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Abstract— The water flow-like algorithm models [3-6], heuristic/meta-heuristic solution
(WFA) is a novel heuristic approach that has algorithms [7-10], and similarity coefficient
the features of multiple and dynamic numbers methods (SCM) [11-13]. Among the
of solution agents, and its mimicking of the aforementioned heuristics/meta-heuristics, the
natural behavior of water flowing from higher simulated annealing (SA) and the tabu search (TS)
to lower levels coincides exactly with the are single-solution-agent-based algorithms. A
process of searching for optimal solutions. single agent-based heuristic algorithm searches
This paper adopts the WFA logic and designs the solution space step by step through the usage
a heuristic algorithm for solving the cell of systematic or random neighborhood
formation and cell layout problems exploration. The genetic algorithms (GAs),
simultaneously. When compared with the however, belong to the group of multiple-
mathematical programming approach which solution-agent-based algorithms, which starts the
took one hour to solve problems, the proposedoptimization with a set of possible solutions, not
algorithm is able to produce optimal solutions only one possible solution. Yang and Wang [14]
in less than one second. These show that thetated that neither the single nor the multiple
proposed approach is extremely effective and agent method is agile enough to conduct an

efficient. efficient and effective solution search. They
hence present a water flow-like algorithm (WFA)

Keywords—Cell formation, Cell layout; to overcome this deficiency,

Alternative process routings, Water flow-like The WFA method is a dynamic-solution-agent-

algorithm based algorithm. The design of the WFA method
was inspired by water flowing from higher to

1. INTRODUCTION lower levels, where a flow will split into multiple

subflows when it moves through uneven terrains.

Cellular manufacturing is a manufacturingonversely, subflows merge when they meet at
philosophy in which similar parts are identifie he same level. Water flpw ceases and stagnates
and grouped into part families; meanwhilédt the lowest depressions, when momentum
machines are grouped into machine cells to tak@NNot expel water out of the depressions. Water
benefits such as reductions in set-up times, woflWing is analogous to problem solving. A flow
in-progress inventory, throughput times ant§ regarded as a solution agent, the solution space
material handling costs, simplified schedulin§f & problem is the geographical terrain, and the
and improved quality[1]. Although cellular@ltitude of a flow represents the objective
manufacturing may provide great benefits, tfgnction value. Since the number of flows
CFP with considerations of cell formation anfynamically changes in this method, it is an agent
cell layout simultaneously are NP-hardOpulation-varying method.
combinational problems [2]. Many models and CFP has received the attention of researchers
solution approaches have been developed to trdtmore than three decades. However, very few
these problems sequentially or independent§f them have tried to investigate both cell
These approaches can be classified into thf@gmation and the cell layout simultaneously with
main categories: mathematical programming (an&deranons of process sequences, alternative
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routings and product volume. It is important aniw be determined to achieve decision objectives

more practical to integrate the abovementionsdch as the minimization of intercellular

factors simultaneously in the design of cellulanovement. For instance, Table 2 provides a

manufacturing system. feasible solution to the sample problem of Table
In this paper, we use the WFA to solve cell which has three cells with machine groupings

formation and cell layout simultaneously witlor each cell as Cell 1: (M3, M7); Cell 2: (M2,

process sequences, alternative routings akd, M6); and Cell 3: (M1, M5, M8).

product volume considerations. The approach is

illustrated by an example and compared with the TABLE 1 Initial machine-part matrix where

mathematical programming approach. alternative process routings are allowed
PN P1 [Pz Pz P4 P5 ] P6
2. PROBLEM DEFINITION PV 15C { 95 | 13C 1 80 | 95 | 13¢
RN |R1R2[R1R2|R1R2|R1R2|R1R2[R1R2
: ML1[1 1 1 1 1
2.1. Cell Formation Mo 125 1 51 2
In a simple CFP, cell formation in a given 0- | M3 11131
1 machine-part incidence matrix involves mg 3.1 5 5 2.3
rearrangement of rows and columns of the matrix M6 3 3
to create part families and machines cells, in [\47 i 531575 5
which the cellular movement can be minimized [Mmg 23 3

and the utilization of the machines within a cell
can be maximized. Two matrices shown in Figure
1 are used to illustrate the concept. Fig. 1(anis
initial matrix where no blocks can be observedT
directly. After rearrangement of rows and

PN: Part Number; PV: Production Volume;
RN: Routing Number; * Process Sequence

ABLE 2 Final machine-part matrix of Table 1

columns, two blocks can be obtained along the PNj P4 PS|P1 P6|P2 P3
. . L . PV] 80 95[150 135| 95 130
diagonal of the solution matrix in Fig. 1(b). For
\ . . RN|R2 R2|R2: R1|R2 R2
those 1's outside the diagonal blocks, they are Vel 11
called “exceptional elements”; while those 0's
o . C TS M7 2 2 3
inside the diagonal blocks are called “voids”. M2 51
M4 1 2
(a) PLP2P3P4P5 (b) P1P3P5P2P4 M6 3773
M1{0O 1 010 M2{0 1 1|0 O M1 1 1
M2/0 0 1 0 1 M4|1 1 1(0 O M5 22
M3/1 1010 M1[0 0 O[1 1 M8 3 3
M4|1 0 1 0 1 M3|1 0 01 1
M5l0 10 0 0 mslo o ol1 o 2.2. Cellular Layout

Fig. 1 Rearrangement of rows and columns of N CMS, different cellular layout type and
matrix to create cells: (a) initial matrix and (b) cellular _Iayout sequence will affect the m_ter-cell
matrix after rearrangement. move distance (ICMD). They are described as

follows.

When parts have alternative process routinf@) Inter-cell move distance
(APR) is called the generalized CFP. Such as therpere are two popular methods for measuring

case shown in Table 1, part #1 has two proc EaAD between a pair of cellsand!’ (Tam and
[

routings R1 and R2. Kusiak [15] first describe ;
the problem and presented an integeé-’ 1991). They are Cartesian method (Eq. (1))

programming model to solve the problem. Whilencl Manhattan method (Eq. (2)).

introducing APR to CFP, the grouping of parts ) 2

can be more effective due to the flexibility of theD: =[(X|v—X|) +(Yr=Yi) J : (1)
routes; however, it leads to a more complex _ v 4l —

problem than the simple CFP. Under thisé"' X=X [+, Y'|, (2)
circumstance, not only the formation of pamhere(x,Y,) and(X,.Y,) are the coordinates
families and machlne cells _must be determingd 1o measuring points of celland|’ .

but also the selection of routings for each past ha
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In terms of measuring points, we can use either: : Number of parts
(a) the centroid of a cell site or (b) the neareSitC  : Number of cells
point between adjacent cells. In this thesis, thé : Production volume for part
Cartesian method was chosen and the centroid®f : Number of routings for part
a cell site will be used for calculating ICMD.U, : Maximum number of machines in each
Thus, the ICMD between cells 1 and 2 in Fig. 2(a) cell

T . . .
is equal td=[(1—])2+(2—])2} . Lm : (I;/Iellrlnmum Number of machines in each
(b) Effects of cellular layout type Kj  : Number of operations in routingf part
: _ _ [

_leferent cellulgr layout types will result in Ui(ja) : Index for machines which belongs to the

different ICMD. Figure 3.5 shows that the ICMD a-th operation of paitalong routg

between cells 1 and 3 in Fig. 2(a) will be twicg,
the distance moved between cells 1 and 3 in F%
2(b). Hence, the cellular layout type is an '

. The distance between céhndl’
. 1, if machinek locates in celll; O,

: ) . . otherwise
Important issue in CMS design. Z; : 1, if routing j of parti selected; O,
: otherwise
Cell1] |cell 4 | cell Cell} | celp  Xiwr : 1, if routing j of parti is selected;
"""" ay|l Taal T asz| Nay | @ machinek locates in cell and machine
k' locate in celll’; 0, otherwise
Céll 2
1) B. Mathematical model
Fig. 2 Two typical cellular layouts (NC=3): (8) Min ICMD=33 ¥ 5 ¥ X, ouaViDir  (3)
linear single-row layout (b) linear double-row _ SRR
layout SQubJect to:
ZZ” =1, Oi (4)
(c) Effects of cellular layout sequence =

We present an example to illustrate the effecis < $v, <y L, al 5
of cellular layout sequence. If the NC is equal to k=t (5)
three and a linear single-row layout is considered

as shown in Fig. 2(a), then ICMD between cells éY“ =1, Dk (6)
and 3 will be twice the distance moved between o
cells 1 and 2 or between cells 2 and 3. When ik < Zij» i, J KK LI @)
linear double-row layout is considered as shown i
in Fig. 2(b), the corresponding ICMD betweenikkr <Y, Ui LKk L (8)
cells 2 and 3 will beJ2 times the distance X < Y, O, kKL )
moved between cells 1 and 2 or between cells 1
and 3. Hence, the cellular layout is an importagt; +Y + Y = Xiua < 2, 0i, kK LI (10)
issue in CMS design.

YkI-Yk’I’aZij-Xijklk'I'D{ 0-:} Oij kK11 (11)

3. MATHEMATICAL MODEL
The decision objective is mainly to solve th?uIn the above model, Eq. (3) is the objective

cell formation and the cell layout simultaneousl| netion, which seeks the minimization of total
. [the cell 1ay . distance of intercellular movement. Eq. (4)
in terms of minimization of intercellular.

movement distance unit. The 0-1 integéndif:ates that only one process routing will be
programming model is gi;/en below, and th ssigned o e_ach part. Eq. (.5) imposes the Upper
notations are introduced first ’ &§nd lower Ilmlts_ of th_e cell size. Eq. (6) restict
' that each machine will be assigned to exactly one
A. Notations cell. Egs. (7) to (9) ensure that if one of the
rimary binary variables takes has a zero value,
hen their corresponding new variables will take a
zero value as well. Eqg. (10) ensures that if all of
the primary variables take unit values, then their

ICMD : The distance of inter-cell movement
required by the system
m : Number of machines
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corresponding new variables take unit values as
well. Eq. (11) indicates thay, , Y. Z; and WFA_Algorithm ()

: . ) {
Xk are 01 binary decision variables. Generate an initial solution.

WHILE(stop criterion is false)

4. PROPOSED ALGORITHM {
Flow splitting and moving.
The design of the WFA (Yang and Wang [14]) Flow merging.
was inspired by the natural behavior of water Water evaporation.

IF (rainfall required)

flowing from higher to lower levels. On the ‘

earth’s surface, a flow will split into multiple lsu

. Precipitation.
flows when rugged terrains are traversed. Sub- P

flows, however, will merge when they arrive at } Flow Merging.

the same location. Governed by gravity and IF (new best solution found)
driven by fluid momentum, flows can run to Update best solution record.
higher levels or run over bumps to navigate }

various terrains. Water flow will cease and }

stagnate at the locally or globally lowest
depression; when the momentum left cannot
expel the water out of the depression, it will
stagnate at its current location. No movement 4s1. Flow splitting and moving operation
allowed until other flows merge with it or until
the water evaporates into the atmosphere. Whet is assumed that there is only one water flow
the evaporated water accumulates to some exténthe beginning of the WFA, and that its location
it will return to the ground as several news randomly generated. Driven by fluid
downpour flows, such that rainfall occurgnomentum and potential energy, the flow starts
occasionally. As the solution space of a problef# move to new locations to explore the solution
can be mapped to the geographical terrain, agigace for new and better solutions. Fig. 4
the objective value is mapped to the altitude, ead@monstrates the splitting and moving operation
flow can then be regarded as a solution ageffir searching neighborhood solutions. As flow
Water moving to a lower position can béplits into subflows, the number of subflowss
considered as a solution searching for the optinfdtained based on Eq. (12):
Thus, the solution search process has been WV,
modeled as water flow. N =max) 1, in T 12)
The WFA algorithm consists of four primary ) " . . .
operations: (1) flow splitting and moving, (2)\/vhereW is themass of flowi, V; is the velocity

flow merging, (3) water evaporation, and (49 flowiandTnis the base momentum.
precipitation. The pseudo-code for the general |N€ mutation strategy (Fig. 5) is implemented

procedure for implementing the WFA is shown iff determine the rough directions fosubflows;
Fig. 3. that is, the locations 0K, X, ..., Xi can be

identified. The insertion-move is then performed
to find the best neighborhood solution arougl
that is, theX';;. This is repeated until the best
neighborhood solution for each of the subflows
has been found. For each iteration, these newly
generated subflows may merge with others
sharing the same location, proceed in a single
stream, split further into more subflows at later
iterations, or stagnate in the current locatiorilunt
the stopping criteria of the algorithm is met.

When the flow is split into sub-flows, its
original mass has to be accordingly distributed to
sub-flows based on Eq. (13):

Fig. 3 A generic framework for WFACF
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used up, implying that this sub-flow will stagnate
(X)) in its current location (e.g. the solution is tragp
Wi =] 7 W, (13) in Iocal optima) without splitting and movement.
kzzl F(Xi) Such stagnant flow will gradually evaporate into
the atmosphere, returning to the ground by
precipitation later on.

At the end of the splitting and moving
operation, the original flow becomes discarded
because sub-flows have been generated.
Information regarding the current number of sub-
flows and solutions sets will then be recorded.

4.2. Flow-merging operation

wheref(X;,) is the objective value of solutiof.

Iteration . Iteration : Iteration { -+ IlterationNpma

When more than two flows move to the same
location, they will merge into one flow with a
bigger mass and momentum. Whether a flow
shares the same location with others in the WFA
is thus systematically examined. If a flow does
share the same location, the latter flow is then
merged into the former one. Assuming that flows
i andj share the same location, then flpwill be
deleted and the mass and velocity of flowill
be updated as follows:

W =W +W, (15)
oW WY, 6

Fig. 4 Proposed flow splitting and moving Using the flow-merging operation, the WFA
operation for searching neighborhood solutiongequces the number of solution agents when
multiple agents result in the same objective value
Mutation_strategy £ ) in order to avoid redundant searches.

{ . .
Let the current solutior§{ equal to the current best solutic)( 4.3. Water evaporatlon Operatlon
FOR each machine DO
{

It is natural for water to evaporate and return to

Generate aandom numberr JU (0,1).

IF (r>p) the ground through precipitation after possible
Exchange machine with any cells other than theeotiwne movement from its original location. Water
ELSE . L9 o
Stay machine in the current cel. evaporation and precipitation coincide with the
} “escaping from local optima” mechanism that

many heuristic algorithms nowadays use to avoid
Fig. 5 Pseudo code of mutation strategy  being trapped and to explore more solution
spaces.
The velocity of each sub-flow is computed Each flow in the WFA is subject to water

from the equation of energy conservatign, , evaporation, where part of the water evaporates
the velocity of sub-flovk split from flowi, is: ' into the atmosphere. We define an velocity-based

evaporation that is conversely related to

_JWVE+290k, if v+ o> ( (14) improvement in velocity, such that flows with
““1o . otherwise smaller velocities should evaporate more quickly
than those with larger velocities. The formula is
presented below:

whereg is the gravitational acceleration, add

is the altitude drop from flow to its sub-flowk;
that is, the improvement of objective vaIch =(1-p W

moving from current solutioni to its
neighborhood solutiork. WhenV,” +2g4, < 0,
the momentum delivered to sub-fldwhas been

17
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and update the resulting mass and
1 it 1 =0 velocity based on Eqgs. (15) and (16),
’ ik then update the total number of water
_ o Hig flow.
wherep =1 0, i V 21 Step 16. Letcounter_iter = counter_iter + 1, go
to Step 3.
1—ﬂ, if 0<ﬂ< 1 Step 17. Report the best solutions so far, and stop
v v the algorithm.
4.4. Precipitation operation Note that in the mutation strategy, a threshold

probability value ) set at 0.8 implies that each

In this study, when water vapor accumulates f@achine has a 20% probability of being assigned
half of its original total mass, Wit will return to t0 other cells. In the WFACF procedure, the
the ground in some form such as rain. THBUtation strategy is used in Steps 6 and 13 with

. _ N Step 6 and 0.5 in Step 13. The main purpose of
W =— (Wo—kZVVk) (18) Step 6 is to find some neighborhoods of the
kZ:ka N current solution, thus the probability of being

assigned to other cells is set at a comparatively
4.5. Proposed Algorithm (WFACF) low _value. On the other. hand, the purpose of. Step
13 is to explore solutions of unvisited regions
The framework of the proposed WFAhrough the precipitation operation; thus, it
procedure, namely WFACF, is given in Fig. Gecomes necessary to increase the probability of
and is described in detail below. being assigned to other cells to find solutions

more deviated from the current best.
Step 1. Read initial solution.

Step 2. Initial WFACF parameter setting.
Step 3. Ifcounter_iter < Nn, repeat Steps 4 to =
16; otherwise, go to Step 17. Read mmla soution
Step 4. For each flow, execute Steps 5 to 16. 1 End
Step 5. Calculate the number of subflows based Parameter Setting TV
on Eq (12) *& Stop conditior
Step 6. Flow splitting and moving through satisfied?
mutation strategy and insertion-move t
operation. coton foundz ] | Flow Merging
Step 7. Check whether the new best solution|is
found. If yes, update best solution. - Solulticjn Upah
Step 8. Calculate mass and velocity based |on
Egs. (13) and (14). Y
Step 9. Merge flows with the same objectivie il N
values and update the resulting mass and required?
velocity based on Egs. (15) and (16).

Step 10. Update the total number of water flow.  Fig. 6 Framework of the proposed WFACF

Step 11. Perform evaporation operation and
update the resulting mass for each watér, RESEARCH RESULTS
flow based on Eg. (17).

Step 12. Check whether precipitation condition is In order to demonstrate the effectiveness of our
met. If yes, perform Steps 13, 14, and Iroposed model and methodology for cell
otherwise, go to Step 16. formation and cell layout problems, we apply our

Step 13. Perforrmutation strategy to the current proposed approach to a numerical example
best solution to generate new solutionsresented by Kazerooni et al. [15] and compared

deviated from the current ones. the optimal solutions obtained by the branch and
Step 14. Distribute mass to flows poured based bound (B & B) algorithm with the LINGO 8.0
Eq. (18). software. This example consists of 40 parts and

Step 15. Check whether the new solution has th¢ machines. A maximum of five machines is
same objective value. If yes, merge #llowed in each cell. The proposed algorithm was
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coded in C++ using Microsoft Visual Studio 6.6, CONCLUSIONS
and implemented on a Intel(R) 1.66GHz PC with

1GB RAM. Very limited amount of articles have
The computational results are summarized a@ﬁnultaneously considered the issues of
Compared in Table 3. The I‘eSU|tS ShOW that tb?oduction Volume, production Sequence’
proposed WFACF is able to achieve globgjiternative process routings and cell layout in
optimum in less than nine seconds, whicBFp so far. Accounting for these factors makes
indicates that our proposed approach is extremghy CFP complex but more realistic. In this paper,
effective and efficient. Furthermore, we observeg mathematical model has been proposed to
that the explicit preference for linear double-roggckle the cell formation and cell layout
layout over linear single-row layout based ogimultaneously with consideration of both
their solution quality. alternative routing and production volume. Due
to the combinatorial nature of this model, a WFA
TABLE 3 Comparison of Lingo and our WFACF3|gorithm has been designed for solving this
Method Lingo(B & B) Proposed method  problem.
The results of the proposed method are

Layout Inear inear [inear inear compared with the optimal solutions obtained b
ype single  double  single  double- h : y
row row row row e LINGO 8.0 software. The comparisons show
NG 5 5 5 5 that the proposed method offers good solutions

for the CFP considering production volume,

ICMD 1825 1633 1825 1633 production sequence, alternative process routings
CPU(s) 2170 4171 318 3.43 and cell layout. More test problems from the open
literature are to be tested in the near future to

fully confirm the efficiency and effectiveness of
LINGO Solver Status [LINGOL]
w— —— the proposed approach.
Model Class: ILP Total 3565
Nonlinesr: o
St Global Optimum Integers: 3664 REFERENCES
Objective: 1} Corins
Infeasibility: i} Total: 13718
Henions 24457561 Honlaeas ? [1] U. Wemmerlov, and N. Hyer, “Research
Evuded Schver Ss B = —— issues in  cellular  manufacturing,”
Solver Tpe Bendp || Mo ! International  Journal  of  Production
e il (i Research, vol. 25, pp. 413431, 1987.
o 106516 | it Roine Gy [2] A. Ballakur and H.J. Steudel, “A within cell
e 0 ot pa 1 utilization based heuristic for designing
cellular manufacturing systems,”
Upele Interal [2 [ e International  Journal of  Production

Research, vol. 25, pp. 639-655, 1987.

Fig. 7 Lingo solver status for linear double-row[s] F. Boctor, “A linear formulation of the

layout machine-part cell formation problem,”
International  Journal of  Production

p—— — Research, vol. 29, pp. 343-356, 1991.
Model Clas: e ol 3868 [4] J. Wang, “Formation of machine cells and
O:”: Glabal Oml’"u'u" ) — e part families_ in celIngr manufagturing
- S i P systems using a linear assignment
Tisrations: 12319964 Nonkinear 0 algorithm," Automatica. vol. 39, pp. 1607—
Extended Zolver Statos Nonzem'fsuml. 30644 1615, 2003
Soler Type Bendp || Mo ! [5] Z. Albadawi, H. A. Bashir and M. Chen, “A
Best Obj 1825 Generator Memory Used (K)

mathematical approach for the formation of
manufacturing cells,” Computers and

Obj Bownd: 1825 A5

Stps: 52663 Flapsed Rumtime (hhomm:ss)

et 0 - Industrial Engineering, vol. 48, pp. 3-21,
2005.
s ol [ T [6] M.S. Jabal Ameli, J. Arkat, and F.

Barzinpour, “Modelling the effects of

Fig. 8 Lingo solver status for linear single-row . ) .
g g g machine breakdowns in the generalized cell

layout
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