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Abstract: In order to rapidly respond to the complex and
mutational market, a new facility layout plan based on cellular
manufacturing is proposed, which gives consideration to high
efficiency and flexibility. The plan designs two phases of
integrated cell layout, i. e., cell construction and cell system
layout, on the condition of adding/removing machines. First,
in view of the costs of logics and machine-relocation, the cell
construction based on the alternative processing routes and intra-
cell layout are integrated as a whole, which achieves cell
formation, process planning and the intra-cell layout in a single
step. Secondly, an approach of a continuous optimized multi-
line layout for solving the cell system layout problem is
proposed, which eliminates the coupling relationship from the
machine-relocation and realizes an integrated design of the two
phases of the cell layout. An application based on real factory
data is optimally solved by the Matlab 7. 0 software to validate
and verify the models.
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n today’s market economy environment, the manufactur-
I ing industry market is changed from the buyers’ to the
sellers’, which causes the “product-focus” mode of produc-
tion to the “customer-oriented” mode. In this environment,
enterprises are faced with the changing needs of end users.
The traditional manufacturing systems cannot adapt to this
complex, mutating and non-stationary manufacturing envi-
ronment. The cellular production mode is an advanced manu-
facturing method arising under the current environment, in
which market demand is multi-various and small batch. The
facility layout based on the cellular production mode has the
flexibility, agility and other features which lay the foundation
for agile manufacturing. The cellular manufacturing layout
provides the important hardware support for lean production,
and the business community and academia attached great im-
portance to it when it was proposed” '. Wang et al. "' pro-
posed an integrated design approach to consider the problem
of facility layout in cells and cells layout comprehensively;
Suer et al. ¥ presented a method to design the independent
cells and solve the model; Wang et al."” made the facility
layout problem as a continuous optimization problem of a
multi-line facility layout; Zheng et al.'” optimized the
reconfigurable manufacturing cell layout. However, these
studies were all carried out under the premise of a determined
number of machines, sizes and processes. To adapt to rapidly
changing external environments and demands, the enterprises
have the objective need to frequently add/remove the ma-
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chines in the plant, which changes the facility layout'. So
adding/removing machines becomes an important factor af-
fecting production. In this paper, the facilities are placed by
the cell layout under the condition of adding/removing ma-
chines. The kind of facility layout is divided into two stages.
The first stage is designing the manufacturing cells; the sec-
ond stage is regarding the manufacturing cells in the first
stage to form the final facility layout. After reconfiguration,
the manufacturing cell can restore flexibility and overcome all
the disadvantages of the original cells, which improves the
market responsiveness of the system.

The layout on adding/removing machines emphasizes
agility and rationality of the production line layout. It forms
dynamic reconfigurable manufacturing cells to increase effi-
ciency by analyzing the process routes and requirements. It
makes a rapid response to the new production task to adapt
the multi-variety and variable volume production features.
The main objectives of the system layout are as follows:

1) Choose the right process path. Ensure the smooth pro-
cessing of parts, reduce the number of processing machines,
and improve equipment utilization and system productivity.

2) Maximize the utilization of space. Make the utilization
of space reach an appropriate building area factor (the ratio
between the area of buildings and the total area), so that the
device space and the system logistics costs tend to be mini-
mal'®

3) Minimize the costs of material handling and adding/
removing machines.

4) Maintain the flexibility of production and arrange-
ments. Make the cellular manufacturing system maintain
good operating performance in its entire life cycle, and take
the future expansion needs of production capacity into ac-
count.

1 Formation of Manufacturing Cells

Cell construction is the primary problem of cell layout de-
sign”. The result can form the processed parts family and
the corresponding machine group which belongs to the cells.
This paper uses the linear layout as the mode of the facility
layout in cells, and studies the direction in the single logistics.
Some layout forms of devices can be slightly adjusted by switc-
hing with corresponding logistics calculation methods. Consid-
ering the effect of logistics costs among cells on the cell con-
struction, the unit logistics cost is supposed to be a constant.

1.1 Mathematical model

The cell construction problem can be described as follows:
The original cell layout is known. There are M machines and
P parts. Each part has R, kinds of process routes which corre-
spond to the production quantity V,; each machine processes
at least one part and each process route of each part has at

least one machine. In order to optimize the manufacturing
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process, M machines are formed in C manufacturing cells,
and each part chooses the right process route, so as to mini-
mize the sum of the inner-cell’s and the outer-cell’s logistics
costs and the cell-reconfiguration cost, as well as to obtain
maximum economic efficiency. The proposed model and
constraints are as follows:
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where M is the quantity of machines; P is the quantity of
parts; C is the quantity of cells, 1 <C<M - 1; J is the
quantity of machine locations; R is the quantity of process
routes of parts; C' is the original number of cells; v, is the
production quantity of part p; B, is the unit container loading
of part p; C’ . is the unit logistics cost of the inner-cell and
the outer-cell; C,, is the reconfiguration cost of machine m.
Constraint (2) guarantees that a machine can only belong
to one manufacturing cell. Constraint (3) ensures that any
manufacturing cell must contain at least one machine. Con-
straint (4) guarantees that any part can only choose one
process route. Constraint (5) ensures that any machine can

only be placed in one location. Constraint (6) ensures that
any location can only contain one machine. Constraints (7)
to (11) guarantee that the values of the decision variables are
0-1 binary variables.

1.2 Model solution based on GA

The genetic algorithm ( GA) is a universal optimization
algorithm. Its most notable feature is implicit parallelism
and the search capabilities for global solution space.

On the condition of adding/removing machines, this pa-
per uses the cell-reconfiguration cost as the part of the ob-
jective function to pursue the cell flexibility and achieve the
lowest cost. In order to improve the calculation accuracy of
material handling distance about the inner-cell, the inner-
cell’s facility layout problem in the cell formation stage is
solved. In order to improve the cell’s compactness and inde-
pendence, the restriction of cell numbers is considered when
the machines are grouped. Considering alternative process
routes and available multiple machine types, the choice of
process routes is an important guidance in cell construction.
This paper will eventually give an integrated solution to
solve the problems among the part design/process path se-
lection, cell construction and inner-cell facility layout.

1) Chromosome encoding: Chromosomes have three
parts: machine-location codes, cell-split codes and process-
route codes. The machine-location codes are the integer se-
quence whose length is M and the gene number is [1, M];
the cell-split codes are the 0-1 binary encoding string whose
length is M — 1. It is the split of manufacturing cells when
the value of a location gene is 1; the process-route codes are
the integer sequence whose length is P and the value inter-
vals are [1, RP] (RP is the largest number of alternative
process paths). For the sake of solving potential illegal so-
lutions, the codes’ output can be legalized by the following
formula: the process path of part p = [ gen(p)R,/RP [ (R, is
the number of alternative process paths of part p).

2) The fitness function: The objective function is to mini-
mize the cost. The lower the program cost, the better it is.
Therefore, the fitness function is as follows: Fit =1/cost.

3) Initialization: According to the information of ma-
chines and processes, by the form of chromosomes codes, a
certain number of chromosomes randomly emerges as the in-
itial population.

4) The selection operator: Use the roulette wheel method
as a selection operator. The probability that the individual is
selected is proportional to its fitness value.

5) The crossover operator: Different parts of the chromo-
somes have different crossover operators. The machine-loca-
tion codes use a single-point crossover which is similar to a
binary-coded operation. The single-point crossover means to
select a gene locus randomly and partly exchange the struc-
ture of two parent-strings at the head of the locus or at its
back. The codes of cell-splits and process paths use the op-
eration of the traditional single-point crossover.

6) The mutation operator: Three parts of the codes apply
the mutation operation separately. Machine-location varia-
tion means to exchange the sequence position of two
machines’ codes randomly; cell-split variation means to se-
lect a gene locus randomly and change its value into its op-
posite; process-route variation means to select a gene locus
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randomly and change its value by the new one being ran-
domly generated.

The algorithm flow is as follows:

Step 1  Generate the first-generation population. Create
pop_size chromosomes to compose the first-generation popu-
lation. Set the current generation ¢ =0.

Step 2 Determine whether it satisfies any of the follow-
ing conditions: 7= gen_size (the max-evolution generation)
or the optimal solution is not improved within 10 consecu-
tive generations. If it meets any one of them, the algorithm
terminates, otherwise turn to step 3.

Step 3  Calculate the fitness value of each individual.
Decode the process route of each part and form the “from-
to” matrix C of logistics costs between machines by the ini-
tial input information; decode the machine-location and the
cell-split and obtain the distance matrix D between machines
and relocated machines. Combined with the above three are-
as, the result is the objective function value, whose recipro-
cal is the fitness value.

Step 4 Use the roulette wheel method to select pop_size
chromosomes from the current generation to form a new pop-
ulation. According to the crossover probability p, and the
mutation probability p,, the new population is adjusted by
crossover and mutation. Use the adjusted population to re-
place the current generation. Set =t + 1. Return to step 2.

2 Cell System Layout

Although minimizing the logistics cost among cells is one
of the optimization goals in the cell construction phase, it is
always unrealistic to pursue a “zero” logistics configuration
among cells. Many studies have shown that the cell system
layout plays an important role in the overall performance of
the system.

This article considers the cell system layout as the contin-
uous optimization problems of the multi-line cell layout.
Using the method of the previous section, the formation of
manufacturing cells has finished beside the layout in cells.
Suppose that the shapes of the machines needing a spatial
layout are rectangle and their sizes are known (ignore the
details of their shapes) ; the form of the inner-cells’ layout is
linear so that the shapes of the cells form a rectangle com-
posed of several machines. Each of them has 1 machine at
least. To better solve the combination problem between dis-
crete and continuous optimization in the multi-line layout,
this paper divides the multi-line layout problem into three
parts: allocate the cells to lines; order the cells in line; ad-
just the location of each cell slightly.

2.1 Mathematical model

The problem can be described as follows: The cell areas
of N cells, the material paths and the logistics costs are
known. It supposes that the cells cannot be overlapped; a
cell can only be allocated in one row. Each cell is eventual-
ly assigned to each row and finds the best location in each
line. The purpose is to minimize both the logistics costs
among cells and the cell-relocation costs to obtain the maxi-
mum benefit. The proposed model is as follows:
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where N is the quantity of cells; W is the quantity of the
layout lines; C; is the logistic cost in unit distance between
cell i and cell j; F; is the access frequency between cell i
and cell j; D, = | x, - X; |+ |y, - Yy | is the rectangular
distance between cell i and cell j; C, is the cell relocation
cost; [, is the length of cell i; [, is the center distance be-
tween adjacent two lines; d; is the obligatory spacing be-
tween cell i and cell j; x, is the distance between the center
of cell i and the vertical reference line /,;y, is the distance
between the center of cell i and the horizontal reference line
l;; Ai, Ak are clear spacing between cells.

Constraint (14) guarantees that any two cells do not over-
lap; constraint (15) provides the vertical coordinate values
of cells in any row; constraint (16) guarantees that a cell
can be placed only in one line; constraint (17) ensures that
the quantity of the layout rows are not more than those of
the cells’; constraints (19) and (20) ensure that the values
of decision variables are O or 1. Parameters, decision varia-
bles and reference lines are shown in Fig. 1.
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Fig.1 Parameters, decision variables and reference-line diagram

2.2 Model solution based on GA

Although minimizing the cell-reconfiguration costs is one
of the optimization goals in the cell construction phase, the
machine locations are probably changed in the stage of cell
system layout. Therefore, this paper considers the cell relo-
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cation costs as a part of the cell-construction cost to achieve
the lowest cost based on the optimal cell layout, as well as
to avoid double counting the relocation costs. Suppose that
the cell is relocated when its coordinate is beyond a certain
range. To avoid cells overlapping during the layout, it uses
the horizontal clear coordinates to express the coordinate /;,
and uses the row-separator and cell sequence and obligatory
vertical spacing to express the coordinate /,. This article
studies the case that N cells are placed in two lines.

1) Chromosome encoding: Chromosomes have three
parts: separator codes, cell-sequence codes and clear-spac-
ing between cell codes. The separator codes are the integer
sequence whose length is 1 and the gene number is from 1 to
N - 1; the cell-sequence codes are the integer sequence
whose length is N and the gene number is from 1 to N; the
clear-spacing between cells codes is the integer sequence
whose length is N and the sum of the gene numbers is less
than L' = (2L - L, - L;), where L is the maximum work ar-

ea, L is the largest obligatory work area in row w.

2) The fitness function: It includes the total cost and un-
reasonable penalty. The total cost can be computed by the
objective function. Considering the encoding mechanism,
the unreasonable solution is usually generated due to excess
work area. Set the penalty factor

. 0 If L) -L<0

L {L; -L Others

Then the fitness function is Fit = ;; Vk =1,
cos t, + AP

2, ...,pop size, P is a positive large penalty value.

3) Initialization: According to the form of chromosome
encoding, a certain number of chromosomes is randomly
generated as the initial population.

4) The selection operator: Use the roulette wheel method
as selection operators.

5) The crossover operator: The different parts of the
chromosomes have different crossover operators. The sepa-
rator code uses a random method to determine the separator;
the cell-sequence codes use the PMX method to arrange se-
quencing; the clear-spacing between cells codes uses the
arithmetic crossover method to deal with the clear spacing.

6) The mutation operator: Use the neighborhood search
technology to adjust the location of each cell slightly.

Algorithmic process is the same.

3 Application on Real Data and Discussion

To verify the performance of the proposed model, both
phases of the model are applied based on the data of one
company whose problems are solved by the GA method un-
der the Matlab 7. 0 software. The original cell layout infor-
mation is in Tab. 1. While the quantity of machines is
changed, the process paths and production in new projects
are shown in Tab. 2.

Tab.1 Old cell layout information

Cell number Machine number  Cell size Cell coordinate Process path

1 1,6,9 12.79 x14.07 (15.62,16.25)
2 8,10 13.06 x 18.07 (31.53,16.25) Random
3 2,7 8.67 x12.50 (22.54,0)

Tab.2 New part/machine data

Part Process path Machine Production V,, Container loading B,
) 1 M, -M;-M;-M, 144 6
2 MZ _M3 _MS _M]() 114 6
1 M, -M¢-M, 150 6
2 2 M, -M,-M5-M,, 126 6
3 MI_M7_MIU 168 6
1 M, -M;-M;-M, 210 6
3 2 M;-M,, 174 6
3 M, -M;-M;-M,, 132 6
A 1 M, -M,-M;-M, 180 6
2 M,-M,, 168 6
5 1 M,-M;-M, 198 6
B 1 M,-M,-M;-M,, 138 6
2 M, -Mg-M, 180 6
1 M, -M;-M, 168 6
7 2 M, -Mg-M, 126 6
3 M,-M;-M,, 186 6

The new layout adds three machines and a new part. The
quantity of processing paths about parts 2 to 6 also increa-
ses. According to the data in Tab. 2, the manufacturing
cells are designed first. The genetic algorithm environment
is as follows: pop_size =100, gen_size =800, p,. =0.9, p_
=0.4, C, =1, CX, =600, C, =100, distance matrix
(D;) =5. The result is shown in Tab. 3.

Tab.3 Cell construction result

Cell  Machine Part
number number (path number) Inner-cell Outer-cell

1(1),2(1),3(2)

1 8,10 4(2),5(1),6(2)
7(3)

Logistic cost Cell reconfig-

uration cost

2 640 1 800 300

Based on the manufacturing cells formation, the cells are
placed in two lines (the facility layout in the inner-cells is
slightly adjusted by the distance conversion formula). The
genetic algorithm environment is as follows: pop_size = 80;
gen_size =500; p. =0.9; p, =0.4; the obligatory vertical
spacing between two rows is 1.5; the constraint of the
working area length is 50; the width constraint is 40; the
neighborhood search parameter is 10; the constraint of cell
relocation coordinates is 0. 5. The logistics cost between the
cells matrix (C;) and the access frequency matrix (F,) is
respectively estimated by the logistics and process paths
among manufacturing cells; the obligatory horizontal spac-
ing of the machines matrix (D;) =1. The specific sizes of
machines are shown in Tab.4. The results of the layout are
shown in Tab.5 and Fig. 2.

Tab.4 Machine area

Machine number Iy ly Cell number
1 3.65 10. 50 2
2 3.65 10. 50 3
3 1.09 1.90 2
4 2.90 1.43 3
5 2.05 4.25 2
6 7.00 3.04 2
7 6.02 7.81 3
8 5.50 12. 00 1
9 6. 10 16. 07 3
10 4.56 13.43 1
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Tab.5 Cell system layout result

Cell Cell size Row Cell coordinate Logistic  Cell relocation
number number cost cost

1 13.06 x18.07 2 (31.54,16.79)
2 16.10 x18.07 2 (17.86,16.79) 813 800
3 12.67 x12.50 1 (18.02,0)

M6
a o |
| i
e |
Ao |
I I
I I
| |
Fig.2 Cell layout

In the project, the total logistics cost of the cell layout is 4
453 and the machine-relocation cost is 800. The advantages
are as follows: Each part chooses an appropriate process; the
new cells have better flexibility and independence; the new
layout has high adaptability to the changeable orders with the
lowest cost on the condition of adding/removing machines.
Due to the machines being relocated, there is no proper cost
to compare with. Compared with the original project, the lo-
gistics costs of the new method can be further reduced by
7.6% . It also proves the feasibility of this study.

4 Conclusion

This article studies the cell layout in the cellular manufac-
turing system. To solve the problems in previous studies, it
establishes the cellular manufacturing models. The model
can achieve the process flexibility and it is suitable for the
product random demand whose method is the genetic algo-

rithm and a numerical example is used to verify that the
models are correct and effective and have guiding signifi-
cance in practical application. At the same time, the models
include the problems in a two-stage of the cellular manufac-
turing layout. If it achieves the overall optimization of the
cellular manufacturing layout in multiple stages, it is more
important for the dynamic demand of the product.
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