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Abstract

This thesis considers a simple supply chain with one supplier and one manufac-
turer. The supplier provides batches of items to meet the manufacturer’s demand
targets. The manufacturer tries to choose the right order quantities of items to
minimize total operational cost. The cost is made up of inventory and trans-
portation costs which both are functions of order quantity. The inventory costs
include holding costs, purchasing costs, ordering costs and financing costs. The
transportation costs include the expenses of shipping the items from the supplier
to the manufacturer that are calculated with the National Motor Freight Clas-
sification (NMFC) standard. The Genetic Algorithm (GA) function in Matlab
is used as the solution procedure and the results are compared with the Equal
Order Quantity model and the Just-In-Time (JIT) model. The last part of this
thesis presents a sensitivity analysis to establish the robustness of the model.
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CHAPTER 1

Introduction

1.1. Motivation

Manufacturers need to have a good supply chain management system in order
to achieve low inventory levels, short lead times and adjustability to meet cus-
tomer demands at minimal total operational cost [1]. This cost is made up of
inventory and transportation costs [2] that are often minimized separately [3].
This minimization strategy may not be able to give an optimal order quantity |4|
because of the antinomic relationship between inventory cost and transportation
cost [1]. In this thesis, inventory and transportation costs are minimized together
to determine optimal order quantities.

Figure 1.1 shows an example of an antinomic relationship between inventory and
transportation costs. It shows that transportation costs increase with frequency
and that inventory costs decrease. The manufacturer represented in figure 1.1
should order 7 times in a year to minimize the total cost.

$140,000.00

$120,000.00 —

$100,000.00

$80,000.00

Cost

$60.000.00 -+-Transportation Cost

Optimal Frequency
-B-Inventory Cost

$40,000.00
®

$20,000.00 Total Cost

»--o/"/‘_‘

$_ T T

Frequency

FIGURE 1.1. Relationship Between Inventory, Transportation
And Total Costs



1.2. The Need for a New Model

Volatile customer expectations and rapidly changing markets cause short lifecycle
items. Manufacturers need a strategy to decrease the risk of short lifecycle items
and to increase efficiency. Receiving the items from suppliers at the same time of
the demand targets is one of the keys of decreasing the risk for the manufacturers.

A Just-In-Time (JIT) model is one of the ways for achieving this goal, but it
may not be the optimal solution. The first reason is, in the JIT model the
manufacturers order the items whenever they need to meet the demand targets
thus, it covers just pull systems and short planning horizons.

A new model in this thesis covers pull systems, push systems, short planning
horizons, and long planning horizons. In pull systems the demand targets for
items at each time point are known but may be non-constant during a planning
horizon. The manufacturers respond the demand targets and determine order
quantities during a planning horizon. In push systems the demand targets and
the planning horizon are known and constants. As figure 1.2 from [5] shows, push
systems have large inventories and waste because of poor communication between
buyers (manufacturers) and sellers (suppliers) unlike the pull systems [5].

Push vs. Pull

Make all we can Make what’s needed
just in case. when we need it

(o2 | (52| [piate
o0 % )

= Production Approximation = Produclion Precision

= Anticipated Usage's = Aclual Consumption

* Large Lots = Small Lots

* High Inventories * Low Inventories

* Wasle * Wasle Reduclion

* Management byFirefighling * Managemenl by Sight

\ Poor Communication * Better Communicalion /

FIGURE 1.2.  Push Systems And Pull Systems

The second reason is, by increasing order quantities, the price and shipping cost
per item will be decreased, although in a JIT model, the price breaks for pur-
chasing and transportation costs may not happen at all time points.
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The last reason is, due to the fact that today most shipping companies and
traffic logistics companies use freight classes as standardized freight pricing for
their clients such as the FedEx company, the Vimich company, etc. In this thesis
the National Motor Freight Classification (NMFC) standard is used as the freight
classes, which has not been done before.

1.3. Scope of Research

The scope of this research is to develop and test a mathematical model that will
determine the order quantity of each item at each time point to minimize the
sum of inventory and transportation costs. Price breaks, NMFC transportation
classes and a flexible planning horizon are included in this model. Price breaks are
reductions in price for purchasing items. They make the model more accurate and
flexible with a non-constant price of items. Transportation costs are calculated
by NMFC that makes the model complicated but also reliable. Flexible planning
horizon is the planning horizon with non-constant the period between time points.
They could be measured in hours, days, weeks, months or years, etc that makes
the model complete and also decreases the risk of short lifecycle items.

The Genetic Algorithm (GA) function is used as the solution procedure and the
results (costs) of the model are compared to the Equal Order Quantity and JIT
costs to define which models determine the optimal order quantity in the same
conditions. It also helps to understand the differences between the models and
identify the roles of inventory and transportation costs in the total operational
cost. Sensitivity is also considered in the research for all parameters to notice the
effect of them in the model and again comparing the results of models.

1.4. How this Research is Organized

In chapter 2, a literature review is given to point out how the total cost is min-
imized, how the order quantities are determined and how inventory and trans-
portation costs are connected.

In chapter 3, the problem, the parameters and the variables are defined. The steps
of creating the model and the methodology to solve it with a genetic algorithm
in Matlab are also explained.

In Chapter 4, a numerical example is illustrated which includes one supplier
and one manufacturer with ten different items and twelve time points. The
chapter clearly shows how to solve the model with genetic algorithm in Matlab
and gives the results and to compare with JIT and Equal Order Quantity models.

3



Sensitivity analysis is also performed to recognize the weaknesses and strengths
of the model.

In chapter 5 the effectiveness and benefits of the model are discussed and a
conclusion is deduced.



CHAPTER 2

Literature Review

2.1. Logistics

Logistics is the planning of the progress of items through a manufacturing process
[6]. Logistics has two viewpoints: inbound and outbound |7|. Inbound logistics
focuses on purchasing and shipping the inbound movement of items from suppliers
to manufacturers [8]. Outbound logistics is the process concerned about the
final product and the flows of finished items from the manufacturers to the end
clients [8|. This thesis covers the inbound logistics.

2.2. Inventory Cost and Transportation Cost

Inventory costs include ordering costs, holding costs and purchasing costs. The
ordering cost is a fixed cost |9] of tracking trucks from a supplier to a warehouse,
labor costs of processing orders, inspection and returning of poor quality products
[10].

The holding cost is the same as the opportunity cost, which means the potential
cost of items that are not being sold while the money could be used elsewhere [11].
Holding costs include the cost of handling an item in a warehouse, storage costs
of safety stock, rent, labor, utilities, stock deterioration and insurance of items.
Manufacturers have special conditions for storing many kinds of items. These
conditions might be due to warehouse capacity, special heating or lighting needs
and types of insurance, etc.

The purchasing cost relates to the expenses of obtaining the items. The purchas-
ing cost is made up of two components: the expense of buying the items and
financing costs. The financing cost is a fixed daily, weekly, monthly or yearly
payments for a loan of money for purchasing items with an annual interest rate.

The transportation cost is the cost of shipping the items from a supplier to a man-
ufacturer. This cost can vary from 10% to 40% of the value of the total cost [12].
Most manufacturers consider transportation cost as part of the fixed ordering
cost |13 21|, although transportation cost depends on the order quantities.

2.2.1. DISTRIBUTION STRATEGY

The distribution strategies for truck delivery are:
5



e Direct: Trucks travel directly from a supplier to a plant [2].

e Milk-run: Trucks pick up products at one or several suppliers and deliver
them to one or several plants [2].

e Cross-dock: Items received at the warehouse are not received into stock,
but are prepared for shipment to another location or to retail stores |10|.

Figure 2.1 shows three different distribution strategies for truck delivery. The
strategy between supplier A and plant A and supplier D and plant B is direct
distribution. The distribution strategy between suppliers A, B and C to plants C
and B is Milk-run. The truck picks up products at supplier A, goes to suppliers
B and C respectively, then delivers them to plant C and then plant B. The other
distribution strategy is cross-docking to unload materials from suppliers A, B, C
and D and loading these materials directly into outbound trucks to deliver them
to plants A, B and C.

Direct

Milk-run
Plant C

Input of Cross-dock =—-=3»

Output of Cross-dock — . —
Ficure 2.1.  Comparing Distribution Strategies

Direct delivery has the shortest distance and therefore the shortest delivery time.
A delivery through a cross-dock has the longest distance and the longest delivery
time. It delivers products from different suppliers to different plants. It leads to
high delivery frequency and low plant inventory |2|. The differences between the
distribution strategies are listed in table 2.1 from Berman’s paper [2]. This thesis
focuses on a direct distribution strategy.

2.2.2. NATIONAL MOTOR FREIGHT CLASSIFICATION (NMFC)

The National Motor Freight Traffic Association (NMFTA) defines freight classes
and includes the NMFC or National Motor Freight Classification [22]. Freight

6



Distribution Strategy | Delivery Time | Delivery Frequency | Inventory
Direct Short Low High

Milk-run Medium Medium Medium
Cross-dock Long High Low

TABLE 2.1.  Comparing Distribution Strategies

classes are based on weight per cubic foot, ease of handling, value and liability
from things like theft, damage, breakability and spoilage [22]. Table 2.2 from
"www.nmfta.org" describes the NMFC classes and is meant for general guidance
in picking the correct freight class [22].

The table is based on an evaluation of the four transportation characteristics:
density, stowability, handling and liability [22]. The first class in the table is
Class 50. It has a high density per cubic foot, over 50 lbs/ft>. Ttems included in
Class 50 are heavy manufactured items and must be durable and not be subject
to breakage. Although, the items from Class 500, the last class in the table,
are the lightest manufactured items like ping pong balls and also for the most
expensive items like bags of gold dust [22].

Weight Range Per
Class Name Cost Notes, Examples (g:ubic Fg e
Class 50 — Clean Freight  Lowest Fits on standard shrink-wrapped 4X4 paliet, very over 50 Ibs
Cost durable
Class 55 Bricks, cement, mortar, hardwood flooring 35-50 pounds
Class 60 Car accessories & car parts 30-35 pounds
Class 65 Car accessories & car parts, bottied beverages, books 22 5-30 pounds
in boxes
Class 70 Car accessories & car parts, food items, automobile 15 10 22.5 pounds
engines
Class 775 Tires, bathroom fixtures 13.5 to 15 pounds
Class 85 Crated machinery, cast iron stoves 12-13.5 pounds
Class 925 Computers, monitors, refridgerators 10.5-12 pounds
Class 100 boat covers, car covers, canvase, wine cases, caskets 9-10.5 pounds
Class 110 cabinets, framed artwork, tablesaw 8-0 pounds
Class 125 Small Household appliances 7-8 pounds
Class 150 Auto sheetmetal parts, bookcases, 6-7 pounds
Class 175 Clothing, couches stuffed furniture 5-6 pounds
Class 200 Auto sheetmetal parts, aircraft parts, aluminum table, 4-5 pounds
packaged matresses,
Class 250 Bamboo furniture, mattress and boxspring, plasma tv 3-4 pounds
Class 300 wood cabinets, tables, chairs setup, model boats 2-3 pounds
Class 400 Deer antiers 1-2 pounds
Class 500 — Low Density or Highest Bags of geld dust, ping pong balls Less than 1 lbs
High Value Cost

TABLE 2.2.  National Motor Freight Classification (NMFC)



Each of these classes has a specific transportation cost which is the price for
shipping 100 pounds. By increasing the weight of the items shipped from the
supplier to the manufacturer, the transportation price per 100 pounds decreases.
The maximum weight that can be shipped depends on the freight company. For
example, for FedEx, the limitation is 200,000 pounds.

2.3. Aggregation of Inventory and Transportation Costs

Harris |23| was the first researcher who minimized inventory and transportation
costs with the EOQ model. He studied the problem under demand certainty
and continuous delivery. Federgruen and Zipkin [24| claimed that they were the
first researchers who optimized inventory and transportation costs. They assumed
demands were random and proved that minimizing inventory-transportation costs
can benefit manufacturers.

Burns et al [25] focused on one product and uncertain demand targets. The
paper developed a method for minimizing the cost of distributing freight by truck
from a supplier to many customers. Speranza and Ukovich [26] determined the
frequencies at which several products have to be shipped on a common link to
minimize the sum of transportation and inventory costs. In that paper, vehicles
may or may not be carried out as complete items and the items may or may
not share the same truck. They showed that allowing products to be shipped in
different frequencies makes truck shipping at high frequencies become filled up
completely.

In recent years, aggregation of inventory and transportation costs was also widely
studied by many researchers. Berman and Wang |2| extended a model to include
the strategy of milk-run distribution especially for expensive products with small
physical sizes. Berman and Wang included all distribution strategies in his model
and compared them. A heuristic and a branch-and-bound algorithm were devel-
oped based on the Lagrangian relaxation of the nonlinear program. Ertogral et
al [21] analyzed the vendor-buyer lot-sizing problem under equal-size shipment
policy. All-unit-discount transportation cost structures with or without over-
declaration have been considered. The model suggested that production and
inventory decisions are affected when transportation is considered in the model.

Baboli et al [27] used an algorithm for the determination of the economic order
quantity in a two-level supply chain with transportation costs and compared
decentralized with centralized decision. The paper considers a two-level supply
chain consisting of one warehouse and one retailer. The demand rate by the
retailer is known and shortages are not allowed.
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Wang et al [28] studied logistics scheduling to minimize inventory and trans-
portation costs where a manufacturer receives raw materials from a supplier,
makes products in a factory and delivers the finished products to a customer.
The supplier, factory, and customer were assumed in three parts to minimize the
total cost. Li et al |1] optimized transportation and inventory costs based on
time in the supply chain logistics system. They considered that the resources
available and the total time of inventory and transportation are limited. Hong
et al [29] integrated inventory and transportation decision for ubiquitous supply
chain management. They assumed that the demand for a product could be a
linear, a convex or a concave function of the price. Chen et al [3] designed an
integrated inventory and transportation system to minimize the total costs of in-
ventory and transportation. The results were also compared with the traditional
approach, which is based on the EOQ model.

Bertazzi and Speranza [30] considered the problem of shipping several products
from a common origin to a common destination. The problem is to determine
a shipping strategy to minimize the summation of inventory and transportation
costs. They assumed continuous frequency and with a set of given frequencies
as particular cases with discrete shipping times. Bertazzi and Cherubini [31]
minimized the inventory-transportation cost with stochastic demand. The trans-
portation was performed either directly or through an intermediate depot. The
problem was to determine the quantity of each product to deliver at each time
period from the supplier to the depot, from the depot to each retailer and from
the supplier to each retailer.

From the literature mentioned above, the decisions in optimizing inventory and
transportation costs are |3|:

) Defining the demand as certain or uncertain.

) Defining the delivery as continuous or discrete.

) Defining the capacity as finite or infinite.

) Defining the allowance of shortage.

) Defining the distribution strategy.

) Defining the transportation variables.

) Defining the number of manufacturers, suppliers and retailers.

These steps help explain the problem clearly and formulate the model. Most
researchers minimize inventory and transportation cost by optimizing the order
quantity [3]. In this research, demand is certain at each time point and the
model is between one supplier and one manufacturer. Shortages are not allowed
and freight classes are used for the transportation cost. Total cost is optimized
by finding the value of the order quantity at each time point for each item.



CHAPTER 3

Model Development

3.1. Problem Definition

This thesis considers a simple supply chain with one supplier and one manufac-
turer as explained in chapter 1. Although, in modern supply chain a manufacturer
receives items from several suppliers, the presented model in this thesis includes
just one supplier. The reason is each supplier provides independent items from
the other suppliers.

The manufacturer needs to order the items to meet their demand targets at a
minimal total cost. Each item has different known demand targets at different
time points. It also has fixed cost for each order placed and fixed holding cost.
For purchasing and shipping costs, the price is dependent on the number of items
that would be ordered. The model determines the number of each item to be
purchased, at each time point, to meet the demand targets at these time points,
in order to minimize the total cost.

3.1.1. ASSUMPTIONS

The assumptions that are used in the thesis model are:

(1) Items are always available for shipment.

(2) Transportation costs are determined by the NMFC freight classes.

(3) Each item has constant holding and ordering costs.

(4) The demand targets are known and non-constant.

(5) The lead time is fixed shipping time.

(6) The purchase and transportation costs are vary with order quantity.

(7) The period between time points of planning horizon could be measured
in hours, days, months, etc.

(8) Ttems, which are in a same transportation classification, share shipping.

3.2. Parameters and Variables

We have a planning horizon with n time points, where the period between time
points could be measured in hours, days, weeks, months or years, depending on
the application. The set of all time points is J = {0,1,2,3,...,n}.

At time point j € J, which is the beginning of time period j, item i € I has
demand target d] and inventory level I] where I is the index set of all items to be

10



delivered by the supplier to the manufacturer and the initial inventory level 2 is
known. Each item ¢ has volume s; and weight w;, the unit of volume is a cubic
foot and the unit of weight is a pound. The plant warehouse has a limited stock
capacity for each item ¢ € I. Let S; be the maximum volume and W; be the
maximum weight of plant warehouse for item ¢. The volume limitation of plant
warehouse for item ¢ is

s < S Vi, j (3.1)
and the weight limitation of plant warehouse for item 4 is
Pw;, < Wy; Vi, j. (3.2)
Thus, the maximum capacity for storing item ¢ in the plant warehouse is
i, Wi :
; = min|| — ;v 3.3
o = minf| 2|, =15 Vi (33)

where L%J is the maximum number of units of item 4 that can be stored with

volume limitation of the warehouse and L%J is the maximum number of units
of item ¢ that can be stored with weight limitation of the warehouse.

The delivery or order quantity of item ¢ at time point j is determined by nonneg-
ative integer variable ¢/. We set that ¢) = 0, Vi € I. The inventory level of item
1 € I at the beginning of time period j € J is

U=1U"4q¢ —d™" Viel, ¥je J\{0} (3.4)

7

The order quantity and demand target of item ¢ must be set so that

B+ g =) & viel (3.5)
jeJ jed
This inequality means that summation of the initial inventory level and the or-
der quantities should be greater than or equal to all demand targets during the
planning horizon. At each time point j, the inventory level of item i should be
greater than or equal to the demand target at the same time point. Thus,

U>d Yiel VjeJ\{0}. (3.6)

From equations (3.6) and (3.3), the range of inventory level of item i at time
point 7 is

B <V <a; Viel, VjeJ\ {0} (3.7)

1 7

and we assume that at time point 0 we have [ < «;; Vi € I. From equation
(3.4), we can rewrite equation (3.7) as

d+d -1 < <ai+d T U VL (3.8)
11



. -1 =2 | -1 -2
and if we rewrite I]” to Il "+ ¢/ — d

, we will have

A&+ dP - <+ dT AT Vi (3.9)

7

Continuing this backtracking yields

Equation 3.10 shows the manufacturer should order

J J Jj—1
4> a7 <D gl <ai =1+ df; Vi g (3.10)
J=0 J=0 J=0

9:0 ¢/ units of item 4

from time point 0 to time point j ,which is between —[{ + 2920 d;7 and o; — 19 +

=1 47
S df.
Planning Horizon of Item # i
100
L
= 80
£ 70 ::
£ 60
5 50 il
0 i M
g 30 * ‘“ ‘ bd ‘ 4
2o —— — [ —
0 ! . ! A 1 ‘ -
0 1 2 3 4 5 6 7 g ] 10 11 12
Time Points (Month)
& Inventory Level i Order Quantity A Demand Target

FiGure 3.1.

Planning Horizon of Item i

Time Points(j)

Demand Target(d?)

Order Quantity(q!)

Inventory Level(l])

0 25 0 33
1 47 50 58
2 20 40 51
3 35 14 45
4 30 20 30
5 0 33 33
6 31 0 1)
7 25 30 32
8 29 66 73
9 50 42 86
10 44 50 86
11 32 20 62
12 0 0 30
TABLE 3.1.  Demand Targets, Order Quantities And Inventory Levels

Figure 3.1 shows an example of the planing horizon of an item 7 € I. Table 3.1
gives the values of d/, ¢/ and I/, which are shown as triangles, squares and lozenges

12




in figure 3.1, respectively. The period between time points for this example is one
month, the set of time points is J = {0,1,2,...,12}, the initial inventory level [?
is 33 and all the other inventory levels are calculated from equation 3.4.

As we see in figure 3.1 in each month, the inventory level is greater than the
demand target. For example at time point 6 the demand target of item 4, d¢ is 31
and the inventory level [% is 33. At the end of the planning horizon, the inventory
level is 30 which might be the initial inventory level of the next planning horizon.

In the model, each item i is grouped into one of the 18 classes of the National
Motor Freight Classification (NMFC). This classification is a standard freight
classification from a low of class 50 to a high of class 500, see table 2.2.

Let the set of NMFC classification be V' = {1,2,3,...,18}. Each NMFC class
type v € V depends on pounds per cubic foot, W; = w;/s;, Vi € I. Table 3.2
shows the relationship between NMFC classification and the pounds per cubic
foot, W;.

W;
Min | Max
Class 50 50.0 | oo
Class 55 35.0 | 50.0
Class 60 30.0 | 35.0
Class 65 22.5 1 30.0
Class 70 15.0 | 22.5
Class 77.5 [13.5] 15.0
Class 85 12.0 | 13.5
Class 92.5 [ 10.5| 12.0
9 | Class 100 9.0 | 10.5
10 | Class 110 8.0 | 9.0
11 | Class 125 7.0 | 8.0
12 | Class 150 6.0 | 7.0
13 | Class 170 5.0 | 6.0
14 | Class 200 4.0 | 5.0
15 | Class 250 3.0 | 4.0
16 | Class 300 2.0 | 3.0
17 | Class 400 1.0 | 2.0
18 | Class 500 0 1.0

TABLE 3.2.  Relationship Between v, W; And NMFC Class Types

Class Type

CO 1O Ul W N | <

Each NMFC class type has a set of ranges for different weights, K = {1,2,3,...,7}
and ¢, is the set of all items with NMFC class type v. The NMFC weight range
is k when a total order quantities of items of ¢,, is between the lower bound, a;_;

13



and the upper bound of weight range k, ay, see equation 3.11.

a1 < Zqﬁwi < ag, Vj,v. (3.11)

1€Cy

We assume that ag = 0, the maximum number of units of items Vi € ¢, that can
be shipped is ) ;.. ¢/ < |9 ], Vi and ¥} is transportation cost per 100 pounds
for NMFC class type v € V in weight range k € K.

3.3. Objective Function

The price of each item decreases when the number of items increases. Let E; =
{1,2,3,...,0i} be the set of price breaks of item i, Q¥ ' and Q% be the lower
bound and upper bound for price break e; of item i, respectively and p; be the
last price break of item i. If ¢/ is between Q?*l and @7, the price of one item
i will be p*. Let Lf be the purchasing cost of order quantity of item ¢ at time
point 7. Thus, we have

if Q77 < ¢/ <QF, then 31
L] =pfql; Vi, j. '

The manufacturer for purchasing the items needs a loan and the most typical
loan payment type is the payment in which each time point has the same value
over the planning horizon [32]. Let r be the interest rate per time period. For

example, an annual interest rate is 0.06 and the period between time points is

one month, a monthly interest rate will be r = % = 0.005.

The fixed payment, Fij, at each time point from time point j to time point n for
a loan of L] with the interest rate r is

i _ 7 T(l + T)n7j+1 . L.
F = Oy Visd (3.13)

The manufacturer gets the loan, Lg at the beginning of time point j and starts
paying the fixed payments at the end of time point j. Let P(q’) be the total pur-
chasing cost of item ¢ at time point j, which is the total amount repaid including
interest of item 4 from time point j to the end of the planning horizon [33|. Thus,
we have.

P(q]) = (n—j+1) = F}; Vi, j. (3.14)
14



To see how equation 3.14 is used consider following example. Consider j = n,
thus, P(q!) is calculated from

if QU< g <QF, then
P(¢)) = (n—n+1)F

o (L4 (3.15)
i (1 + r)n—n-i—l _ 1

€; n T(]‘_'_T)
i & (1+7r)—1

The equation 3.15 means that if the manufacturer orders ¢ the price per item ¢
is p;* and the loan that the manufacturer needs is L' = pi* % ¢*. Thus, the total

amount repaid including interest from beginning time point n to the end of time

. e T )
p01nt n 1s pzlqz m

which is equal to the fixed payment, F}.

Let R{}(qf i € ¢,) be the transportation cost for shipping the items, which are
included in ¢,. As mentioned in section 3.2, each NMFC classification v has a
specific cost for each different weight range k € K. From equation 3.11, we have

if a1 < Zqﬁwi < ag, then

iECU

Ri(q} :i € ¢,) = 0.01 min[J} Z qlwi, 9y ag); Yk, v, .

7

(3.16)
1ECy

From equation 3.16, if the weight range is k, the manufacturer for calculating the
transportation cost, R%(qf : i € ¢,) will compare the transportation cost of the
current weight range, 93 >, ¢/w; and the next weight range, v} ax to choose
the minimal transportation cost.

A fixed ordering cost o; incurred each time item ¢ is ordered. The ordering cost
for item ¢ at time point j is

O(q]) = oi(minl¢/, 1]), Vi, j. (3.17)

Item ¢ has a unit holding cost h; per time period. The total holding cost for
storing order quantities of item ¢ between time points j and j + 1 is

H(q]) = hill; Vi, j. (3.18)
15



The total holding cost for Vi € I during whole planning horizon is

SN HE) =S (0l + Y htd).

el jeJ el jeJ
=S (Rl + Bl + Rl R,
el
= (hald + (1) + ¢ —d)) + ha(lf + ¢ — df) + .+ B (I 4 g — dp ).
el

=Y hlln+ DI+ ((n—=j+)g] = (n— j)d}) — nd]].

el jed
=D luln+ DI — (0= j)d! —nd} + (n—j + 1)g]].
i€l jeJ

(3.19)

3.4. Model
The total cost is the summation of purchasing, ordering, transportation and hold-

ing costs. Let C(q)) be the total cost. From equations [(3.15),(3.16),(3.17) and
(3.19)], we have

C(q)) = Yes e (Pla) +0(d) + H(g])) + X5 D vey Rild] 1 € c),

where

r(1 +r)nitt

e P(q)) = (n—j+ 1)(1+r)n,j+1 -0l i QF T < gl < Qs Vi

* O(q]) = o;(minfg/, 1]); Vi, j.

. H(d)) = Bl + DI — (= )] — nd? + (n— j + Dl Vi J.

e Ri(¢):icc,) = 0.0lmin[¥y Y ice, qlwi, 0, ag] if ap_; < Y ice, qw; < ap;Vk, v, 7.

(3.20)
16



For finding the optimal qg, we need to minimize the total cost, C(qf) Thus, the
model is to

minimize C (qﬁ)
subject to ‘ ‘
bl = U+ Y d]; Vi,
, | (3.21)
Soq) < minf|% ] a; — 10+ Y d; Vi, j and

¢ € N Vij

3.5. Solution of the Model

The Genetic Algorithm (GA) module in Matlab’s global optimization toolbox is
used to solve equation 3.21. The Genetic Algorithm (GA) is a stochastic search
method for solving both constrained and unconstrained optimization problems
that is based on a natural selection process that mimics biological evolution |34].
It explores the solution space by using concepts taken from natural genetics |35]
and evolution theory [36].

GA starts with an initial set of solutions which is known as a population. The
individuals of the population are called chromosomes which are evaluated accord-
ing to a predefined fitness function, in our case the total cost. Each chromosome
includes several genes. The gene represents an order quantity of item ¢ at time
point j. For example, if we have 10 items and 12 time points, we will have 120
genes (order quantities) in one chromosome, figure 3.2.

The chromosomes evolve through successive iterations called generations [35]. A
new generation is created by changing chromosomes in the existing population
through crossover and mutation |37, figure 3.3.

a a | oa? 4 s I
¥
120 Genes

FIGURE 3.2. A Chromosome With 120 Genes

To solve instances of our model we use the syntax given in [34] which the initial
population, generation, crossover and mutation are random.

[, fval, exit flag, output] = ga(fitnessfen, nvars, A,b,[],[], LB,UB,[], IntCon, options).
17



Chromosome1 [ | | | | I [T I | T 1 1 0T 7 7 7 0 T 0 0 T |
Parents
Chromosome2 [ T I T T T I TP T F I T T T |

Chromosome3 [T T T TTT T T T TTTTTTTTTT T T 1
Children
Chromosome4 [ 7 | I I | [ I | 1T 1 1 I T T 1 0 T ¢ F ¢ |

ChromosomeS> | | | T T 11 PP PP T T T PET T T
Children

Chromosome6 [T T 1T T T T T T T T T T T T T T T 0T
After Crossover & After Mutation

FIGURE 3.3. Crossover And Mutation

We first deal with the input parameters. The fitness function, our total cost, is
fitnessfen. The number of integer variables is nvars.

Ais a matrix for linear inequality constraints and b is a vector for linear inequality
constraints of the form Az < b. In our case

J=1 J=0
J ' a j—1
Z q < minujij,ai -0+ Z dJ1; Vi, j.
J=1 J=0
The symbol "| |" represents a placeholder for a matrix of linear or nonlinear equal-

ity constraints, a vector of linear or nonlinear equality constraints and function
of nonlinear constraints, respectively of which there are non in my model.

LB and UB are the vectors of lower and upper bounds, respectively. The last
input is Options which its structure is

options = gaoptimset('Generations’ , valuel,” PopulationSize', value2,” EliteCount’, value3) [34].

Populationsize, valuel specifies how many chromosomes are in each Generation,
value2. With a large Populationsize, the genetic algorithm searches the solution
space more thoroughly to increase the chance of having a global minimum rather
than a local minimum [34]. FEliteCount is the number of chromosomes that
are survive and go on to the next generation [34|. For an integer problem the
minimum FEliteCount is

valued = 0.05 x min(max(10 x nvars, 40), 100).

18



The output parameters of GA are, x which is the best point that GA located
during its generations and foval is a fitness function evaluated at x. The next
parameter is exit flag, when there are integer constraints, GA uses the penalty
fitness value instead of the fitness value for stopping criteria. The last output
parameter is output that gives information about algorithm performance.
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CHAPTER 4

Numerical Example

4.1. Parameters of the Numerical Example

This chapter illustrates the model with a numerical example with 10 items and

12 time points, where the period between time points is one month.
The demand targets of the example d7, are given in table 4.1. The table shows

items 1 and 9 have constant demand targets every month in a year, items 2, 3
and 7 have fixed demand targets in constant time periods, items 4, 5 and 8 have
specific patterns for their demand targets and items 6 and 10 do not have any

specific patterns for their demand targets.

Table 4.2 shows all other parameters for the example. The first column of the
table is the item index and the next column includes the initial inventory levels

20

jeJ

0 1 2 3 4 5 6 7 8 9 | 10 | 11

1|43 | 43 | 43 | 43 | 43 | 43 | 43 | 43 | 43 | 43 | 43 | 43

2 (145 0 |145| 0 |145| 0 |[145| 0 |145| O [145] O
3117 0 0 0 | 117 0 0 [117] 0 0 [117] 0

4 17 120 | 17 | 20 | 17 | 20 | 17 | 20 | 17 | 20 | 17 | 20
icl 513221 0 334 0 (284 0 [290| 0 |275| 0 [287| O
6 | 38 | 19 | 57 | 42 | 52 | 51 | 37 | 34 | 34 | 41 | 52 | 39
710 0 0 0 0 [364| 0 0 0 0 0 | 364

8 | 500 | 300 | 83 | 500 | 300 | 83 | 500 | 300 | 83 | 500 | 300 | 83

9 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101

10 {126 | 124 | 128 | 0 [105| 119|122 | 128 | 0 | 121|122 | 120

TABLE 4.1.  Demand Targets Of The Example
i | 1) S; W; S; wW; «; Wi v
1] 45 | 5.120 | 163.840 | 409.60000 | 13107.2000 | 80 | 32.00 |3
2 | 140 | 10.000 | 228.800 | 10000.00000 | 254196.8000 | 1000 | 22.88 | 4
3 100 | 18.290 | 457.330 | 6402.67000 | 182933.3300 | 350 | 25.00 | 4
4 | 17 | 5.530 | 66.910 | 552.96000 6021.7300 90 |12.10 |7
5 | 300 | 8.230 | 275.660 | 9874.28571 | 358354.2857 | 1200 | 33.50 | 3
6 | 40 | 9.600 | 119.040 | 2400.00000 | 28569.6000 | 240 | 12.40 |7
71 0 | 4.09 |116.163 | 4014.08000 | 104546.3040 | 900 | 28.36 | 4
8 | 100 | 4.320 | 150.552 | 17280.00000 | 752760.0000 | 4000 | 34.85 | 3
9| 0 | 5830 | 76.399 | 1283.04000 | 19099.8000 | 220 |13.10 |7
10 [ 128 | 9.410 | 316.240 | 17882.35290 | 632470.5882 | 1900 | 33.60 | 3
TABLE 4.2.  Parameters Of The Example




19. The third and fourth columns are item volumes, s; and item weights, w;,
respectively. The maximum volumes of the plant warehouse for item ¢, S; are in
column five and the maximum weights, W, are in column six.

The maximum numbers of item ¢ that can be stored in the plant warehouse, «;,
are in column seven. Columns eight and nine include weight per cubic foot, W;
and the set of NMFC class types, v = {3,4,5}.

Table 4.3 shows the price costs, pi'; Vi € I, VYe; € E;. For example, the table
shows that, for item 5, the price cost is p§5 = $9.00 per unit if the number of

units purchased is between ;> = 51 and Q? = 151, inclusive. Thus, purchasing
cost with » = 0.005 would be

If QF < ¢l < Q% then

0.005(1.005)13

' (4.22)

@ V.

: e € LB
iel
1 2 3 4 5 & | 7 | & | @
1 1-21 21-51 51-121 | 121-351 | 351-=
$ 12505 1125[3% 1050|5% 1025(35 1006
2 1-51 51-101 | 101-136 | 136-501 | 501-=
$ 18755 1775|535 1625|5 1575 (5 1500
3 =
5§ 1825
1 1-101 101-=
$ B75|5 B.OD
5 1-51 51-151 | 151-251 | 251-301 | 401-801 | 801-=
$ 950|% 900|5 B75|& BI13|5 TS50[|S5 716
6 1-16 16-22 22-61 61-251 | 251-=
5 1375 |5 1350 [5 1325|%5 12505 1225
7 1-101 | 101-201 | 201-301 | 301-401 | 401-501 | 501-601 | 601-701 | 701-801 | BO1-=—
$ 1000|5 950(5 9255 9o00|5 B875(5 B50|5 BOO[S 7755|5750
s 1-501 | 501-2001 | 2001-=
$ 600|5 525(5 500
q 1-101 | 101-201 | 201-=
& 775|5% 750[5 7325
10 1-121 | 121-501 | 501-1201 | 1201-=
$ 11005 1075(5 10505 1000

TABLE 4.3. Relationship Between Price Costs Per Unit And
[Q™" — Q) Range

Table 4.4 shows the transportation costs, ¥}. To see how table 4.4 is used,
consider j = 4 and v = 3. From the last column of table 4.2 we determine that
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c3 = {1,5,8,10}. Table 4.2 also provides the value w;, i € c3. If >
1800 Ib, we have

Z giw; = 163.84 q} +275.66 q5 + 150.552 ¢ + 316.24 ¢}, = 1800

i€c3

4 . .
ices 0 Wi 18

and from equation 3.16, the total transportation cost is

If 1000 < Y, ¢iw; < 2000, then

i€c3

Ri(q! i € c3) = 0.01 min[2.35 * 1800, 2.07 * 2000] = 41.40.

A lower rate of 2.07 * 2000 = 41.40 is applied and the manufacturer is billed for
k=4 1f ZZ.ECS q}w; had been 1500 1b then the total transportation cost would
have been as follows

If 1000 < 3. gilw; < 2000, then

i€c3

Ri(q} : i € c3) = 0.01 min[2.35 * 1500, 2.07 * 2000] = 35.25.

A lower rate of 2.35 % 1500 = 35.25 is applied and the manufacturer is billed for
k=3.

ke K
1] 2 \ 3 \ 4 \ 5 \ 6 \ 7
Ap—1 — A
0-500 | 500-1000 | 1000-2000 | 2000-5000 | 5000-10000 | 10000-20000 | 20000-200000
3| $2.90 $2.57 $2.35 $2.07 $1.57 $1.38 $0.78
veV]4]$3.25 $2.67 $2.55 $2.46 $1.88 $1.64 $0.99
7| $4.00 $3.70 $3.20 $2.50 $2.16 $2.03 $1.09
TABLE 4.4.  Transportation Costs Per 100 Pounds Of The Example

Table 4.5 and 4.6 show fixed ordering costs, o; and holding cost per month, h;,

respectively.
0} 1 2 3 4 5 6 7 8 9 10
o0; | $69.13 | $170.37 | $110.36 | $19.35 | $201.05 | $76.63 | $82.83 | $216.39 | $104.17 | $156.41
TABLE 4.5.  Ordering Costs Of The Example
1 1 2 3 4 Y 6 7 8 9 10
h; | $5.17 | $7.53 | $4.59 | $1.65 | $4.31 | $5.96 | $4.37 | $2.48 | $3.98 | $4.94
TABLE 4.6. Holding Costs Of The Example
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4.2. Results of the Numerical Example

Table 4.7 shows an optimal set of order quantities, qf, Vi, j for the example. The
results are given after 200 runs and 13 hours with generation 3000 and population
size 5000 with GA in Matlab. At each run Matlab gives a different total cost with
a different set of order quantities, then compares them to give an optimal answer.
Appendix B shows the Matlab code. Figure 4.1 shows all results of 200 runs of
Matlab, the optimal answer is given at 83rd run which has the minimal total cost,
$140,185.12.

2= Lad [Dhd-1
i | 3 4 5 6 7 8 - ] 10 11 12
1 41 43 43 80 6 43 43 43 80 43 6 4] 471 471
2 s 725 0 0 0 0 0 0 0 0 0 0 730 730
3| 17 | 350 0 1 0 0 0 0 0 0 ] 0 368 368 &
~|al| 20 a0 0 a7 0 a7 0 21 0 0 0 0 205 205 \(P
\f 5| 22 |1200] o 269 0 0 0 0 0 0 0 0 | 1491 1491 o'@
6| 17 | 240 0 97 0 51 48 ] 0 0 0 0 453 453 <
7| o 728 0 0 0 0 0 0 0 0 0 728 728
8| 700 |2732| o 0 0 0 0 0 0 0 0 0 | 3432 | 3432
9| 202 | 194 | 26 | 202 0 101 | 101 | 202 0 184 ] 0 1212 1212
10 122 965 (4] 0 4] 0 (4] (4] 4] ) 0 1087 1087
$ 140,185.12

TABLE 4.7.  Optimal Order Quantity qf Of The Example With
My Model

$141,000.00

$140,900.00 ‘

$140,800.00
$140,700.00 l‘
&

e
w
(=] = i1
§ 514060000 g %
% $140,500.00 - o
= 514040000 -
L 2
$140,300.00 *
$140,200.00
$140,100.00

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210
Run

FIGURE 4.1.  Comparing Matlab Runs

An equality of Z]lil ¢/ and 2;2:0 d? — 19 columns of table 4.7 shows that all
demand targets are met during the planning horizon. The table shows, each
item has a specific ordering pattern, for example a pattern for ordering item 7 is
ordering its annual demand targets in second month and for item 1 is ordering

non-constant units every month.
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Tables 4.8 and 4.9 shows inventory levels and holding costs which are calculated
from equations 3.4 and 3.18, respectively. The largest holding cost is for item
8, $5,353.83 because its annual demand target is ordered in first two months.
Although it has the largest holding cost, the price per unit of item 8 is its lowest
price, $20 and the frequency is 2 instead of 12 times in a year.

jeJ
] 1 2 3 4 5 6 7 8 9 10 11 12
1] 45 | 43 | 43 | a3 | 80 | 43 | 43 | 43 | 43 | 80 | 80 | 43 | o©
2| 140 | o | 725 | 580 | 580 | 435 | 435 | 290 | 200 | 145 [ 145 | 0 | ©
3 100 ] 350 350 234 234 234 117 117 117 0 ] 0
~ | a 17 20 90 73 90 73 90 73 74 57 37 20 0
IU"I 5 300 0 1200 | 866 1135 | 851 851 561 561 287 287 0 0
- 6 40 19 240 184 240 189 189 200 166 132 91 39 0
7| o | o [ 728|728 | 728 | 728 | 364 | 364 | 364 | 364 | 364 | 364 | O©
8 | 100 | 300 | 2732 | 2649 | 2149 | 1849 | 1766 | 1266 | 966 | 883 | 383 | 83 | o©
9 0 101 194 119 220 119 119 119 220 119 202 101 0
10| 128 124 965 837 837 732 613 491 363 363 242 120 0
TABLE 4.8.  Optimal Inventory Level, I Of The Example With
My Model
M~ 4 T
__U,:‘ 0 1 2 3 4 EJ 6 7 8 9 10 11 12 Ho'dlng Cost
1| 33.24 31.76 31.76 31.76 59.09 31.76 31.76 31.76 31.76 59.09 59.09 31.76 0.00 s 464.62
2| 150.67 0.00 780.25 | 624.20 | 624.20 | 468.15 | 468.15 | 312.10 | 312.10 | 156.05 | 156.05 0.00 0.00 S 4,051.89
3| 65.52 0.00 229.31] 229.31 | 153.31 | 153.31 | 153.31 | 76.65 76.65 76.65 0.00 0.00 0.00 S 1,214.02
41 4.02 4.72 21.26 17.25 21.26 17.25 21.26 17.25 17.48 13.47 8.74 4.72 0.00 |$ 168.68
5] 184.48 0.00 737.93 | 532.54 | 697.96 | 523.32 | 523.32 | 344.98 | 344.98 | 176.49 | 176.49 0.00 0.00 S 4,242.49
6| 33.95 16.13 203.70 | 156.17 | 203.70 | 160.42 | 160.42 | 169.75 | 140.89 | 112.04 | 77.24 33.10 0.00 S 1,467.51
7 0.00 0.00 454,49 | 454.49 | 454.49 | 454.49 | 227.25 | 227.25 | 227.25 | 227.25 | 227.25 | 227.25 0.00 S 3,181.44
8| 3539 106.18 | 966.99 | 937.61 | 760.64 | 654.45 | 625.07 | 448.10 | 341.91 | 312.54 | 135.56 | 29.38 0.00 S 5,353.83
9] 0.00 57.37 110.20 | 67.59 | 124.96 | 67.59 67.59 67.59 | 124.96 | 67.59 | 114.74 | 57.37 000 |$ 927.57
10| 90.34 87.51 681.04 | 590.71 | 590.71 | 516.60 | 432.62 | 346.52 | 256.19 | 256.19 | 170.79 | 84.69 0.00 S 4,103.90
§ 2517596
TABLE 4.9.  Optimal Holding Cost H(q]) Of The Example With
My Model

Tables 4.10, 4.11 and 4.12 show the optimal ordering costs, purchasing costs and
transportation costs for all items in a year which are calculated from 3.17, 3.15
and 3.16, respectively.

The minimal ordering cost is for item 7, it is ordered just once in second month
and item 1 has highest ordering cost with frequency 11. The largest purchasing
cost is for item 8 since it has the highest order quantities in year, 3432 units.

Transportation costs are calculated for three NMFC class types, v = {3,4 and 7}
out of 18 NMFC class types. From the last column of table 4.2 items 1, 5, 8 and
10 are included in NMFC class type v = 3, items 2, 3 and 7 are in v = 4 and
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items 4, 6 and 9 are in v = 7. The total transportation cost is $17,137.06 and

the highest transportation cost is for v = 3.

The Example With My Model

25

~ e J
W Ordering Cost
o1 2 3 4 5 6 7 3 9 10 11 12
1] 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | o000 | ¢ 1,901.08
2| 42593 | 42593 | 0.00 | 000 | 000 [ 000 | 000 | 000 [ 000 | 000 | 00O | 00O |S 851.86
2| 27590 | 27500 | 0.00 | 275.90| 000 | 000 | 000 | 000 [ 000 | 000 | 000 | 00O |S 827.70
4| 4838 | 4838 | 000 | 4838 | 000 | 4838 | 000 | 4838 [ 000 | 000 | 000 | 000 |S 241.89
5| 502.27 | 502.27 | 0.00 | 502.27 | o000 [ 000 | 000 | 000 [ 000 [ 000 | 000 | 000 |S 1,506.82
6| 191.14 [ 19114 | 0.00 | 191.14| o000 [ 19114 191.14| 000 | 000 | 000 | 000 | 000 |S 955.70
7| 000 | 207.08 | 0.00 | 000 | 000 | 000 | 000 | 000 [ 000 | 000 | 000 | 000 |S 207.08
8| 540.98 | 54098 | 0.00 | 000 [ 000 [ 000 [ 000 | 000 [ 000 [ 000 | 000 | 000 | S 1,081.96
9| 260.43 | 260.43 | 260.43 | 260.43 | 0.00 | 260.43 | 260.43 | 260.43 | 0.00 | 260.43| 000 | 000 | S 2,083.41
10| 390.90 | 390.90 | 0.00 | 0.00 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 |S 781.79
$  10,439.30
TABLE 4.10.  Optimal Ordering Cost O(q]) Of The Example
With My Model
—~ g e J
W Purchasing Cost
-1 2 3 4 5 3 7 8 9 10 11 12
1] a76.38 | 49838 | 497.15 | 861.14 | 76.70 | 493.47 | 49225 | 491.03 | 850.53 | 48860 | 7556 | 000 [ $ 5,301.19
2| 96.82 |11203.96| 000 | 000 | 000 | 000 | 000 | 000 | 00O | 000 | 000 | 000 |S  11,300.79
3| 33798694131 000 | 1973 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 7,299.02
4| 180.74 | 811.32 | 000 |331.90| 000 | 33026 | 000 |18652| 000 | 000 | 000 | 000 | S 1,840.73
5| 215.85 | 8854.99 | 0.00 [2242.01| 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 |S 11,312.86
6| 237.03 | 3090.75 | 0.00 [1243.01| 000 | 689.33 | 647.18| 000 | 000 | 000 | 000 | 000 |§ 5,907.30
7| 000 |581267| 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 | 000 |S 5,812.67
8[3795.53|14073.21| 000 | 000 | 000 | 000 | 000 | 000 | 00O | 000 | 000 | 000 |S  17,868.74
9[1512.53| 1449.05 | 207.08 | 1501.36| 0.00 | 746.97 | 745.12 | 1486.54| 0.00 |1347.36] 000 | 0.00 | § 8,996.00
10| 1354.51|10439.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 000 | 000 | 000 | 000 [& 11,793.52
$ 8743281
TABLE 4.11.  Optimal Purchasing Cost P(q]) Of The Example
With My Model
B d e J Transportation
f 1 2 3 4 6 3 10 11 12 Cost
3| 122473 | 823767 | 11061 | 681.78 | 23.45 | 11061 | 11061 | 11061 | 156.27 | 11061 | 23.45 | 000 | $  10,900.40
4| 16433 | 406408 | 000 | 1333 | 000 | 000 [ 000 | 000 | 000 | 000 | 000 | 000 | S 4,241.75
7| 217.47 | 53728 | 50.03 | 32028 | 0.00 |217.47 | 217.47 | 217.47 | o000 | 217.47| 000 | 000 | & 1,994.92
$ 17,137.06
TABLE 4.12.  Optimal Transportation Cost Rl(q] : i € ¢,) Of




Table 4.13 gives a summary of all costs of the example and figure 4.2 summarized
the percentage of these costs. The biggest slice of figure 4.2 is for purchasing cost,
62% and the smallest one is for ordering cost, 8%. It means that purchasing cost
plays the most important role in the total cost. The holding cost with 18% and
transportation cost with 12% are the other roles. In our example the inventory
cost with 88% is greater than the transportation cost with 12%.

Transportation Inventory Cost
Cost . . .
Purchasing Ordering Holding
S 87,432.81|$ 10,43930| S 25,175.96
S 17,137.06 $ 140,185.12
S 123,048.06

TABLE 4.13.  Comparing Costs Of The Example With My Model

Transportation
12%

FI1GURE 4.2.  Dividing Total Cost Of My Model
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4.3. Comparative Studies

In this section, the optimal answer of the model of this thesis which is named
"My Model" is compared to the results of the Just-In-Time and the Equal Order
Quantity models to show which model produces the minimal total cost. Tables
4.14 and 4.15 show sets of order quantities and inventory levels of JIT model,
respectively. To see how table 4.15 is calculated consider following example of
item 6 at time point 3. From equation 3.4 and table 4.1, we have
= B &
(4.23)
= lg—dg+q —dg+ g3 —di +q5 = d.

Tables 4.16, 4.17 and 4.18 show holding costs, ordering costs and purchasing

pel | S
% 2 3 4 5 6 7 & 9 10 11 12 e [nms
1| 4 43 43 43 43 43 43 43 43 43 43 0 471 471
3 5 145 0 145 0 145 ] 145 0 145 0 0 730 730
3| 17 0 117 0 0 117 0 0 117 0 0 0 368 368 &
~ 4| 20 17 20 17 20 17 20 17 20 17 20 0 205 205 \(/o
‘f 5| 22 | 334 0 284 0 290 0 274 0 287 0 0 1491 1491 «O'@
6| 17 56 41 51 51 37 34 34 41 52 39 0 453 453
7 0 0 0 0 364 0 0 0 0 0 364 0 728 728
8| 700 | 83 | 500 | 300 | 83 | 500 | 300 | 83 | 500 | 300 | 83 0 | 3432 3432
9| 202 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 | 101 0 1212 1212
10| 122 | 128 0 105 | 119 | 122 | 128 0 121 | 122 | 120 0 1087 1087
$ 140,899.91

TABLE 4.14.  Order Quantity qg Of The Example With The JIT Model

jed
] 1 2 3 4 5 6 U 8 9 10 11
45 43 43 43 43 43 43 43 43 43 43 43
140 0 145 0 145 0 145 0 145 0 145 0
100 0 0 117 0 0 117 0 0 117 0 0
17 20 17 20 17 20 17 20 17 20 17 20
300 0 334 0 284 0 290 0 274 0 287 0
40 19 56 41 51 51 a7 34 34 41 52 39
0 0 0 0 0 364 0 0 0 0 0 364
100 300 83 500 300 83 500 | 200 83 500 | 200 83
0 101 101 101 101 101 101 101 101 101 101 101
128 124 128 0 105 119 122 128 0 121 122 120

-
=]

el
Wil || o |n|s|w (N

oo |o|O|C|O|C|O|C

[
(=]

TABLE 4.15.  Inventory Level lf Of The Example With The JIT Model

costs of the JI'T model, respectively. The total holding cost with the JIT model
is less than the holding cost with My Model because in the JIT model at each
time point, the items are ordered as same as their demand targets. The ordering
cost with the JI'T model is more than the ordering cost with My Model, the
reason is the frequencies in the JIT model is more than My Model.
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- je J .
.\f 0 1 2 3 4 5 6 8 9 10 11 12 HOIdlng Cost
T 33.24 31.76 31.76 31.76 31.76 31.76 31.76 31.76 31.76 31.76 31.76 31.76 0.00 S 382.63
2| 150.67 0.00 156.05 0.00 156.05 0.00 156.05 0.00 156.05 0.00 156.05 0.00 0.00 S 930.91
3| 65.52 0.00 0.00 76.65 0.00 0.00 76.65 0.00 0.00 76.65 0.00 0.00 0.00 S 295.48
4 4.02 4.72 4.02 4.72 4.02 4.72 4.02 4.72 4.02 4.72 4.02 4.72 0.00 S 52.45
5| 184.48 0.00 205.39 0.00 174.64 0.00 178.33 0.00 168.49 0.00 176.49 0.00 0.00 S 1,087.83
6| 33.95 16.13 47.53 34.80 43.29 43.29 31.40 28.86 28.86 34.80 44.14 33.10 0.00 s 420.14
7 0.00 0.00 0.00 0.00 0.00 227.25 0.00 0.00 0.00 0.00 0.00 227.25 0.00 S 454.49
8| 3539 106.18 29.38 176.97 | 106.18 29.38 176.97 | 106.18 29.38 176.97 | 106.18 29.38 0.00 $ 1,108.57
9 0.00 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 0.00 S 631.07
10| 90.34 87.51 90.34 0.00 74.10 83.98 86.10 90.34 0.00 85.40 86.10 84.69 0.00 s 858.89
$ 622246
TABLE 4.16.  Holding Cost H(q]) Of The Example With The JIT Model
~ g e J
W Ordering Cost
. 1 2 3 4 5 6 7 8 9 10 11 12
T 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 0.00 S 1,901.08
2| 42593 | 425.93 0.00 42593 0.00 42593 0.00 425.93 0.00 425.93 0.00 0.00 S 2,555.59
3| 275.90 0.00 275.90 0.00 0.00 275.90 0.00 0.00 275.90 0.00 0.00 0.00 S 1,103.50
4| 48.38 48.38 48.38 48.38 48.38 48.38 48.38 48.38 48.38 48.38 48.38 0.00 S 532.15
5| 502.27 | 502.27 0.00 502.27 0.00 502.27 0.00 502.27 0.00 502.27 0.00 0.00 S 3,013.64
6] 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 0.00 S 2,102.53
7 0.00 0.00 0.00 0.00 207.08 0.00 0.00 0.00 0.00 0.00 207.08 0.00 S 414.17
8| 540.98 | 540.98 | 540.98 | 540.98 | 540.98 | 540.98 | 540.98 | 540.98 | 540.98 | 540.98 | 540.98 0.00 S 5,950.80
91 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 0.00 S 2,864.68
10| 390.90 | 390.90 0.00 390.90 | 390.90 | 390.90 | 390.90 0.00 390.90 | 390.90 | 390.90 0.00 S 3,518.07
$  23,956.31
TABLE 4.17.  Ordering Cost O(g]) Of The Example With The
JIT Model
=~ g e J
w Purchasing Cost
. 1 2 3 4 5 6 7 8 9 10 11 12
1| 476.38 | 498.38 | 497.15 | 495.92 | 494.70 | 493.47 | 492.25 | 491.03 | 489.81 | 488.60 | 487.38 0.00 S 5,405.08
2| 96.82 | 2352.83 0.00 2341.22 0.00 2329.65 0.00 2318.12 0.00 2306.63 0.00 0.00 S 11,745.28
3| 337.98 0.00 2314.65| 0.00 0.00 |2297.52| 0.00 0.00 |2280.47| 0.00 0.00 0.00 S 7,230.63
4( 180.74 153.25 179.85 | 152.49 | 17896 | 151.74 | 178.08 | 150.99 | 177.19 | 150.24 | 176.31 0.00 S 1,829.84
5| 215.85 | 2797.56 0.00 |2367.03| 0.00 |2405.09| 0.00 |2261.15| 0.00 |2356.68| 0.00 0.00 S 12,403.36
6| 237.03 | 764.45 | 558.30 | 692.76 | 691.04 | 500.10 | 458.42 | 457.28 | 550.06 | 695.90 | 520.63 0.00 S 5,125.95
7 0.00 0.00 0.00 0.00 3350.14 0.00 0.00 0.00 0.00 0.00 3300.59 0.00 S 5,650.73
8| 3795.53| 513.06 | 3083.12| 1845.30| 509.27 | 3060.30| 1831.63| 505.49 | 3037.59|1818.03| 501.74 0.00 S 20,501.07
91512.53| 780.41 | 778.49 | 776.56 | 774.64 | 772.73 | 770.81 | 768.90 | 766.99 | 765.09 | 763.19 0.00 S 9,230.34
10| 1354.51| 1417.62 0.00 1184.07|1338.62| 1337.86| 1400.18 0.00 1317.05|1324.64| 1329.91 0.00 S 12,004.45
$ 9312674
TABLE 4.18.  Purchasing Cost P(q/) Of The Example With The

JIT Model
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Table 4.19 shows a summary of transportation, purchasing, ordering and holding
costs of the JIT model. In figure 4.3 the main slice is for purchasing cost as same
as My Model but the smallest slice is for holding cost with 4%.

Transportation

Inventory Cost

Cost Purchasing Ordering Holding
93,126.74 23,956.31 6,222.46
$ 17,594.39 > 93, > 23, > . $ 140,899.91
S 123,305.51
TABLE 4.19.  Comparing Costs Of The Example With The JIT Model

FIGURE 4.3.

Transportation

Dividing The JIT Model Total Cost

In the Equal Order Quantity model, the manufacturer orders the equal amount
of items at each time point. To see how the Equal Order Quantity model works,
consider the annual order quantity of item 8 is 3432. The manufacturer has 12
ways to order item 8 in a year, table 4.20 shows all these possible ways. Each
way has a specific total cost, after comparing the total costs, the optimal solution
is ordering 858 units of item 8 every three months.

2
EL‘# Ej;n'ﬁ -4
<0 286 286 286 286 286 286 286 286 286 286 286 286 | 3432 3432
GEJ 572 0 572 0 572 0 572 (1] 572 0 572 0 3432 3432
=g 88 | o [ 0 |88 | 0o | o |88 | 0 | o |88 | 0 | 0 |3432] 3432
_g 1144 Q 4] (4] 1144 0 (] Q 1144 Q 0 0 3432 3432
6 1430 ) 0 0 0 1430 0 1] 0 a 572 ] 3432 3432
8 1716 0 0 0 0 0 1716 Q 0 0 Q 0 3432 3432
;‘. 2002 (¢} 0 Q (¢} 0 (¢] 1430 0 (¢} 0 ] 3432 3432
g 2288 (1] e] (1] [t} 0 (1] 1] 1144 (1] 0 0 3432 3432
@ 2574 0 0 0 ) 0 0 1] 0 858 0 0 3432 3432
é 2860 0 0 ] 0 ] 0 ] ] ] 572 0 3432 3432
§ 3146 1] 0 0 1] 0 0 0 0 0 0 286 | 3432 3432
= 3432 (¢} 0 [¢] (¢} 0 [¢] 0 0 (¢} 0 0 3432 3432
TABLE 4.20.  All Possible Ways Of Ordering Item 8 With The Equal

Order Quantity Model
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Table 4.21 shows the optimal order quantities with the Equal Order Quantity
model for all items. Table 4.22 shows the inventory level of all items at each time
points with the Equal Order Quantity model.

AR Tt | Lt -0
1 2 3 4 5 6 7 8 9 10 11 12 ’
1 39 39 39 39 39 39 39 39 39 40 40 40 471 471
2 121 0 121 0 122 0 122 0 122 0 122 0 730 730
3 92 0 0 92 0 0 92 4] 0 92 0 a 368 368 ',\.
ey, [ 17 17 17 17 17 17 17 17 17 17 17 18 205 205 \Qo
U:‘ 5 248 0 248 0 248 0 249 0 249 0 249 0 1491 1492 0‘?
6 37 37 37 38 38 38 38 38 38 38 38 38 453 454 A
7 121 0 121 0 122 0 121 0 121 0 122 0 728 728
8 858 4] 0 858 4] 0 858 0 4] 858 9] 0 3432 3432
9 202 101 101 101 101 101 101 101 101 101 101 0 1212 1212
10 20 90 90 90 91 a1 01 91 20 51 91 91 1087 1087
$ 140,736.67

TABLE 4.21.  Order Quantity q{ Of The Example With The
Equal Order Quantity Model

jed

0 1 2 3 4 5 6 7 8 9 10 11 12

1 45 41 37 33 29 25 21 17 13 9 6 3 0

2 140 116 116 a2 a2 69 69 46 46 23 23 0 0

3 100 75 75 75 50 50 50 25 25 25 0 0 0
~ | 4 17 17 14 14 11 11 8 g 5 5 2 2 0
Wisg 300 226 226 140 140 104 104 63 63 38 38 0 0
- 6 40 39 57 38 35 22 9 10 14 138 15 1 0]
7 0 121 121 242 242 364 0] 121 121 242 242 364 0]

8 100 458 158 75 433 133 50 408 108 25 383 83 0

9 0 101 101 101 101 101 101 101 101 101 101 101 0
10| 128 92 58 20 110 96 68 37 4] ag 60 29 0

TABLE 4.22. Inventory Level l{ Of The Example With The
Equal Order Quantity Model

Tables 4.23, 4.24, 4.25 and 4.26 show holding costs, ordering costs, purchasing
costs and summary of all costs of the Equal Order Quantity model. The total
holding cost with this model is smallest than two other models and the total
ordering cost and purchasing cost are bigger than My Model. Figure 4.4 shows
the percentages of the all costs. As the figure shows the highest rate is for
purchasing cost as same as two other models and the lowest one is for holding
cost as same as the JI'T model.
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Equal Order Quantity Model

Transportation

Inventory Cost

E‘ 7<= 7 Holding Cost
. 0 1 2 3 4 5 [ 7 8 9 10 11 12
1] 33.24 | 3029 | 2733 | 2438 | 2142 | 1847 | 1551 | 1256 | 960 | 665 | 443 | 222 | 000 [ 206.09
2| 150.67 | 124.84 | 124.84 | 99.01 99.01 74.26 74.26 49.51 49.51 24.75 24.75 0.00 0.00 S 895.40
3| 65.52 49.14 49.14 49.14 32.76 32.76 32.76 16.38 16.38 16.38 0.00 0.00 0.00 S 360.34
4| 202 4.02 331 | 331 | 260 | 260 1.89 1.89 1.18 118 | 047 | 047 | o000 |3 26.93
5| 184.48 | 138.98 | 138.98 | 86.09 | 86.09 | 63.95 | 63.95 | 38.74 | 38.74 | 2337 | 2337 | 000 | 000 |$ 886.75
6| 33.95 33.10 48.38 32.25 29.71 18.67 7.64 8.49 11.88 15.28 12.73 0.85 0.00 5 252.93
7 0.00 75.54 75.54 151.08 | 151.08 | 227.25 0.00 75.54 75.54 151.08 | 151.08 | 227.25 0.00 s 1,360.98
8| 3539 | 162.11 | 55.92 | 26.55 | 153.26 | 47.08 | 17.70 | 144.41| 38.23 | 885 | 13556 | 29.38 | 0.00 |$ 854.43
9 0.00 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 57.37 0.00 S 631.07
10| 90.34 | 64.93 | 4093 | 14.11 | 7763 | 67.75 | 4799 | 26.11 | 000 | 6352 | 42.34 | 2047 | 000 |$ 556.13
S 6,031.04
TABLE 4.23.  Holding Cost H(g!) Of The Example With The
Equal Order Quantity Model
E. 7 < J Ordering Cost
. 1 2 3 4 5 6 7 8 9 10 11 12
T 172.83 | 172.83 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 | 172.83 S 2J073.91
2| 425.93 0.00 425.93 0.00 425.93 0.00 42593 0.00 425.93 0.00 42593 0.00 S 2,555.59
3| 275.90 0.00 0.00 275.90 0.00 0.00 275.90 0.00 0.00 275.90 0.00 0.00 S 1,103.60
4| 48.38 48.38 418.38 48.38 48.38 48.38 48.38 48.38 48.38 418.38 48.38 48.38 S 580.53
5| 502.27 0.00 502.27 0.00 502.27 0.00 502.27 0.00 502.27 0.00 502.27 0.00 S 3,013.64
6| 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 | 191.14 S 2,293.67
7| 207.08 0.00 207.08 0.00 207.08 0.00 207.08 0.00 207.08 0.00 207.08 0.00 S 1,242.51
8| 540.98 0.00 0.00 540.98 0.00 0.00 540.98 0.00 0.00 540.98 0.00 0.00 $ 2,163.93
9| 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 | 260.43 0.00 S 2,864.68
10] 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 | 390.90 S 4,690.76
$  22,582.81
TABLE 4.24.  Ordering Cost O(¢]) Of The Example With The
Equal Order Quantity Model
E 7 < J Purchasing Cost
- 1 2 3 4 5 ] 7 8 9 10 11 12
1| 453.14 | 452.02 | 450.91 | 449.79 | 448.68 | 447.57 | 446.46 | 445.35 | 444.25 | 454.51 | 453.38 | 452.25 | $ 5,398.30
212030.74 0.00 2020.73( 0.00 |2027.37| 0.00 |2017.34| 0.00 |2007.34( 0.00 |1997.38| 0.00 S 12,100.89
311829.08 0.00 0.00 |1815.57| 0.00 0.00 |1802.12| 0.00 0.00 |1788.74( 0.00 0.00 s 7,235.51
4| 153.63 | 153.25 | 152.87 | 152.49 | 152.12 | 151.74 | 151.36 | 150.99 | 150.61 | 150.24 | 149.87 | 158.29 | § 1,827.46
51224117 0.00 2230.12( 0.00 |2219.11| 0.00 |2217.04| 0.00 |2206.05( 0.00 |2195.10| 0.00 s 13,308.59
6| 506.33 | 505.08 | 503.83 | 516.17 | 514.89 | 513.62 | 512.35 | 511.08 | 509.81 | 508.54 | 507.28 | 506.02 | § 6,115.00
711187.20 0.00 1181.35| 0.00 |1185.23| 0.00 |1169.70| 0.00 |[1163.90| 0.00 |[1167.70] 0.00 s 7,055.08
814652.23 0.00 0.00 |4617.86| 0.00 0.00 |4583.66| 0.00 0.00 |4549.62( 0.00 0.00 S 18,403.37
911512.53| 780.41 | 778.49 | 776.56 | 774.64 | 772.73 | 770.81 | 768.90 | 766.99 | 765.09 | 763.19 0.00 S 9,230.34
10( 1022.47] 1019.95 | 1017.43| 1014.91| 1023.65| 1021.12 | 1018.59| 1016.06| 1002.41| 1011.03| 1008.51| 1006.01 S 12,182.14
$  92,856.70
TABLE 4.25.  Purchasing Cost P(q]) Of The Example With The

Cost Purchasing Ordering Holding
92,856.70 22,582.81 6,031.04
S 19,266.12 > > > S 140,736.67
S 121,470.56
TABLE 4.26.  Comparing Costs Of The Example With The Equal

Order Quantity Model
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FiGURE 4.4.  Dividing The Equal Order Quantity Model Total Cost

Table 4.27 shows the summary of all costs of the three models. The total cost
of My Model is much less than the total cost of the JIT and the Equal Order
Quantity models. Tt means that My Model gives an optimal set of order quantities
of the example. The holding cost in My Model is larger that the other models
and its ordering, purchasing and transportation costs are less. The JIT model
has the highest total cost, ordering cost and purchasing cost, and the Equal
Order Quantity model has the highest transportation cost. Figure 4.5 shows
the relationship between the purchasing and transportation costs in all three
models. These two costs are the most important roles in supply chain. As figure
4.5 shows, the saving of these two costs in My Model is more than $7,550. As
mentined before, this numerical example is a fictional case study and potential
savings in real supply chain could be much more than the illustrated results.

Transportation Purchasing

Ordering Holding

T $ 17,594.39 | § 93,126.74 | § 23,956.31 | S 6,222.46 | $ 140,899.91

EOQQ S 19,266.12 | $ 92,856.70 | S 22,582.81 | S 6,031.04 | $ 140,736.67

WANCLEN S 17,137.06 | S 87,432.81 | S 10,439.30 | S  25,175.96 | $ 140,185.12

TABLE 4.27.  Comparing Total Costs Of Three Models

$120,000.00

$100,000.00 -

$80,000.00 -

460,000.00 -

 Purchasing

Total Cost

$40,000.00

H Transportation
$20,000.00 -

5-

T EOQ My Model

Model

FI1GURE 4.5.  Comparing Purchasing And Transportation Costs
Of Three Model
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Table 4.28 and figure 4.6 show relationship between holding costs of three models.
The holding cost of My Model is more than the holding costs of the other models.
For all items, the Equal Order Quantity has the smallest holding costs except for
items 3 and 7 which have the lowest holding costs with the JIT model. Ttem 9
has the same holding cost with the JIT and the Equal Order Quantity models
because it has the same set of order quantities. Item 8 in figure 4.6 has the
greatest holding cost with My Model and item 4 has the smallest holding cost
with the Equal Order Quantity model.

> jes Hdl)

nr ECQ My Model

~

382.63 206.09 | §  464.62

930.91 895.40 | § 4,051.89

360.34 | $ 1,214.02

$
$
$ 295.48
$

52.45 26.93 | $ 168.68

$1,087.83 886.75 | 5 4,242.49

$
$
$
$
$
$

$ 42014 252.93 | $ 1,467.51

$ 454.49 | $1,360.98 | $ 3,181.44

$1,108.57 | S 854.43 | $ 5,353.83

$ 631.07 | $ 631.07 | S 927.57

gwmwmmpwn.:.-m

$ 858.89 | $ 556.13 | $ 4,103.90

Total $6,222.46 | $6,031.04 | $25,175.96

TABLE 4.28.  Comparing Holding Costs Of Three Models

$6,000.00

$5,000.00

$4,000.00

$3,000.00 i

mEoQ
$2,000.00 mMyModel

Holding Cost

$1,000.00

FIGURE 4.6. Comparing Holding Costs Of Three Models

Table 4.29 and figure 4.7 show ordering cost of all items with all models. My
Model has the less ordering cost for all items and the Equal Order Quantity has
the biggest ordering cost for all items except item 8 which is ordered 11 times
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with the JIT model and just 4 times in a year with the Equal Order Quantity
model. Items 2, 3, 5 and 9 have the same ordering costs with the JIT and Equal
Order Quantity models. The highest ordering cost in figure 4.7 is for item 8 with
the JIT model and the lowest one is for item 7 with My Model which is ordered
just once in a year.

> e Oal)

nr ECQ My Model

~

$ 1,901.08 | $ 2,073.91 | $ 1,901.08

$ 2,555.59 | $ 2,555.59 | § 851.86

$ 1,103.60 | $ 1,103.60 | S 827.70

$ 532.15| S 580,53 S 241.89

$ 3,013.64 | $ 3,013.64 | S 1,506.82

$ 2,102.53 | $ 2,293.67 | § 955.70

S 41417 | $ 1,24251 | $  207.08

$ 5,950.80 | $ 2,163.93 | $ 1,081.96

$ 2,864.68 | $ 2,864.68 | S 2,083.41

gwmwmmpwn.:.-m

$ 3,518.07 | $ 4,690.76 | $ 78179

Total $23,956.31 | $22,582.81 | $10,439.30

TABLE 4.29.  Comparing Ordering Costs Of Three Models

$7,000.00

$6,000.00

$5,000.00

$4,000.00
nr
$3,000.00 DEoqQ

Ordering Cost

EMyModel
$2,000.00

5-

FiGURE 4.7.  Comparing Ordering Costs Of Three Models

Table 4.30 and figure 4.8 show the purchasing cost. Items 3 and 4 have the
least purchasing costs with the Equal Order Quantity model but for the rest
of items My Model has the smallest purchasing costs. Table 4.31 shows annual
transportation cost of all NMFC class types with all models. Total transportation
cost of My Model is less than two other models. For v = 3 and v = 7 the
transportation costs in My Model is the least and for v = 4 the JI'T model is the
least transportation cost.
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Zje,l P(Qf)

nT

~

ECQ My Model

$ 5,405.08 | 5 5,398.30 | $ 5,352.56

$11,745.28 | $12,100.89 | $11,300.79

4 7,230.63 | § 7,235.51 | § 7,299.02

$ 1,829.84 | § 1,827.46 | $ 1,840.73

$12,403.36 | $13,308.59 | $11,312.86

$ 6,125.96 | 5 6,115.00 | $ 5,907.30

$ 6,650.73 | & 7,055.08 | § 5,812.67

$20,501.07 | $18,403.37 | 517,868.74

$ 9,230.34 | § 9,230.34 | $ 8,996.00

Emmwmmpwm;-m

$12,004.46 | $12,182.14 | $11,793.52

Total $93,126.74 | $92,856.70 | 587,484.17

TABLE 4.30.  Comparing Purchasing Costs Of Three Models

525,000.00

$20,000.00

$15,000.00

— T
OECQ
B My Model

Purchasing Cost

$10,000.00

$5,000.00

n

1 2 3 4 5 6 7 8 9 10

FIGURE 4.8.  Comparing Purchasing Costs Of Three Models
j
> jeJ R(q;)

v e V nr EOQ My Model
3 $342,844.39 | $334,179.77 | $327,011.91
4 5115,353.82 | 5135,230.83 | $127,252.36
7 $ 69,633.64 | $108,572.94 | $ 59,847.51

Total $527,831.85 | $577,983.54 | $514,111.79

TABLE 4.31.  Comparing Transportation Costs Of Three Models
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4.4. Sensitivity Analysis

Sensitivity analysis is used to notice the effect of the parameters in the model. One
variable is changed and the others will be constant. The parameters that will be
analyzed are holding cost, h;, ordering cost, o;, interest rate, r and transportation
cost Uj.

4.4.1. HOLDING COST OF ITEM ¢ PER TIME UNIT, h;

Investigating h; helps note the effect of the holding cost, H(qf), in the total
cost. Five possible situations for h;, are decreasing 80% and 40% and increasing
80% and 40% and without changing. The set of optimal order quantities will be
changed by changing h;. Tables A.1, A.2, A.3 and A.4 in Appendix A illustrate
these sets of optimal order quantities. The tables show that by increasing h;, order
quantities of items 2, 3, 5, 7, 8 and 10 do not change. The reason is the total
holding costs of these items are bigger than the others as table 4.9 shows. Thus,
changing 40% or 80% of the holding cost does not effect on way of ordering these
items. For items 1, 4, 6 and 9 changing the holding cost, h;, makes significant
differences in the way of ordering. By increasing the holding cost the number
of items for storing are decreased and frequencies are increased. For example,
item 9 is ordered 8 times in a year when h; decreases 80% and it is ordered 10
times when h; increases 80%. This makes an increasing the ordering cost and a
decreasing the holding cost.

h; Transportation Purchasing Ordering Holding Total
Decrease 80% | S 16,975.84 | § 87,265.45 | $ 10,487.67 | $ 5,073.30 | $119,802.27
Decrease 40% | S 17,045.07 | § 87,262.25 | § 10,015.20 | $§ 15,191.04 | $129,513.57

0 S 17,137.06 | S 87,432.81 | $ 10,439.30 | $ 25,175.96 | $ 140,185.12
Increase 40% | S 17,314.57 | § 87,507.20 | § 11,178.76 | $ 34,995.17 | $ 150,995.69
Increase80% | S 17,469.00 | § 87,580.17 | $ 11,296.42 | S 44,878.23 | $161,223.82

TABLE 4.32. Comparing All Costs With Different h;
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Table 4.32 compares the costs of each set of order quantities. It shows by increas-
ing h;, the transportation, the purchasing and the ordering costs are increasing
to balance the total cost and keep the holding costs constant.

4.4.2. ORDERING COST OF ITEM % PER TIME UNIT, 0;

Studying the ordering cost, o; assists to analyze the role of O(qf) in the total
cost. Each of these changes has different sets of optimal order quantities that
tables A.5, A.6, A.7, A.8 in Appendix A show them. When the ordering cost is
increased, My Model tries to minimize a frequency. For example item 6 is ordered
7 times in a year, when o; decreases 40% and it is ordered 5 times in a year when
o; increases 80%. As tables 4.9 and 4.10 show for item 6 the ordering cost is less
than the holding cost. Thus, My Model balance these costs when the ordering
cost is changed, it means that by increasing the ordering cost, the holding cost
decreases. For items 2, 3, 5, 7. 8 and 10 the order quantities are not changed,
the reason is the holding costs for these items are much more than the ordering
costs.

Comparing the costs of each sets of order quantities is shown in table 4.33. When
the ordering cost increases; the transportation, the purchasing and the holding
costs decrease. By decreasing the ordering cost; purchasing and transportation
do not follow a specific pattern. When the ordering cost decreases 40% the trans-
portation and purchasing costs are increasing but when the ordering cost de-
creases 80%; the purchasing cost decreases and the transportation cost increases,
the reason is to balance the total cost.

0; Transportation Purchasing Ordering Holding Total
Decrease 80% | ¢  17,15838 |$  87,352.62 | § 2,14962 | $ 25,113.55| $131,774.17
Decrease 40% | ¢  17,231.17 |$ 87,468.08 | § 6,707.25| $ 25,091.31 | $ 136,497.82

0 $ 17,137.06 |$ 87,432.81| $ 10,439.30 | $ 25,175.96 | $ 140,185.12
Increase 40% | S 17,109.40 | § 87,429.37 | § 15,018.07 | $§ 25,134.11 | $ 144,690.95
Increase 80% | S 17,221.66 | S 87,373.66 | § 19,520.74 | $ 25,115.32 | $149,231.38

TABLE 4.33.  Comparing All Costs With Different o;

4.4.3. INTEREST RATE, r

Changing r changes the purchasing cost, P(q{) and the total cost. The purchasing

cost includes the expenses for buying the items and paying a loan. loan payments

(Annual Interest Rate)
12 :

are monthly payments for a loan with interest rate r =
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The annual interest rate of the example is 6% and is compared with 1%, 4% and
11%. Each of these changes of r has different set of optimal order quantities that
the tables A.9, A.10 and A.11 in Appendix A illustrate them. Order quantities of
item 2, 3, 5, 7, 8 and 10 are fixed with different r. Sets of order quantities of the
other items are changed to balance the total cost. The ordering and holding costs
are increased and transportation is decreased when r increases. For example item
4 is ordered 7 times with annual interest rate, 11% but is ordered 5 times when
the annual interest rate is 1%. It makes the ordering and holding costs increasing
and the transportation cost decreasing.

Annual Interest Rate T Transportation Purchasing Ordering Holding Total
Decrease 5% 0.0033 | $ 17,208.84 | $85,460.07 | $ 10,439.30 | $ 25,121.30 | $ 138,229.51
Decrease 2% 0.00083 | $ 17,055.89 | $86,616.82 | $ 10,227.25 | $ 25,218.42 | $139,118.38

0 0.0050 | $ 17,137.06 | $87,432.81 | $ 10,439.30 | $ 25,175.96 | $ 140,185.12
Increase 5% 0.00917 | $ 16,999.73 | $89,408.85 | $ 10,536.05 | $ 25,231.68 | $142,176.31

TABLE 4.34.  Comparing All Costs With Different r

4.4.4. TRANSPORTATION COST PER 100 POUNDS FOR NMFC CLASS TYPE v
IN WEIGHT RANGE k, U}

Changing Y effects on the transportation cost, R/ (¢! : i € ¢,) and the total cost.
Each of these changes has different set of optimal order quantities that the tables
A.12, A13, A.14 and A.15 in Appendix A show them. Items 2, 3, 5, 7, 8 and 10
are fixed with different . The order quantities of the other items are changed to
balance the total cost. By increasing the transportation cost, the purchasing and
ordering costs are decreased and the holding cost is increased, table 4.35 shows
the details. The reason is when transportation is increased My Model tries to
keep the total cost constant, thus, minimizing frequencies helps to decrease the
transportation cost. By decreasing frequencies and the transportation cost, the
holding cost is increasing so whenever the holding cost is less than the summation
of the ordering, transportation and purchasing costs, My Model prefers to increase
the holding cost instead of the other costs.
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’19% Transportation Purchasing Ordering Holding Total
Decrease 80% | S 3,518.52 | S 87,57892 | $ 11,556.85 | $ 24,876.37 | $ 127,530.66
Decrease 40% | S  10,431.37 |$ 87,501.48 | $ 11,248.04 | $ 25,011.66 | $ 134,192.56

0 $ 17,137.06 |$ 87,432.81|$ 10,43930| $ 25,175.96 | $ 140,185.12
Increase 40% | S 23,861.76 | $ 87,439.68 | $ 10,727.19 | $ 25,174.28 | $ 147,202.90
Increase 80% | $  30,543.98|$ 87,396.38|$ 10,727.19 | $ 25,258.23 | $ 153,925.78

TABLE 4.35.  Comparing All Costs With Different 9}

4.4.5. SUMMARY OF SENSITIVITY ANALYSIS

Table 4.36 summarizes the results of the efficiency of all parameters. The table
shows by increasing h;, the transportation, purchasing and ordering costs are
increased and the holding cost is decreased. It means that the items are ordered
more frequencies when h; increases. Thus, the ordering cost is increased because
the frequencies are increased.

The next row of the table is increasing o;, the changes of the transportation cost
is unknown, sometimes it is increased or decreased by changing o;. The items
orders less frequencies when the ordering cost is more than the holding cost and
it makes the transportation cost decreases. By decreasing frequencies the holding
cost increases and the purchasing cost decreases. In the example, items have
the different relationship between the holding and ordering costs that make the
results complicated. Finally, by increasing o;, the purchasing and holding costs
are decreased and the ordering and total costs are increased.

The third row explains when interest rate is increasing the model tries to order
less frequencies thus the holding cost is increasing and the transportation cost
is decreasing. The final row is changing ¥}, that exactly opposite of h;,. The
reason is that when the transportation cost is increasing the items are ordered less
frequencies than before. That makes ordering, purchasing and the transportation
costs decreasing and the holding cost increasing.

By Increasing | Transportation Cost | Purchasing Cost | Ordering Cost | Holding Cost | Total Cost
h; Increase Increase Increase Decrease Increase
0; Unknown Decrease Increase Decrease Increase
r Decrease Decrease Increase Increase Increase
I} Decrease Decrease Decrease Increase Increase
TABLE 4.36.  Summary Of Sensitivity Analysis
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CHAPTER 5

Conclusions

5.1. Significance

Optimization of inventory and transportation costs helps manufacturers store and
transport the right order quantities at the right time. The presented model in
this thesis has given an optimal order quantities of the items which are ordered
from a supplier to a manufacturer. The model covers the NMFC transportation
classification, price breaks and financing costs with non-constant demand targets,
which has not been done before. Moreover, a flexible planning horizon helps the
manufacturer uses the model with different time periods such as hours, days or
months, etc.

5.2. Contributions

This thesis proposed a mixed integer, non-linear programming model to determine
the order quantity at minimal total cost which is made up of inventory and
transportation costs.

The new things in the model are price breaks of purchasing and transportation
costs and the NMFC transportation classification. They make the model more
accurate and completed. Price breaks help the manufacturers spend less on pur-
chasing and transportation costs with increasing order quantities. The NMFC
transportation classification also helps the manufacturer the class types of their
items and the transportation price ranges. The model covers flexible planning
horizons for pull and push systems to decrease the risk of short lifecycle items
and increase efficiency.

The Genetic Algorithm function in Matlab is used as the solution procedure and
the results of the model are compared to the results of the Equal Order Quantity
and the JIT models to define My Model determine the optimal order quantity.
Sensitivity is also considered for all parameters to notice the effect of them in the
model, it also shows that the holding cost is the most important role in the total
cost.

5.3. Future Work

The following research topics can be pursued to bridge current gaps in literature
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(1) Using other distribution strategies for truck delivery like Milk-run or
Cross-dock, etc. In this study the direct strategy is used as a distribution
strategy.

(2) Considering a two-level supply chain consisting of one supplier, one man-
ufacturer and one retailer. This thesis considers a simple supply chain
without any retailers.
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APPENDIX A

Sensitivity Analysis
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TABLE A.1.  Order Quantities When h; Is Decreased 80%
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yE S ‘)ﬂilif‘ T!'A"JI‘ P
1 2 3 4 5 3 7 8 9 10 11 | it
1| 41 80 6 80 6 43 43 43 43 80 6 0 471 471
2 S 725 0 0 0 0 0 0 0 0 0 0 730 730
3| 17 | 350 0 0 1 0 0 0 0 0 0 0 368 368
~|a| 2 70 | 20 17 a7 20 0 17 4 0 0 0 205 205
Wihs| 22 |1200] 0 | 269 0 0 0 0 0 0 0 0 | 1491 1491
6| 17 | 240 | 0 97 0 51 48 0 0 0 0 0 453 453
7 0 728 0 0 0 0 0 0 0 0 0 0 728 728
8| 701 | 2731 © 0 0 0 0 0 0 0 0 0 | 3432 | 3432
9| 202 | 200 | 20 | 101 | 101 | 101 | 202 0 101 | 184 0 D | 1212 1212
10| 122 | 965 0 0 1] 0 0 1] 0 0 0 0 | 1087 1087

TABLE A.8.  Order Quantities When o; Is Increased 80%

jed Elim’: TR g
1 2 3 4 5 3 7 8 9 10 11 12 43 =
1| 5 43 43 43 43 80 6 43 43 43 43 0 471 471
2 5 725 0 0 0 0 0 0 0 0 0 0 730 730
3| 17 350 0 1 0 0 0 0 0 0 0 0 368 368
~|4a]| 20 90 0 37 0 37 0 7n 0 0 0 0 205 205
Wis| 22 |1200] 0 269 0 0 0 0 0 0 0 0 1491 1491
(D 240 0 97 0 51 48 e} 0 0 0 0 453 453
7 0 728 0 0 0 0 0 0 0 0 0 0 728 728
B| 700 |2732| 0 0 0 0 0 0 0 0 0 0 3432 3432
9| 202 | 194 | 26 | 101 | 101 | 202 0 202 0 184 0 0 1212 1217
10| 122 | 965 0 0 0 0 0 0 0 0 0 0 1087 1087

TABLE A.9.  Order Quantities When Annual Interest Rate Is 1%

JEJ o

1 2 3 4 5 & i 8 ] 10 11 12 Z-’:'V'
1| 41 43 43 43 80 6 43 43 43 43 43 0 471 471
B 5 725 0 0 0 0 0 0 0 0 0 0 730 730
3| 17 |30 o 0 1 0 0 0 0 0 0 0 368 368
~|a| 90 0 20 37 0 37 ] 17 4 ] 0 0 205 205
Wis| 22 |1200] o | 269 ] 0 0 (] 0 ] 0 0 | 1491 | 1491
"B w [z [ 75 41 0 99 0 0 0 0 0 0 453 453
7| o 728 [ 0 0 0 0 0 0 0 0 0 0 728 728
8| 700 | 2732 o 0 0 0 0 0 0 0 0 0 |[3432| 3432
9| 202 | 119 | 101 | 202 0 | 202 0 202 0 184 | 0 o |1%2| 103
10| 122 | 965 0 0 ] 0 0 ] 0 0 0 0 | 1087 | 1087

TABLE A.10.  Order Quantities When Annual Interest Rate Is 4%

€4 T2 | D
1 " ; 3 4 5 3 7 8 9 10 11 12

1 41 43 43 80 4] 80 6 80 6 80 6 0 471 471

2 5 725 0 0 0 0 1] 0 (4] 4] 0 (4] 730 730

3 18 349 0 1 0 0 0 0 0 0 0 0 368 368
~ | 4 20 70 37 20 0 a7 17 4 0 0 0 0 205 205
W 5 22 1200 0 269 0 0 (6] o 0 o (4] 0 1491 1491
N 6 17 240 0 o7 0 51 48 0 0 0 0 0 453 453
¥ 0 728 0 0 0 0 (1]} 0 1] 0 0 728 728

8 700 2732 0 0 0 0 0 0 0 0 0 0 3432 3432

9 202 119 201 102 0 101 202 0 202 o 83 0 1212 1212
10 122 965 0 0 0 0 0 o 0 e} o 0 1087 1087

TABLE A.11.  Order Quantities When Annual Interest Rate Is 11%
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jeJ T2 Pl g
1 2 3 4 5 & 7 8 9 10 1 T i e
1 42 42 43 43 43 43 43 80 6 43 43 0 471 471
2 5 725 0 0 1] 4] 4] [¢] ] 4] (¢] 1] 730 730
3 17 350 0 1 1] 0 ¢} (4] 0 ¢} (4] 0 368 368
~ | 4 20 70 20 37 17 0 20 17 4 0 0 0 205 205
Wisg 22 1200 0 269 0 (4] o (1] 0 0 (4] (4] 1491 1491
6 17 240 0 56 41 51 48 0 0 o (4] o 453 453
T o 728 0 0 0 0 0 (4] 0 0 (0] 0 728 728
8 700 2732 0 0 0 4] ] (4] 4] ] (4] ] 3432 3432
9 202 119 101 101 101 101 101 101 101 101 83 0 1212 1212
10 122 965 0 o 0 0 0 0 0 4] (4] 4] 1087 1087
TABLE A.12.  Order Qquantities When 9} Is Decreased 80%
g8y £ |-
1 2 3 4 5 ) 7 8 9 10 11 12 o -
1 41 43 43 43 43 43 43 80 6 BO 6 0 471 471
2 5 725 0 o 0 0 o 0 0 o 0 4] 730 730
3 17 350 0 ] 0 0 a 0 0 a (4] ] 368 368
— 4 20 20 0 17 20 37 4] 17 4 6] (4] 6] 205 205
Wis 22 1200 0 269 0 0 0 0 0 0 0 0 1491 1491
o 6 17 240 0 56 41 51 48 0 0 0 0 0 453 453
7 0 728 0 4] 0 0 0 0 0 4] (4] 0 728 728
8 700 2732 0 0 0 4] 4] 4] 4] 4] 4] 4] 3432 3432
9 202 197 23 101 101 101 101 101 101 184 0 0 1212 1212
10 122 965 0 o 0 0 o 0 0 4] 0 4] 1087 1087
TABLE A.13.  Order Qquantities When ¢} Is Decreased 40%
JEJ 2
1 2 3 4 < [ ; 8 9 10 11 12 E?;L’L
i 41 43 43 80 6 43 43 80 6 80 6 1] 471 471
2 5 725 0 0 0 0 0 (1] 0 0 (1] 0 730 730
3 17 350 0 1 a (1] 0 0 (4] a 0 o 368 368
~ | 4 20 70 20 37 a 37 17 4 0 4] 0 4] 205 205
w 5 22 1200 0 269 a (4] ¢] 0 (4] a 0 (4] 1491 1491
8 [ 17 221 75 41 a 51 48 0 (1] a 0 4] 453 453
7 (4] 728 (1] ] 0 (] 0 (1] o o (1] ] 728 728
8 700 2732 0 0 a (4] 0 0 (4] 4] 0 (4] 3432 3432
9 202 119 101 202 1] 101 202 0 202 a a3 ] 1212 1212
10 122 965 0 o a (1] 1] 0 (1] a 0 1] 1087 1087
TABLE A.14.  Order Qquantities When 9} Is Increased 40%
jed T
1 2 3 a 5 6 7 8 9 10 11 12 L= | Lz
1 78 43 9 77 6 80 6 43 43 80 (] 0 471 471
2 5 725 0 4] 0 (1] 0 0 0 a 0 (4] 730 730
- | 42 325 0 i ! a (] 1] 0 1] a 0 4] 368 368
~ 1|4 20 70 37 0 20 37 17 0 4 0 0 4] 205 205
w 5 22 1200 ) 269 0 (4] 0 0 0 0 0 0 1491 1491
% 6 17 221 75 0 41 51 48 a 0 0 Q 0 453 453
7 ] 728 0 1] a (1] 0 0 (] o (1] 4] 728 728
8 700 2732 0 0 0 0 0 0 0 1] 0 4] 3432 3432
] 202 119 202 0 101 101 202 (0] 202 83 0 0 1212 1212
10| 122 965 1] 0 0 0 0 (0] 0 0 (1] 0 1087 1087
TABLE A.15.  Order Qquantities When 9} Is Increased 80%
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APPENDIX B

Matlab Code

function F = TotalCost
fEeszizing matrix form
for i=1:10

(a)
(1,1

20)

for j=1:12
g3 (i,3)=al((i-1)*12+3)
end
end
o= g3:

to (10,12).

iChanging variablez from g to g2.

gz (:,1)=a(:,1):

for j=2:12
g2(:,J)=al(:,3)-gl:,3-1)~

end

g=ql;

iDemand Target

d= [42 43 43 43 43
145 0 145 0
117 0O 0 117
17 20 17 20
322 0 334 0
38 1% 5& 41
0 0 0 0
200 300 823 500
101 101 101 101
126 124 128 0O

43
145
0
17
284
51
0
200
101
105

43

0

0

20

0

51
o4
a3
101
115

43
145
117
17
2580
37
0
=00
101
122

43

0

0

20

0

34

0
200
101
123

FInventory Level at time point zero

ellzero = [45;
140;
100;
17:;
300;
40;
o;
100;
0;
128]:

48

43
145
0
17
274
34
0
a3
101
0

43
0
117
20

41

200

101
121

43
145
0
17
287
52

300
101
122

0:
o
0
20

358
364
a3
101
120



iFInventory Lewvel
for i = 1:10
L{i,l)=ellzero(i)+g(i,l)-d(i,1):
for j=1:12
if j>1
L{i,3)= L(i,3-1)+ag(i,3)-d(i,3)~
end
end
end
Tw: item weight wi(i)
w= [163.84
228.8
457.3333
66.90816
275.68571
115.04
116.1626
150.552
Te.38592
316.2353];

th: holding cost hi{i)
[5.17:
-
.29
.B5;
.31
.06
-
.28;
.98;
.94] ;

[ T N Y I
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30! ordering cost, of(i)
o= [69.13;
170.37;
110.36;
15.35;
201.05;
Te.63;
82.83;
216.359;
104.17;
156.41];

% Price Break

for j = 1:12
if (g(i1,3)>= 0 ) && (gl(l,3)< 21 ):

pil,3) = 12.50;

elzeif (g(l,j)>= 21 ) £2& (gi(l,j)< 51 ):
p(l,3) = 11.25;

elzeif (g(l,3)>= 51 ) && (qg(l,3)< 121 ):
pil,3) = 10.50;

elzeif [(g(l,j)>= 121 ) && (g(l,d)< 351);
pil,3) = 10.25;

elzeif (g(l,i)»= 351 ):
p(l,3) = 10.06;

end

end

for j = 1:12
if (g(2,3)>= 0 ) && (g(2,J)< 31 ):

pl{2,3) = 18.75;
elzeif (g(2,3)»= 51 ) && (g(2,3)< 101 );
pl(2,3) = 17.75:;

elseif (g(2,3)>= 101 ) && (q(2,j)< 136 ):

20



p(2,3) = 16.25;
elzeif (g(2,3)>= 136 ) && (g(2,j)< 501);:

pl2,3) = 15.75;
gelgeif (g(2,3)>= 501 ):
pl2,3) = 15.00;

end
end

for j = 1:12
if (gi(3,3)>= 0 ):
pi3,3) = 189.25;
end
end

for 3 = 1:12
if (g(4,3)>= 0 ) && (g(4,]3)< 101 );

pl4,3) = 8.75;
elzeif (g(4,j)>= 101 )
pl4,3) = B.00;

end
end

for 3 = 1:12
if (g(5,3)>= 0 ) && (g(5,]J)< =21 )¢

p(>,3) = 9.50:

elzeif (g(5,3)>= 51 ) && (q(5,3)< 151 ):
p(5,3) = 9.00:

elseif (g(5,3)»= 151 ) && (g(5,3)< 251 ):
p(5,3) = 8.75;

elseif (g(5,3)»= 251 ) && (g(5,3)< 401 );:
p(5,J) = 8.13;

elzeif (g(5,3)>= 401 )&& (q(5,3)< 801);
p(5,3) = 7.50;:

elseif (g(5,3)>= BO01 ):
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end
for

end

for

)z

pls,d) = 7.16;

end

7 = 1:12

if (g(e,3)>= 0 ) && (g(6,J)< 16 )
pie,j) = 13.75;

elzeif (gl(E,dl>= 16 ) && (gle,j)< 22 ):
ple,3) = 13.50;

elzeif (gle,jl>= 22 ) £& (gle,j)< &1l ):
pil6,3d) = 13.25;

elseif (gie,d)>= 61l ) E&E& (g(b,j)< 251
pie,j) = 12.50;

elzeif (gl(Ee,3)>= 251 ) ;
ple,3) = 12.25;

end

7 = 1:12

if (g(7,3)>= 0 ) && (g(7,3)< 101 ):
pi7,3) = 10;

elzeif (g(7,3)»= 101 ) &5 (gi(7,7)< 201
pl7,3) = 5.50;

elzeif (gi(7,3)>= 201 ) £2 (gi(7,7)< 301
pl7,3) = 8.25;

elseif (g(T,3)>= 301 ) && (g(7,.J)< 401
pi7,3) = 5;

elzeif (g(7,3)»= 401 ) &5 (gi(7,j)< 501
pl7,3) = 8.75;

elzeif (g(7,3)>= 501 ) £&2 (gi(7,]J)< 801
pl7,3) = 8.50;

elseif (g(T7,.,3)>= €01 ) && (g(7,.J)< 701
pl7,3) = 8.00;

elzeif (g(7,3)»>= 701 ) &5 (gi(7,j)< 801
pl7,3) = 7.75;
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elzeif (g(7,3)>= 801 ):
pl{7,3) = 7.50;
end
end
for j = 1:12

if (g(8,3)>= 0 ) && (g(8,3)< 501 ):

pig,7) = ©.00;
elzeif (g(8,j)=>= 501 ) £&
pi8,3) = 5.25;
elzeif (g(8,d)>= 2001 ) :
pi(8,3d) = 5.00;
end
end

for j = 1:12

(g(2,3)< 2001

if (gl(®,3)>= 0 ) && (g(%,3)< 101 ):

pl%,3) = 7.75;
elzeif (g(9,j)>= 101 ) &&=
pi%,d) = 7.50;
elseif (g(9,3)>= 201 )
pis,j) = T.25;
end
end

for j = 1:12

(g(8,3)< 201 ):

if (g(lo,3)>= 0 ) && (g(l0,3)< 121 );

pl{ld,3) = 11.00;
elseif (g(ld,j)>= 121 ) &&
pl{ld,3) = 10.75;
elzeif (g(l0,j)>= 501 ) =&
pl{ld,3) = 10.50;
elzeif (g(ll,j)>= 1201 ):
pl{ld,3) = 10.00;
end
end

23

) :

(g(10,3)< 301 ):

(g(l0,3)< 1201

)z



% Ordering, Holding and Purchasing costs
n= [12]:
Annualinterest = [0.06];
r = Annualinterest/n;
for i = 1:10
for j = 1:12

P(i,3) = (((n-J+1)*(r*((1+r) " (n-
J+1) )3 * (e (L, 3) *a(i,3) 1))/ (({1+x) "~ (n-J+1))-1):
C(i,3)= o(i)* (min(ag(i,3),1));

H{i,3)= h{(1)*L(1i,])¢

Helzero(i)=ellzero(i)*h (i) :
end

end

%2 Transportation Cost
trBange=[0 501 1001 2001 5001 10001 20001 2000000]:

fca=ze 60 , &5 , 85

trPrice = [2.890 2.57 2.35 2.07 1.57 1.38 0.78 0.78;
3.25 Z.87 2.55 2.4 1.88 1.64 0.599 0.99;

4.00 3.70 3.20 2.50 2.16 2.03 1.09 1.09]:;

g = zeros(3,12):

E = zeros(3,12);

for 4= 1:12

2(1,3) = (w(l)* g(il,3)) + (w(=) * a(5,3)) + (w(8) *
g(8,3)) + (wi(l0)* g(l0,3)):
for k= 1:7

if =2(1,d) > trRange(l,k) && =(1,3) <
trRange (1, k+1)

E(l,j) = 0.01 * (min {( (trBange(l,k+1)
*trPrice(l,k+1)), (=(l,j)*crPrice(l,k)))):
end

end
end
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for j= 1:12

2(2,3) = (w(2)* g(2,3)) + (w(3) * q(3,3)) + (w(7) *
a(7.31):

for k= 1:7

if =(2,31) > trRange(l,k) && =(2,]) <
trRange (1, k+1)
E(2,3) = 0.01 *#* min (trBange(l,k+1)

*trPrice(2,k+1l), =i(2,])*trPrice(2,k)):

end
end
end

for j= 1:12
2(3,3) = w(2)* a(4,]) + w(e) * gl(e,3) + w(%) * g(9,7):
for k=2:8
if =(3,1) > trRange(l,k) && =(3,]) <
trRange (1, k+1)
E(2,3) = 0.01 * min ( trBange(l, k+1)
#*trPrice(3,k+1l), =(3,]J)*trPrice(3, k) ):

end
end
end

% function F: totalcost (g)
Kol= P + O + H :
IT = sum(Eol,2):
Inventory = sum({TIT)+sum{Helzero) ;
TrTotalC = sumiRk,2):
Transportation = sum(IrTotallC) ;
F = Imventory 4+ Transportation ;
end
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fFLower bound

Lower

471 S
3e7T 367
127 147
1491
1491
452 0
2432
3432
g2e 827
1087
1087

= [41
730 730
367 368
164 184
1491
1491 17
728 728
3432
3432
1028
1087
10877 ;

Fupper bound

Upper
471 730
267 367
147 164
1431
1431
453 453
3432
3432
T25 826
1087
1087

= [78
730 730

84
T30
368
201

1491

238
728

3432
3432
1125
1087

121
730

127 170 213 256 29% 342 385 428 471

T30
368
205

257
728

le4
T30

T30
368
205

1481

313
728

3432
3432 202
1212
1087

207
730

T30
368
205

354
728

250
730

T30 730
368 368
205 22
1491
405 453
T8 TZ28
2432

321
1212 122
1087

730
368
1222
1491
453
728
3432
222

1087

293 236 378
T30 T30 730

T30
20

730
a0

1222
14591

453
728

453
728

3432

523
1087

624

1087

422 465
T30 730

17
110

453

700

T25
1087

471
2e7

368 368
134 201
1491 1491
1491 238 257
728 TZ28 TZ28 TZ23
3432 3432
3432 3432
927 1028 11249
1387 1087
1087 1087

368
205

3eg
205

308
205
1481
313 354
7283 T28
3432

Jed
205

368 368 368
205 1222
1451 14851
405 453 453 453
728 728 728 728
3432 3432
3432 3432 321

1212 1212
1087 1087 1087
1087]:

80 110 127

1222 1451

1451

453 453

TZ28 TZ8

3432

422 523 B4

1212 1087
1087

Q(:,1l)=Lower;
Q(:,2)=Upper;
Best Fitness=Inf;

for Bun=1:100

clo:

26



Run

options = gaoptimzet ('Generation=',3000
f "PopulationSize', 5000, "EliteCount',5):

[, fval,exitflag, output, population, scores] =

ga (BTotalCost,120, [1, 02,00, [0,Q(:,21),Q(=,2),[],[1:120],0pt
ions) ;

for i=1:10
for j=1:12

Besult=s(i,j)= =x{(i-1)*124+3):
end
end

T (RBun)=fwval:;
if Bezst Fitmess>fval
Best Fitness=fval:
Best O=Results:

end
end
Best Q2(:,1)=Best _Q(:,1):
for j=2:12
Best Q2(:,j)=Best_Q(:,])-Best_Q(:,J-1):
end
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