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ABSTRACT

In this paper, a generalized mathematical model formulation for Cellular
Manufacturing System (CMS) using Hierarchical Production Planning (HPP)
approach, which is a methodology to introduce the planning process by a series of
mathematical models, is proposed. Particularly, the main objective of the CMS is to
obtain the optimum method and this optimum method helps to solve the problem of
minimizing the variable production costs (production cost, cells setup cost, inventory
holding cost and regular capacity cost). Subsequently, the model is applied to two
different real case studies and is solved by using operation research optimization
software (Lingo-12.0 program). The model is divided into three main steps as
follows: data collection, mathematical model formula, and results. The proposed
mathematical model of the optimization can solve the problems of the system under
utilizing the limited resources in a production plan. To prove the applicability of the
proposed model, two real case studies are introduced. The results show generally
that the proposed mathematical model can be used to minimize manufacturing total
costs of products for similar cases. Specifically, for the first case (Electric Water
Heater with capacity 50 liter (EWH1)); the results show that the total cost decreases
by 8.46 % for the optimum conditions. In addition, for the second case, (Electric
Water Heater with capacity 80 liter (EWH2)); the results indicate that the total cost
decreases by 3.7% for the optimum conditions.
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NOMENCLATURE

ajj Average total time required to produce one unit of family i at cell j, (h/unit).
BPij  Setup cost for family i in primary cell j, (L.E).
bpij  Setup time for family i in primary cell j, (h/unit).
Cii  Average unit cost for producing one unit of family i by cell j in period t, (L.E).
dit Demand for family i in period t, (Unit).
duww  Demand for item k in sub period w of period t, (Unit).
FS(j) A feasible set of families assignable to cell j.
hit Average holding cost for family j in period t, (L.E).
lkiw  INnventory of item k at the end sub period w of period t, (Unit).
IFii  Inventory of family i at the end of period t, (Unit).
J Number of cells
K Number of items
L Number of resources
P; Set of families which their primary cell is j, (Unit)
PRy  Average total time required to produce one unit of item k using resource I(h).
Qiit  Initial estimation for the lot size of family i in cell j in period t, (Unit)
it Average cost of one regular time unit for cell j during period t, (L.E).
T Planning horizon.
TI(i)) A setof items belonging to family i
t Equal (n*w), where n is an integer multiple, and w is sub period.
Rjt Regular time used by cell j in period t, (h/month).
RRir  Regular time used by total resources | in period t, (h/month).
Xiit ~ Number of units of family i produced by cell j in period t, (Unit).
Ziow  Number of units of item k produced by cell j in sub period w of period
t,(Unit).
ot Average proportion of time resource | is down in period t.
Note: all cost parameters are measured in Egyptian pound (L.E)

INTRODUCTION

The Hierarchical Production Planning (HPP) approach is firstly introduced by Hax
and Meal [1]. In this approach, Hax and Meal structured the problem into three levels
hierarchy based on types, families and items. Firstly, aggregation planning was done
on types which include all production families. Secondly, families are the groups of
item within type’s classification. These items require a major equipment setup before
they are produced. The HPP divides the large planning optimization problem known
as monolithic problem into sub- problems, as illustrated in Fig. 1. From this figure, the
components of different levels of aggregation for products are defined as:

1- Top level result from an aggregate planning model using linear programming and
linear decision rules for variable according to its types. These types are sets of
items that are similar in term of seasonal demand pattern and production rates.

2- Middle level considers a heuristic disaggregation of the type into families. These
families are sets of items having similar setup costs.

3- Low level decision consists of disaggregation families that sets of items based on
equalizing run out times.
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The HPP approach is necessary to demonstrate the Cellular Manufacturing System
(CMS). The CMS is subset of Group Technology (GT). The GT is a new approach
for batch production (small lot- production) in which similarities exist among
component part or processes. While applying the GT, it depends on formation of part
families on basis of design and/or manufacturing. Furthermore, applying the GT
leads to a significant improvement on product design, manufacturing engineering,
and the CMS [2].

Now, cell loading is a decision activity that determines the kind of items and the
guantities to be produced in each cell within specific time period. The production
process is subject to production capacity and demand forecast. In Batch Production
(BP) environment, there are two different approaches for cell loading problem which
are monolithic and hierarchal approaches. The First approach (Monolithic Approach)
formulates cell loading problem as a large Mixed-Integer Linear Programming (MILP)
problem at an individual item level. In this case, a heuristic procedure can be applied
to solve cell loading problem. The second approach, (Hierarchical Approach) divides
the overall problem into a hierarchy of smaller problems [2]. In other words,
hierarchical approach is that approach which used directly toward enhancements in
several ways utilizing knowledge of group technology based on manufacturing
system.

Through literature, it is found that the main objective for many researchers was to
obtain an optimization method to solve the problems of the system under utilizing the
limited resources in a production plan to meet variability in products demand.
Accordingly, the common classification for the HPP approach at many cases can be
summarized as following: Goloven [3]; based on Hax and Meal, was first introduced
the HPP approach for single-stage production planning and the concept of hierarchal
planning through the difference between planning and operational. Goloven also
modified multi-stage production planning as an extension to the HPP approach for
single stage models to the systems with multi-stages. A pioneer work describing the
HPP approach for the case of seasonal demand was introduced by Haas [4], as
proposed a heuristic to perform the levels of hierarchical planning. Gfrerer and Zipfel
[5] proposed the HPP approach for the case of uncertain demand for multi-period
model. This approach consists of an aggregate planning level and a detailed
planning level. Then, the same approach is modified further by Wu and lerapetritou
[6]. Carravilla and Sousa [7] discussed a complex analysis production planning
problem in a make-to-order company using hierarchical production planning
approach. Katayama [8] proposed a relevant production planning procedure for
multi-item continuous production in term of two-stage automated hierarchical
planning procedure.

Incidentally, the HPP approach for complex manufacturing systems is studied in
details by Mehraz et al. [9]. Akturk and Wilson [2] discussed the CMS by proposing a
hierarchical cell loading approach to solve the production planning problem.
Ozdamar and Birbil [10] described the HPP approach for the case of energy
intensive production environment for energy intensive industries (e.g. steel, tile and
glass ware industries). Hence, Ozdamar and Birbil minimized the number of active
kilns throughout the year besides optimizing the process design in the curing
department. Aghezzaf et al. [11] investigated a robust HPP approach for a two-stage
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real world capacitated production system operating in an uncertain environment.
Achmed et al. [12] developed multi objectives model using Lingo program (software).

In this work, the HPP approach has been applied to the CMS plant of the General
Manufacturing Company (GMC). Hence, a conceptual framework and a
mathematical model are proposed for the CMS. The basic principles of calculations
of the method for the CMS model are shown in details, starting from formulating a
Lagrange relaxation and ending with using optimization software program Lingo
(12.0) to solve mathematical model. Moreover, a flowchart for framework algorithm
elucidating steps of solving the problem is carried out and presented. Finally, the
proposed model is applied to two different real case studies and is solved by using
operation research optimization software (Lingo program) in order to obtain the
optimum method of solving the problem of minimizing the variable production costs.
It is found that, the total products costs are saved for the two case studies by using
the HPP approach for the CMS.

METHODOLOGY

In this work, the CMS problem is solved using Lingo program which is a
comprehensive tool designed to make building and solving mathematical
optimization models easier and more efficient. Lingo (12.0) provides a completely
integrated package that includes a powerful language for expressing optimization
models and a full-featured environment for building and editing problems. In addition,
it has a set of fast built-in solvers capable of efficiently solving most classes of
optimization models.

Mathematical Modeling

Two main parts for solving the CMS problem will be summarized in this section. The
first part illustrates objective function and the second part defines the mathematical
formulation; as described briefly in the following subsections.

Objective function

The objective function is to minimize variable production cost, such as (production
cost, cells setup cost, inventory holding cost and regular capacity cost). These
variables can be simplified as:

4 2
Min(Cost) = ZZ D CiXi+ D (BP1Q)Xy + R [+D D IR (1)

t=1 j=1\ i=FS(j) ieP; t=1 i=l

Mathematical formulation

There are three types of constraints at hierarchical model for cell loading problem in
the CMS. These constraints can be defined as:

¢ Production Constraints for families and items described by Eqgs.(2) and (3).

¢ Inventory Constraints for families and items described by Egs.(2), (3), and (4).
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e Production and resources capacity constraints over the planning horizon
described by Egs (5), (6), (7), (8), and (9)), respectively.

7
D Xy + IR — IR, =d,, forj=1, 2,7, t=1.2,...4 )
j=1

E:i}:lmv_lﬁfzo (3)
keTl (i) w=I

z aijxijt + Z(bpij /Qijt)'xijt = Rjt (4)
ieFS(j) ieP;
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The most important part in this study is the conceptual framework and mathematical
model which were proposed for the CMS. The study shows the basic principles for
calculations of the method for the CMS model. This is obtained through; define
Lagrange theory, apply decomposition procedures, update the values of Lagrange
method using gradient method and use optimization software program Lingo (12.0)
to solve mathematical model. Moreover, the flowchart of the framework algorithm is
carried out. This chart provides in details the whole steps for solving the problem,
where the final part is devoted to illustrate the proposed software methodology in
solving the mathematical optimization models in an easier and more efficient way.

As a matter of fact, Akturk, and Wilson [2] stopped at using Lagrange theory without
providing any solution by any means. In the current work, however, the proposed
solution complements the work of Akturk, and Wilson as it consists of formulating a
Lagrange relaxation for the initial model, solving this dual problem by efficient and
iterative solution procedures, applying decomposition procedures, updating the
values of Lagrange method using gradient method and using optimization software
program Lingo (12.0) to solve the mathematical model.

CASE STUDY

The considered case study is applied at General Manufacturing Company (GMC) for
manufacturing engineering in Egypt. The company manufactures three products: full
automatic washing machine, gas cooker and Electrical Water Heaters (EWH) with
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capacity of (30, 40, 50, 80,100 Liter). The main interest in this work is studying the
last product i.e. the EWH especially with the capacity of 50L and 80L in details.
Hence, the proposed mathematical model is applied through the data collection as a
first step then through mathematical formula as a second step and finally through
obtaining results in the last step.

Problem Statement

In this part, the problem of planning production in this application is described. First,
the problem statement is discussed, and then the solution method is introduced. In
general, systems play an important role in many industrial processes. Particularly,
the main objective of the CMS is to obtain the optimum method to solve the problem
of minimizing the variable production costs (production cost, cells setup cost,
inventory holding cost and regular capacity cost). The main objective from the case
study is to minimize the total product cost, consequently increase profitability.
Therefore, the HPP approach is applied and utilized for solving this problem. To
achieve this target, it is necessary to manage and control the relation between the
limited resources in the plan of the production and variability in products demand.

Solution Method

A schematic flowchart for the framework of the algorithm used in the CMS is
illustrated in details in Fig. 2. Using this algorithm provides optimal solution for the
system. It should be noted that, the algorithm consists of three main steps named as:
data collection, mathematical model and results. These steps are discussed briefly
too in the next subsections. This schematic is introduced and explained in more
details in Appendix (A) in addition to the required steps for the optimal solution.

Data Collection

In order to illustrate the capabilities of the proposed-model, actual data from the
GMC with emphasis on Electric Water Heater (EWH) product have been collected. A
comprehensive numerical example is presented to illustrate the applicability of the
proposed model in such environment. This example is solved with the Lingo (12.0)
software.

In this case, all different types of cost parameters that are used for the computational
study are presented. The data collections for the considered case study are focused
mainly on two families of the EWH which are electric heater water with capacity of
50L (EWH1) and that one with capacity of 80L (EWH2). The different variable
parameters in the system are summarized in Table 1, where UN~ [a, b] represents a
uniformly distributed random variable in interval [a, b]. It should be noted that, most
of the value of these parameters are constant throughout the planning horizon. In
addition, the processing time of each item at each feasible resource (PRy) and the
number of operations for each item are fixed. Moreover, these parameters listed in
Table 1 are used through the mathematical model in addition to the following
conditions:

(1) Seven manufacturing cells;

(i) Four planning horizon period (four weeks);
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(i)  Five resources of production (machine, manpower, material,
maintenance - spare parts - and energy);

(iv)  Fifty-six (parts) items;

(v) No secondary cells in production;

(vi)  No overall overtime;

(vi)  No backorder;

(viiiy P1, P2, ...... , P7 = {family 1,2}, where P1 is a set of families at primary
cell(1);
(ix) FS(),......... , FS(7) = {family1,2} where FS(1) is a feasible set of families

assignable to cell (1);

(x) TI (1) =TI (2) =65 items, where Tl (1) is a set of items to family (1);
and

(xi) LR (1)=LR(2),....... , LR(7) = {resource 1, 2, 3 ,4, 5}, where LR(1) is a set
of resources belonging to cell (1).

RESULTS

In this section, the results for the two different cases under consideration, will be
presented and discussed in details. Where, two comprehensive examples with full
input data and results analysis are presented. First, let us consider the first product
i.e., the EWH1 product. Comparison between the obtained numerical results of the
initial and optimum total product cost indicted that there is a significant reduction in
the total product cost of EWH1. Hence, the optimum total product cost (Z) of EWH1
decreases to 4.1*10% L.E rather than 4.48*10° L.E with respect to its initial values.
Approximately 8.43% of the total product cost for the EWH1 can be saved according
to the optimized results.

As a matter of fact the significant decrease in the total product cost can be attributed
to the optimal values obtained for each parameter included in the mathematical
model. In order to clarify the results in details, the initial and the optimal values for
the different parameters are listed in Table 2. It should be noted that there are fifteen
parameters are listed in this table, however critical scrutiny for this table indicates
that, there is notable improvement specifically at only three parameters or effective
variables parameters which called as the most effective parameters in the model.
Therefore, these variables are considered in details as shown in Fig. 3, which
illustrates a pictorial comparison between their initial and optimal values for the case
of EWH1. These effective parameters have a notable difference between their initial
and optimum values which cause the significant decrease in the total product cost.
For example, inventory of the product at the end of planning period decreases from
1295 unit/ month in the initial conditions to 1275 unit/ month in the optimum
conditions. This indicates that the total product cost will decrease with the decrease
of the inventory cost. Also, this table shows the average cost of one regular time unit
of cell which decreases from 21164.73 L.E in the initial conditions to 20251.47 L.E in
the optimum conditions resulting also in overall decrease in the total product cost.

Incidentally, same features are observed also for the second case which is EWH2,
where significant difference between the initial and the optimum total product cost as
obtained from Lingo program is observed. In this case, an approximately 5.4*10° L.E
was saved according to the optimized results. This means that a noteworthy
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reduction in the total product cost of the EWH2 also can be obtained by using a
suitable optimum technique. To discuss these results in details, a comparison
between the initial and the optimum variable values is presented in Table 3. Again,
critical scrutiny for this table indicates that, there is a notable improvement also in
specific effective variables parameters and as a result the optimum total product cost
decreased in comparison with the initial value. For example, it is listed that the
average cost of one regular time unit of cell decreases from 36751.25 L.E in the
initial conditions to 36001.29 L.E in the optimum conditions. Approximately 4.04 % of
the total product cost was saved according to the optimization results in the case
study of (EWH2). As a matter of fact, these results agree fairly well with the results of
Akturk and Wilson [2].

For more elucidation let us discus the data shown in Table 3 regarding the effective
variable parameters in this case (EHW?2). The effective variable parameters in this
case are presented and analyzed as shown in Fig. 4. From this figure, it is observed
that there are particular improvements at these variables resulting in the overall
reduction of total product cost. For example, initial estimation for the lot size of the
product in cell at planning period decreases from 2055 unit/ month in the initial
conditions to 2047 unit/ month in the optimum conditions. Also, the total product cost
is decreased with respect to the decrease of the production cost.

SENSITIVITY ANALYSIS ON THE OPTIMIZATION MODEL FOR CMS RESULTS

In order to carry out an acceptable and dependable analysis to show the sensitivity
of the problem developed for the CMS using the HPP approach, the different
parameters utilized in the case study for both the EWH1l and the EWH2 are
examined critically with emphasis on some effective variable parameters defined as:
Xiit, Qi IFit, dir, and Ry Therefore, the values for these parameters that resulted in
minimizing the total product cost are chosen to be used for such sensitivity analysis.
The sensitivity of the approach against variations in the numbers of X, Qi IFi, di,
and Ry are presented in Figs. 5, 6, 7, and 8. Where, these figures show the effective
variable parameters for (EWH1, EWH2) against the variance and the variance
percentage (%) respectively. Here, it should be noted that, the variance (AV) is
defined as the difference between the initial value (IV) and the optimum value (OV)
of the parameter and the variance ratio (AV %) is defined as the percentage ratio
between the variance of the parameter (AV) and its initial value (IV). In general the
results presented in this section agree fairly well with the results of the sensitivity
analysis performed by Tariq [13] and Aljuneidi [14].

The effective variables parameters for the first case (EWH1) are illustrated in Fig. 5.
In this figure, the effective variables are illustrated with respect to their variance
value (AV) tabulated in Table 2. From this figure, it is clear that the most significant
variable among theses effective ones is the variance value for the variable Ry,
where, AV= 913.26 h/ month. Now let us define this value according to the variance
value for the total product cost listed in Table 1. However, it should be noted that a
common ratio for these two variance values cannot be obtained since they have
different units. On the other hand, the relative weight value can be expected from the
comparison between these two values, i.e. it can be said that, the variable R;; (which



Proceedings of the 16™ Int. AMME Conference, 27-29 May, 2014 PT | 59

has variance equal to 913.26 h/ month) has a certain effect in minimizing the total
product cost and this effect will be greater than the other variables.

For further clarification, the variance ratio (AV %), for these effective parameters are
pictorially illustrated in Fig. 6 while the value of the variance ratio for the whole
parameters are listed in Table 1. Again, from this figure it can be said that, the
variable (Rj) is an effective variable but not the most effective one since its variance
ratio is equal to 4.32 % and it has a significant effect in reducing the total product
cost for the considered case study. However, from this figure it can be pointed out
that, the most effective variable parameters on the variance ratio (AV %) is the
parameter Qijt (AV= 21.45 %). This means that the most effective parameter in
variance is not the most effective one in the variance ratio and vice versa. Therefore,
it can be said that both variance and variance ratio; AV and AV% (both of them not
only one of them) are necessary to identify the effective parameters. However, in
general, these effective variables which have either maximum variance (AV) or
maximum variance ratio (AV %) have a specific effect on at the minimization of the
total product cost. In addition, as shown in Fig. 6, there are two equal effective
variables which are X;; and di; having the same variance (AV) and same variance
ratio (AV %); therefore they are having the same effect on minimizing the total
product cost. However, it could happen that two effective variables have the same
variance (AV) but it is not necessary to have the same variance ratio (AV %).

As a matter of fact, the same observations can be deduced from Figs. 7 and 8 which
introduce the variance (AV) and variance ratio (AV %) for the effective variable
parameters (i.e. the sensitivity analysis) for the second case, EWH2. In addition,
values of the variance (AV) for the two case studies (EWH1 &EWH?2) regarding the
total product cost are illustrated in Fig. 9. Moreover, the most important results that
can be directly concluded from Fig. 10 which shows the total product cost saved for
the two cases (EWH1 & EWH2). However it should be memorized that these
amounts can be saved if and only if the proposed mathematical model is used. In
other words, it can be concluded from the analysis of the effective variable
parameters presented above that the performance of the proposed algorithm is
satisfactory. The total products costs are saved for the two products and this aim
achieved by using the HPP approach for the CMS, which saved 37.85*10° L.E
(8.43%), 54.57*10° L.E (4.04 %), respectively.

CONCLUSIONS

In this paper, the HPP approach is applied to CMS plant of General Manufacturing
Company (GMC). Particularly, the main objective of the CMS is to obtain the
optimum method to solve the problem of minimizing the variable production costs.
Thus a mathematical model is developed and applied to two different real case
studies. A conceptual framework and mathematical model are proposed for CMS.
Moreover, a flowchart for framework of algorithm is carried out. The proposed
mathematical model is solved using the Lingo program and presentable results are
obtained. It is found that there are notable improvements in many variables which
reflect the reduction of the total product cost. This reduction leads to achieve the
optimum condition at the system. These variables sound great effects as they are
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significant for current study but they could be variable for another. Finally,
comparison among optimized results and initial values indicates that significant
reduction in the total cost can be obtained by applying such technique for any similar
manufacturing systems.

As a matter of fact, development of a mathematical model under more variables
parameters such as costs, processing routes and machine availability is
recommended for further studies. In addition, aggregating model with other
assumptions like layout problem considerations for the CMS and layout design for
the CMS are also important and should also be taken into considerations.
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Appendix A

Outline for the Proposed Mathematical Model

A

v
Family /Cell Aggregation Sub-problem Item /Resources Disaggregation Sub-problem

! v
v

Solution procedures of mathematical model using:

e Lagrange multipliers

e Decomposition procedures

e Update the values of Lagrange method using gradient method

A
1. Solution procedure for cell loading consists of formulating a Lagrange relaxation
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3. Update the values of Lagrange method using gradient Method

A gradient optimization method is used to update the values of Lagrange multipliers
for example the A;values at step ¢ are updated by the following formula:

y

Zit S, (Y Y, -IF, )

keTI(1) w=I

Where:
Optimal solution &8,= P (Z —L(Au )

( Z i [fmr - [Ffl )2

kell (i)yw=]

Cell Loading Decision
(Detailed Reports)

Xit, IFie, O, Ry, Zjew, ew, ORly, Ry Oy, Ciiy BS, BPy, O lip Ry Ny, O

v

To Shop Floor Execution

End
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Table 1. Different parameters used through data collection (Fixed parameters).

PT

70

of family i at cell j, a;

Parameters Set of Values
Total number of items , k 65
Total number of resources ,L 5
No. of periods, T 1
No. of sub periods, w 4
Cost of production, Cij UN~[500,750]
Cost of regular time, i UN~[80,100]
Inventory holding cost, h; UN~[10,12]
Setup cost for the families, BPj UN~[50,65]
Processing time, PRy UN~[0.07,0.075]
No. of operation per part 130
Setup time, bpj UN~[0.361,0.331]
Total time required to produce one unit UN~[3.37,4.5]

Table 2. Comparison between Initial and Optimal values of different Variables for

EWH1 Product.

Variables v oP AV AV %
Cit ( L.E/Unit) 500 510 -10 -2
Xz (Unit/ Month) 1570 1500 70 4.46
BP; ( L.E/ Month) 233 320 -87 -37.34
Qit  (Unit/ Month) 2000 1571 429 21.45
Ri ('h/ Month) 21164.73 | 20251.47 913.26 4.32
hi (L.E) 40 45 -5 -12.5
IFii  (Unit/ Month) 1295 1275 20 1.54
Dii  (Unit/ Month) 1569 1499 70 4.46
Aj  (h/unit) 13.48 13.5 -0.02 -0.15
BO; (h/unit) 1.44 1.54 -0.1 -6.94
Dww (Unit/ Month) 68595 68589 6 0.01
Zyiw (Unit/ Month) 68596 68590 6 0.01
lkw  (Unit/ Month) 323.75 318.75 5 1.54
RRy: (h/ Month) 21165.02 | 22634.78 -1469.76 -6.94
PRy (h/ Month) 0.3085 0.33 -0.0215 -6.97
Total Product Cost, Z 4.49E+08 | 4.11E+08 | 37850400 8.43
(L.E/Month)

||V: Initial value

loP: Optimum value

AV = Initial value - Optimum value

AV % = ( AV [ Initial value) *100
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Product

Variables A\ OoP AV AV %
Cit ( L.E/Unit) 750 780 -30 -4.00
Xt (Unit/ Month) 2100 2000 100 4.76
BPjj ( L.E/ Month) 210 260 -50 -23.81
Qiit (Unit/ Month) 2055 2047 8 0.39
Rt (h/ Month) 36751.25 | 36001.29 749.96 2.04
Hi (L.E) 47 48 -1 -2.13
IFi: (Unit/ Month) 1495 1480 15 1.00
Dit (Unit/ Month) 2099 1999 100 4.76
Aj (h/unit) 17 18 -1 -5.88
BO; (h/unit) 1.22 1.32 -0.1 -8.20
Diw (Unit/ Month) 74425 74416 9 0.01
Zyirw (Unit/ Month) 104778.7 | 102710.3 2068.4 1.97
lkew (Unit/ Month) 373.75 370 3.75 1.00
RRy: (h/ Month) 36751.5 | 36001.54 749.96 2.04
PRu (h/ Month) 0.35 0.35 0 0.00
Total Product Cost, Z 1.35E+09 | 1.30E+09 | 54576000 | 4.04

(L.E/Month)

IV: Initial value

OP: Optimum value

AV = Initial value - Optimum value

AV % = ( AV / Initial value) *100

Table 3. Comparison between Initial and Optimal Variables Values for the EWH2




