gives 0y
according to the sensitivity scales of the customers that the customer surveys

provide.
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Chapter 6

CONCLUSION

The problem of product assortment under customer-driven demand substitution in
retail operations is analyzed in this thesis. The complexity of the problem comes from
several factors. First, increasing variety in product assortment increases customer
satisfaction but has a negative effect on operational costs such as the cost of ordering
and the cost of supplier selection. Second, each product type is supplied by a supplier;
therefore, product assortment and selection of suppliers cannot be separated. Third,
since increase in variety of the assortment reduces demand per variant as a result
of substitution, customer-driven substitution should not be neglected while deciding
the right assortment. Fourth, since a product category cannot have unlimited shelf
space in the store, inventory management should also be incorporated in the decision
process. Therefore, in order to decide on the right product assortment, a retailer
should consider several closely-related issues such as category management, selection
of suppliers, and demand substitution.

In this thesis, we addressed the above problem and developed an optimization
model for the multi-period, multi-product inventory, product assortment and supplier
selection problem with multi-way demand substitution. The behavior of the solution
provided by the model is analyzed for three cases: (i) the deterministic demand,
multi-period case, (ii) the deterministic demand, single-period case, and (%ii) the
stochastic demand, single-period case. The analysis for each case is performed to
examine the effects of three parameters - substitution cost, supplier selection cost,
and shelf space limitations -, separately. The analysis and the results of the analysis

can be summarized as follows:

e The solution of the model is analyzed in case of different substitution costs. It is
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observed that substitution affects purchasing, ordering, inventory management,
and supplier selection decisions. In addition, high substitution and lost sales
costs for retailers resulted in extended assortments and increased service level,

but reduced profit due to increase in operational costs.

e The effect of neglecting customers’ substitution behavior in the model is ana-
lyzed and it is observed that ignoring substitution in product assortment deci-

sion results in reduced profit.

e The effect of including supplier selection decision to the model is examined and
it is concluded that excluding supplier selection decision leads to significant

profit loss.

e The effect of ignoring shelf space limitations is analyzed and it is concluded
that considering shelf space limitations in the model results in more profitable

assortment.

e The results are compared for the deterministic demand and the stochastic de-
mand cases and the impact of variability on the profit, operational costs, and
substitution amounts is observed. According to these analyses, it can be stated
that as demand variability increases, retailers should order more in order to
satisfy the demand and pay more operational costs. In addition, they might
need to extend the width of their assortment by working with more suppliers.
It is seen that as demand variability increases, substitution behavior, supplier
selection decision, and shelf space limitations become more important in the

product assortment decision.

The main contributions of this thesis can be listed as follows:

e To the best of our knowledge, the problem of multiple products, multi-way prod-
uct substitution, inventory planning, and supplier selection in the existence of

shelf space limitations is not considered in an integrated model in the literature.



Chapter 6: Conclusion 90

Therefore, our study provides an efficient tool to determine the product assort-
ment for retailers, which considers supplier selection and inventory management
decisions in the existence of shelf space limitations and customers’ substitution
behavior. In addition, using our model, retailers can position themselves in the
market by solving the model for different customer segments that have different
substitution behaviors. The model can also be used to decide on new prod-
uct introduction, given the estimate of the profit margin of the new product,
substitution rates from/to this product, and its expected effect on the category

demand.

e The analysis of the developed model gives insights about the effect of the sub-
stitution on the product assortment, the importance of incorporating supplier
selection decision to the product assortment problem, and the significance of

shelf space limitations on determining the right assortment.

An extension of this study is to integrate vendor-managed inventory into the
system since it is an emerging trend in retailing. It reduces supply chain costs and
inventory levels and increases profit. However, it requires the rapid and accurate
transfer of information between the retailer and its suppliers. In this setting, suppliers
create the purchase orders based on the demand information exchanged by the retailer.
Therefore, while integrating vendor-managed inventory into our system, inventory
related issues should be standardized according to the agreements between the retailer
and its suppliers.

In this thesis, it was assumed that before visiting the retail store, customers have
clear and stable preferences for the product categories that they are going to shop.
However, as stated in Simonson (1999), in many situations, customers construct their
preferences when faced with a specific product assortment, rather than having con-
structed and stable preferences. Therefore, a possible extension of our study might
be considering different customer preferences for different assortments. However, de-

ciding product assortment in the existence of flexible customer preferences will not
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be trivial as it requires understanding consumer behavior.

Moreover, an attractive future work direction is considering promotional activities
in the model. Retailers also position themselves in the market according to their
nature of promotional activities. The studies show that promotions such as price
cuts have significant effects on product choice (e.g. Guadagni and Little (1983)) and
product substitution (Dodson, Tybout, and Sternthal (1978)). However, similar to
the previous possible extension, considering promotional activities in the model might
not be trivial since it will require understanding the reaction of customers to price

discounts and assessing the effect of brand loyalty.
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Appendix A

THE RESULTS OBTAINED BY SMITH AND AGRAWAL

(2000)

No Subs. Random Subs. Adjacent Subs. One-Item Subs.
Products Assort. Size Assort. Size Assort. Size Assort. Size
1 8 10
2 8 10 15
3 8 10 28
4 8 15
5 8
Opt. Profit 16.4 26.3 39.6 47.3

Table A.1: Optimal assortment generated by the model Smith and Agrawal(2000) for

Example Set 1
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No Subs. Random Subs.

Adjacent Subs.

One-Item Subs.

Products Assort. Size Assort. Size Assort. Size Assort. Size
1 8 10 8 8

2 8 10 8 8

3 8 10 8 18

4 8 13

5 8

Opt. Profit 41.1 45.1 41.6 45.1

Table A.2: Optimal assortment generated by the model Smith and Agrawal(2000) for

Example Set 2

No Subs. Random Subs.

Adjacent Subs.

One-Item Subs.

Products Assort. Size Assort. Size Assort. Size Assort. Size
1 17 19

2 8 10 22

3 28

4 8

5

Opt. Profit 27.2 35.4 38.2 46.7

Table A.3: Optimal assortment generated by the model Smith and Agrawal(2000) for

Example Set 3
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Appendix B

THE RESULTS OF SURVEYS

B.1 Survey Questions

1. What is your sexuality?
(O Female
O Male

2. Which type of retailers do you prefer in order perform your shopping?
(O The ones with large product-brand variety but high price, say A
(O The ones with restricted product-brand variety but low price, say B

3. Which one is more important for you when you’re shopping?
(O Affordable prices
(O Large product-brand variety
(O Availability of the product-brand that you want to buy

4. Which product categories are you more selective? (Mark all that are appropri-
ate.)
(O Baby products
(O Beverages
(O Milk and milk products (yogurt, cheese, ice-cream, etc.)
O Frozen nutrients

(O Meat and meat products
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(O Cigarettes and alcoholic drinks

O Sugary nutrients (biscuit, wafer, etc.)

(O Light nutrients

(O Legumes

O Flour and floury nutrients (pasta, bread, etc.)
O 0Oil

(O Delicatessen

(O Soaps

(O Detergents

(O House-cleaning products/tools

O Cosmetics (deodorant, shampoo, moisturizer, etc.)

5. When you need to buy a shampoo, what do you do if the brand you want is
unavailable?
(O I choose another brand which is available.
(O I do never choose another brand, but I continue shopping.
(O I leave the shopping basket as is, and go to the retailer that I can find the

brand I want.

6. As a result of this :
O In the future, in my shoppings that incurs shampoo I can choose this retailer.
O In the future, in my shoppings that incurs shampoo I will never choose this
retailer.

O In the future, in all my shoppings I will never choose this retailer.

7. When you need to buy a toilet paper, what do you do if the brand you want is
unavailable?

O I choose another brand which is available.
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10.

11.

(O I do never choose another brand, but I continue shopping.
(O I leave the shopping basket as is, and go to the retailer that I can find the

brand I want.

. As a result of this :

(O In the future, in my shoppings that incurs toilet paper I can choose this
retailer.

(O In the future, in my shoppings that incurs toilet paper I will never choose
this retailer.

O In the future, in all my shoppings I will never choose this retailer.

. When you need to buy flour or floury nutrients (pasta, bread, etc.), what do

you do if the brand you want is unavailable?

(O I choose another brand which is available.

(O I do never choose another brand, but I continue shopping.

(O I leave the shopping basket as is, and go to the retailer that I can find the

brand I want.

As a result of this :

(O In the future, in my shoppings that incurs flour or floury nutrients I can
choose this retailer.

(O In the future, in my shoppings that incurs flour or floury nutrients I will
never choose this retailer.

O In the future, in all my shoppings I will never choose this retailer.

Please rate the retailer that you generally go in regard of the following fields:
(1: very bad, 5: very good)



Appendiz B: The Results of Surveys 97

1 2 3 4 5
Price O O O O O
Product-brand variety O O O O O
Availability of the product-brand that you want tobuy O O O O O

B.2 Survey Results

In Table B.1 the statistical results obtained by analyzing the answers of 250
participants are provided. In the table, the first column refers to a choice of a question,
the second column, % Participants, refers to the percentage of participants who
selected that choice, the third column, % Female, refers to the percentage of females
who selected that choice, the fourth column, % Male, refers to the percentage of males
who selected that choice, the fifth column, % Type-A, refers to the percentage of
Retailer Type-A customers who selected that choice, and the last column, % Type-B,

refers to the percentage of Retailer Type-B customers who selected that choice.



Table B.1: Survey Results

% Participants

% Female

% Male % Type-A % Type-B

— What is your sexuality?

Female 56% 60% 44%
Male 44% 40% 56%
— Which type of retailers do you prefer in order perform your shopping?

The ones with large product-brand variety

but high price, say Type-A 7% 82% 1%

The ones with restricted product-brand

variety but low price, say Type-B 23% 18% 29%

— Which one is more important for you when youre shopping?

Affordable prices 31% 25% 38% 23% 56%
Large product-brand variety 36% 39% 34% 39% 27%
Availability of the product-brand that you

want to buy 33% 36% 28% 38% 17%
— Which product categories are you more selective?

Baby products 13% 14% 12% 15% 5%
Beverages 26% 27% 26% 26% 27%
Milk and milk products (yogurt, cheese,...) 76% 83% 67% 78% 1%

sfionang fo synsay ayJ, g ripuaddy
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Table B.1: Survey Results (continued)

%Participants Female Male Type-A Type-B

Frozen nutrients 25% 28% 21% 25% 22%
Meat and meat products 72% 75% 67% 72% 71%
Cigarettes and alcoholic drinks 11% 6% 17% 11% 10%
Sugary nutrients (biscuit, wafer, etc.) 26% 22% 32% 24% 34%
Light nutrients 12% 18% 4% 14% 5%
Legumes 6% ™% 4% 4% 12%
Flour and floury nutrients (bread, etc.) 15% 17% 12% 13% 20%
Oil 31% 35% 26% 34% 22%
Delicatessen 36% 3% 36% 3% 34%
Soaps 23% 24% 23% 26% 15%
Detergents 36% 42% 28% 38% 30%
House-cleaning products/tools 26% 26% 27% 27% 24%
Cosmetics (deodorant, shampoo, etc.) 66% 73% 56% 69% 59%
— When you need to buy a shampoo, what do you do if the brand you want is unavailable?

I choose another brand which is available. 31% 24% 41% 28% 41%
I do never choose another brand, but I

continue shopping. 65% 72% 55% 70% 49%

sfionang fo synsay ayJ, g ripuaddy
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Table B.1: Survey Results (continued)

%Participants Female Male Type-A Type-B

I leave the shopping basket as is, and

go to the retailer that I can find the

brand I want. 4% 4% 4% 2% 10%
— As a result of this :

In the future, in my shoppings that incurs

shampoo I can choose this retailer. 52% 45% 62% 48% 66%
In the future, in my shoppings that incurs

shampoo I will never choose this retailer. 46% 54% 34% 49% 34%
In the future, in all my shoppings I will

never choose this retailer. 2% 1% 4% 3% 0%

— When you need to buy a toilet paper, what do you do if the brand you want is unavailable?

I choose another brand which is available. 87% 84% 90% 86% 88%
I do never choose another brand, but I

continue shopping. 12% 15% 9% 13% 10%
I leave the shopping basket as is, and

go to the retailer that I can find the

brand I want. 1% 1% 1% 1% 2%

sfionang fo synsay ayJ, g ripuaddy
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Table B.1: Survey Results (continued)

%Participants Female Male Type-A Type-B
— As a result of this :
In the future, in my shoppings that incurs
toilet paper I can choose this retailer. 85% 83% 87% 84% 85%
In the future, in my shoppings that incurs
toilet paper I will never choose this
retailer. 14% 16% 13% 15% 15%
In the future, in all my shoppings I will
never choose this retailer. 1% 1% 0% 1% 0%
— When you need to buy flour or floury nutrients, what do you do if the brand you want
is unavailable?
I choose another brand which is available. 74% 69% 79% 72% 80%
I do never choose another brand, but I
continue shopping. 23% 28% 18% 27% 13%
I leave the shopping basket as is, and
go to the retailer that I can find the
brand I want. 3% 3% 3% 1% ™%

— As a result of this :

sfionang fo synsay ayJ, g ripuaddy
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Table B.1: Survey Results (continued)

%Participants Female Male Type-A Type-B
In the future, in my shoppings that incurs
flour or floury nutrients I can choose
this retailer. 79% 75% 85% 78% 83%
In the future, in my shoppings that incurs
flour or floury nutrients I will never
choose this retailer. 20% 24% 15% 21% 17%
In the future, in all my shoppings I will
never choose this retailer. 1% 1% 0% 1% 0%
— Please rate the retailer that you generally go in regard of the following fields:
(1: very bad, 5: very good)
Price 3,3 3,3 3,3 3,2 3,7
Product-brand variety 3,8 3,9 3,6 3,8 3,9
Availability of the product-brand that you
want to buy 3,7 3,9 3,6 3.8 3,6
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