LR BEEE F19% 408 1996%F 128 157

Tool Planning Problem in Flexible Manufacturing Cells
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1. Introduction

In flexible manufacturing cells (FMC) where a large number of different cutting tool
types are required, a single machining center may not hold all tool types required for the
shop operations due to the tool magazine capacity. As a result, tools are partitioned to
several machining centers. So if a job does not find all required tools on a machining
center, it has to visit more than one machining center. This approach is common in many
metal cutting industry, However, every time a job visits different machining centers,
repositioning of the job at a reference point is required and may cause the loss of cutting
precision. An altenate approach proposed by Han et al.[6] is to let the job stay at a
machining center and horrow those required tools from other machining centers. The
approach of tool borrowing is based on the assumption that each machining center has the
capability of performing all operations required of a given job if proper tools are provided.
When a job remains at one machining center, there is no need of repositioning and
consequently cutting precision can be maintained. Also work-in-process inventories would
be reduced if induction could be controlled properly.

However, tool borrowings incur tool waiting time because if not all the tools required for
a block of operations for the job are ready, the cutting operations can not be started.
Those tools to borrow from other machining centers or from a tool crib can not be readily
extracted from their magazines until the completion of the current block of operations, due
to safety reasons. As a means to reduce tool wating time, commonly used tools are
duplicated and assigned to different machining centers, thereby reducing the need for tool
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borrowings. Tool borrowings can also be reduced by proper grouping of tool types on each

machining center and proper job assignment to machining centers. However, the job
assignment which reduces tool borrowings may not result in balanced workload distribution
among machining centers. Since our ultimate objective is throughput rate maximization, we
would not want extremely unbalanced workload on machining centers only to achieve the
reduction in tool wating time and reduced work-in-process inventories.

These two objectives, the reduction in tool wating time caused by tool borrowings and
balancing of workload, however, are often contradictory. Usually, minimizing the amount of
tool wating time is accompanied with the increase in workload imbalance among machining
centers, and vice versa. In this paper, tool changes due to tool wear are not considered
because tool wear is not affected by tool grouping of job assignment to machining centers.

A limited amount of research work has been reported in tool loading in flexible
manufacturing systems. Berrada and Stecke [3] developed a solution method for the
objective of workload balance when jobs are routed from machining center to machining
center. Ammons et al.[1] proposed a workcenter loading problem in flexible assembly where
the workload balance and part movements were the main concern. Tang [11] has proposed
a job scheduling model which minimizes the number of tool changes on a single machining
center.

In this paper, as a vehicle to the ultimate objective of throughput rate maximization, we
want to reduce the amount of tool borrowings and at the same time balance the workload
of each machining center. The reduction in tool traffic and the balance of workload are
achieved through the determination of the optimum number of tool copies of each tool type
when the total number of tool copies is limited, through the proper partition of the tool set
into multiple machining centers, and through the proper assignment of jobs to each
machining center.

The plan of this paper is as follows. In section 2, assumptions and notation are
introduced. Section 3 shows the problem formulation as a nonlinear integer programming
problem, and section 4 describes an approximate solution method. Conclusions are made in
section 5.

2. Assumptions and Notation
2.1 Assumptions

It is assumed that at the outset of a production horizon, a job set to be completed by
the FMC is known. The problem setting is viewed as static in the sense that those jobs
in the job set would not compete for the priority for the early completion. The followings
are further assumptions :
(1) All machining centers are identical, and can perform operations on any job in the job
set if necessary tools are provided;
(2) A block of operations cannot be started until all the required tools are placed in the
magazine;
(3) Tools can not be extracted from the tool magazine if the machining center is in cutting
operation;
(4) Each magazine has a limited capacity of holding tools: and
(5) The tools borrowed are returned upon the completion of operation.
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2.2 Notation

The following notation for indices, parameters, and decision variables is listed here for
reading convenience.

machining center index i=1,2,:*,m

part index i=1,2,n
tool index t=1,2,-, ¢
aj = 1 if part j requies tool t

0 otherwise

¢t = number of tool copies for tool type t

r; = number of tools required by part type j ( ; aj)

p; = processing time of part type j

si = capacity of magazine at machining center i
b = exact balance of workload

o = workload imbalance factor

TC = total number of tool copies allowed

J = job set
M = machining center set
T = tool set

W(i) = workload of machining center i
U = upper workload imbalance limit (b*(1+a))
L = lower workload imbalance limit (b*(1+a))
xie = 1 if tool t is assigned to the magazine of machining center i
0 otherwise
yi = 1 if part j is assigned to machining center i
0 otherwise
If there are as many tool copies for a given tool type as the number of machining
centers, each machining center need not borrow the tool type from other machining center.
Thus, when TC < m= £, it is obviously advantageous to have at least m tool copies for
each tool type, ie, ¢t 2 m. Therefore, we restrict out interest to the case when TC < m*
£, and there can be following two cases:
Case 1. The total number of tool copies is less than or equal to the total magazine

capacity, ie, TC = 'g; S;.

Case 2. The total number of tool copies is greater than the total magazine capacity, ie, TC

> gsi_

For Case 2, all tool copies cannot be held in tool magazines and the rest is kept in a

dummy magazine with capacity equal to ( 7C— gl S,

Tools assigned to the dummy magazine will represent those tools assigned to a tool crib.
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3. Mathematical Formulation

The decision of tool copies for each tool type and their assignment to different
machining centers depend upon the nature and contents of the job set to be completed.
However, the contents of a job set changes from production period to period. Therefore, at
least for the tool planning problem, production schedule should be established over a
planning horizon, which may consist of a number of production periods.

Pl1: minimize 'glg(r;-— ,gai,x x,-,)xyg 48]

subject to g; z;x;,s TC (2)
Dxiezl =12, 3)
gx,',s s; i=1,2,, m (4)
2v=1.=12n ()
bl-a)< 35y, < b(l+a), iF12-m ©)
xi¢=0 or 1, for all i, t 7
y;i=0 or 1, for all i, j (8)

3.1 Objective Function

The main concern is to determine tool copies for each tool type and partition them to
machining centers in such a way that the amount of tool borrowings between machining
centers is minimized. The number of tool types required for all operations of part j, n, is
given by :

¥;= 21 a;,.

The number of tool types currently available at the magazine of machining center i for the

operations of job j, ej, is given by : e = g a;, X x;,.

Thus, the number of tools to be borrowed if job j is assigned to machining center i is
equal to (ri~ej). The objective function is to minimize the total number of tool borrowings,
and expressed as equation (1).

3.2 Constraints

There are two sets of constraints ; one for tool loading (x variables) and the other for
job assignment (y variables). The constraint set on the tool assignment includes the
following considerations :
(1) the limitation or total tool copies allowed,
(2) at least one copy of each tool type in the tool set, and
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(3) the limitation of magazine capacity.

The first constraint implies that the number of tool copies assigned to magazines of
machining centers should not exceed the total tool copies allowed, which is given by
equation (2). The second constraint of providing at least one copy for each tool type is
given by equation (3). The third constraint, equation (4), is to reflect that the number of
tools assigned to the tool magazine of a machining center cannot exceed its magazine
capacity. The constraints specified by equations (2),(3), and (4) are for tool loading among
machining centers.

For job assignment, there are two constraints. The first constraint, equation (5), ensures
that each job is assigned to only one machining center. The second constraint is for

workload balance. Ideal workload balance, b, can be expressed as b= ( 1211 ;) [ m, where

the right hand side implies the total workload divided by the number of machining centers.
In reality, it might be hard to expect exact balance. Therefore, acceptable workload balance
is described using imbalance factor, @, which is between 0 and 1. The lower workload
imbalance limit is set by b X(1- @), and the upper workload imbalance limit by bX(1+a).
Thus, the workload assigned to machining center, i, should be within the upper and the
lower workload imbalance limits as specified by equation (6).

The objective function of Pl is nonlinear and decision variables are integers. As a
nonlinear integer programming problem, it would be difficult to solve fairly large sized
problems. Therefore, an approximate solution procedure is developed which will be
explained in the next section.

4. Solution Procedure

The nonlinear objective function can be linearized through introducing linear constraints
in the constraint set. However, the linearization is accompanied with an exponential
increase in the problem size. Thus, making use of the special structure of this problem, an
approximate solution procedure has been developed.

The proposed solution procedure partitions the original problem into two subproblems ;
one for tool loading problem and the other for job assignment problem. With a known
solution of job assignment, the problem is reduced to tool loading problem with constraints
consisting of equations (2), (3), (4), and (7), and with a known solution of tool loading the
problem with constraints consisting of equations (5), (6), and (8). Then the two
subproblems are solved iteratively untill some convergence is obtained as explained next.

4.1 Decomposition to Subproblems

With known values of y varables, ¥ , which satisfy equations (5), (6), and (8), the
objective function becomes a linear function of x variables and constraint set consisting of
equations (2), (3), (4), and (7), shown as follows :

St

minimize 22 (r; - t:a;, * x,-,) * Y
i=1f= =
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Subject to Z;'g %, < TC

,21 %=1, t=1,2,,1

‘g Xit < $;, i=1.2,"',7}1

xiy = 0orl, for all 1,1

Let A denote the matrix of the constraint set of the S1. Then, A is totally unimodular and
S1 can be solved as linear programming problem (see Papadimitriou and Steiglitz [9]).
Thus, the integrality constraint can be relaxed and replaced with the following continuous
constraint ; 0<x3x<1, for all i, t.

Similarly, with the solution, from S1, P1 will have a linear objective funtion in y
variables with constraint set consisting of equations (5), (6), and (8), shown as follows :

S2:
minimize g’g(n - ga,-, * ’?it) * ¥

subject to vo = 1, j=1,2,.n

b(1-a) < ,gp,- x y; < W1+ a), i=1,2,m

yvi=0orl, for all ij

S$2, however, is an integer programming problem because integrality constraint imposed on
y;j variables cannot be removed.

4.2 Approximate Solution Method

The solution procedure starts with solving the job assignment first. The initial job with
the longest processing time to the machining center with the minimum workload until ail
jobs are assigned. With known values of y variables, S1 can be solved exactly with a
linear programming technique. However, S2 is an integer programming problem which
requires much effort to solve exactly. Since the whole solution procedure is an approximate
one, S2 is solved using a heuristic. The heuristic assigns a job to the machining center at
which the least number of tool borrowings becomes necessary for the job, while
maintaining the workload of each machining center between the lower and the upper
workload imbalance limit.

Let dj denote the coefficient of y; in the objective function of S2. The heuristic for S2
starts with the machining center with the minimum workload and select a job which will
cause the minimum number of tool borrowings from other machining centers. For instance,
if machining center i’ has the minimum workload cwrently, then job j’ which has the
following property is selected and assigned to machining center i’ : dyy=Min;Ey{dy;}, where
J' denotes the set of jobs which are not yet assigned. Repeat this procedure until the
workload of each machining center exceeds the minimumn imbalance limit. After exceeding
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the minimum imbalancelimit for each machining center, job j' is paired up with a
machining center i’ if the assignment causes the minimum number of tool borrowings,
described as follows : diy=Min;€u« {d;}, where List={(i,j) |j€]J’, iEM}. If the assignment
of job j’ to machining center i’ does not cause the workload of i’ to exceed the upper
workload imbalance limit, then job j’ is assigned to machining center i’. Otherwise, the
pair is removed from List in order to avoid unnecessary calculation at later iterations.
Repeat this procedure until all jobs are assigned or List becomes empty. If List becomes
empty before all jobs are assigned, no feasible solution exists which satisfies the workload
imbalance limit. Once the problem is solved, the number of tool copies for each tool type is

determined by ‘g X, .

The above procedure is put into an algorithmic form as follows :
Step 0. Use LPT(Longest Processing Time) rule to find an initial solution of Yijo.
zi" . objective function value of Sl at iteration n
z7" : objective function value of S2 at iteration n
x«" : solution of S1 at iteration n
yi® © solution of S2 at iteration n
e : small integer value
220
n<1
Step 1. With yi=y;™", solve S1 to find xi" and z". If (z"'-21")<e, then go to step 4with
the solution of Yijn-l and xit". Otherwise, go to step 2.
Step 2. J«{Parts}
M<«{Machining Centers}
W(@i)«0 for all i
Zzn‘-'O

dij<— ,21 ;g (r; — g a;,X x;,)y;,

While not all W(i)<L do
i' © W=Min;En{W(1D)}
yir<el
220 zo +dpy
J<J-4"}
W3E)<W(3{")+pi’
Endwhile
List—{ij)lie M,j€ ]}
While j= @and List =@ do
(i'j'¥d = Ming)ELisddy}
If W(@G")+py<U, then
vig—> 1
22" zo
JeJ-{"
Wi WGE') + o
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else
List « List + {(i",j")}
Endif
Endwhile
Step 3. If j=0 and z,"-z"> €, then go to step 1.
Otherwise, go to step 4 with the solution of Yijn-l and xi.
{Computation of Tool Copies)

Step 4. c= ,2\ x;, for all t=12,, ¢

That the objective function values at each iteration do not increase if S1 and S2 are
solved exactly (see Han el al.[6]). However, since S2 is not solved exactly in the solution
procedure, the solution value of S2 could get greater than that of S1 at the same iteration.
Therefore, if the proposed algorithm is made to stop when the desrease of tool movements
at each step is less than a certain amount, ¢ ,the algorithm will automatically stop
whenever any deterioration is encountered or convergence becomes slow.

5. Experiments

Since Pl is a nonlinear integer programming problem, the computational burden for an
exact solution will be enormously heavy, and thus an approximating solution procedure was
proposed. A heuristic rule was also developed as a quicker solution method. Since there is
no previous work to be compared, the proposed solution procedure and the heuristic rule
are compared to each other.

Two scenaric problem sets were randomly generated for the experiment of the proposed
solution procedure and the heuristic rule. Scenario 1 consists of 20 tool types, 2 machining
centers, and 40 or 60 parts; whereas scenario 2 consists of 30 tool types, 3 machining
centers, and 60 or 90 parts. Scenario 2 consists of bigger problems than scenario 1 in
order to discern the effect of problem size on the performance. Table 1 compares the two
scenarios.

The total number of tool copies allowed is specified by the tool duplication factor, 7 ,and
the number of tool types, £,as follows:

TC=(1+7)¢ (9

For each scenario, three levels of tool duplication factor were tested, 0.3, 0.5 and 0.7.
With 7= 0.3, scenario 1 problems were allowed to duplicate 30% of the total number of
tool -types, that is, 6 tool copies, and TC = 26. For each scenario problems set, two
different part volumes were tested in order to discern the effect of part volume; for
scenario one, 40 and 60 parts, and for scenario two, 60 and 90 parts. For each tool
duplication factor level and part volume, 20 problems were tested. The workload imbalance
factor level is fixed at 0.2 for all problems.

The processing time for each part was randomly selected from a uniform distribution,
U[1,10]. The number of tool types required for a part was selected from a uniform
distribution, U[3,7] and the tool types required for a part processing were randomly
selected from the set of tool types.
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Table 1. Parameters of Test Problems
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Parameters Scenario 1 Scenario 2
No. of tool types (£) 20 30
No. of machining centers(i) 2 3
No. of parts(n) 40,60 60,90
Magazine capacity( s,) 20 20
Sample size 20 20

Both the algorithm and the heuristic for the tool planning problem were coded in the
FORTRAN language and the programs were run on a Vax 11/750 computer. Subproblem 1
of the proposed algorithm was solved by the LP subroutine ZX3LP in the IMS Library.
The computation time for the algorithm and the heuristic is expressed by CPU time and is
summarized in Table 2.

The proposed algorithm requires only marginally increased computational efforts
compared to the heuristic rule. However, as problem size increases, computation time for
the proposed algorithm increases dramatically.

The tool movement index (F) for the tool copy decision problem is used as a
performance measure of the algorithm. F is the percentage ratic of tool movements
resulting from the algorithm to tool movements due to the heuristic.

Table 2. Computation Time (Seconds)

Scenario No. of parts Algorithm Heuristic
Scenario 1 40 30.3 0.29
60 33.7 0.67
Scenario 2 60 325.4 0.79
€0 360.3 1.98
F is expressed as follows:
F = (Zag /" Znew) * 100% . (10)

Zag denotes the number of tool movements from the algorithm and Zres denotes the number
of tool movements from the heuristic. A lower value of F represents better performance of
the algorithm compared to the heuristic. The performance of the algorithm for each
scenario is shown in Table 3.

The algorithm performed better than the heuristic at all duplication factor levels and part
set size for all problems. In order to support the statement that the algorithm performs
better than the heuristic, a standard t-test was carried out. Test results confirmed that the
algorithm performs better than the heuristic at a 95% confidence level. As the 7 value
increases (more number of tool copies are allowed), the algorithm reduced the number of
tool movements to a greater degree. The algorithm showed no difference in performance
with different numbers of parts examined for all problems.
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Table 3. Performance of the Algorithm

Scenario Y No. of parts F(%)

Scenario 1 0.3 40 60.6
60 60.2

0.5 40 51.4

60 475

0.7 40 29.7

60 340

Scenario 2 0.3 60 66.0
90 67.2

0.5 60 59.3

90 605

0.7 60 52.8

90 53.7

6. Conclusions

In this chapter the tool planning problem, which determines the number of tool copies for
each tool type when the total number of tool copies are limited, was concidered. Since the
loading is dependent upon the tool set, the problem was mathematically formulated and
solved in order to further contribute to the objective of reducing makespan. The
mathematical formulation is a nonlinear integer programming problem which is partitioned
into two subproblems. The constraint set of subproblem 1 was proved to be totally
unimodular and subproblem 1 can be solved as a linear programming problem. Subproblem
2 is the same as that of the loading problem. Thus, the problem is solved by a similar
procedure to the loading problem.

The performance of the algorithm is compared to that of a heuristic procedure for the
randomly generated problems. The algorithm dominates the heuristic for all duplication
factor levels and part volumes. The more too! copies allowed, the better the algorithm
could reduce the number of tool movements.

In this paper, a method of determining the number of tool copies for each tool type is
presented when the total number of tool copies is limited. The problem is formulated as an
optimization problem with an objective of minimizing the number of tool movements while
maintaining a given level of workload balance. The solution of the problem specifies the
number of tool copies for each tool type and desired tool loading among machining centers.
As a solution procedure, the problem is partitioned into two subproblems and solves them
iteratively until convergence is observed.



10.

11

12.

THREBEE F19% F408 1996 1275 167

References

. Ammons, J. C., Lofgren, C. B, and McGinnis L. F., “A Large Scale Loading Problem

in Flexible Assembly,” Annals of O.R., 3, 319-328(1985).

Amoko-Gyampah, K., Meredith J. R., and Raturi, A. “A Comparsion of Tool
Management Strategies and Part Selection Rules for a Flexible Manufacturing Syste
m,” International Journal of Production Research, 30, 733-748(1992).

Berrada, M., and Stecke, K.E., “A Branch and Bound Approach for FMS Machine
Loading,” Proceedings of the First ORSA/TIMS Special Interest Conference on Flexible
Manufacturing Systems : Operations Research Applications, University of Michigan,
Ann Arbor, Aug.15-17, 156-171(1984).

Cook, N. H, Computer-Managed Parts Manufacture, Scientific American, 232,
22-29(1975).

. Garey, M.R., and Johnson, D.S., Computets and Intractability : A Guide to the Theory of

NP-Completeness, W. H. Freeman Press, New York(1979).

. Han, M., Na, YK, and Hogg, G. L., “Tool Loading and Real Time Control in FMS,”

International Journal of Production Research, 27, 1257-1267(1989).

. Horowitz, E. and, Sahni, S., Fundamentals of Computer Algorithms, Computer Science

Press(1984).

. Hwang, S., “A Constraint-Directed Method to Solve the Part Selection Problem in

Flexible Manufacturing Systems,” Proceedings of the Second ORSA/TIMS Conference
onn Flexible Manufacturing Systems : Operations Research Models and Applications,
University of Michigan, Ann Arbor, Aug 12-15, 297-309(1986).

. Papadimitrion, K. S., and Steiglitz, K., Combinatorial Optimization :@ Algorithms and

Complexity, Prentice-Hall, New Jersey(1982).

Stecke, K. E., “Formulation and Solution of Nonlinear Integer Production Planning
Problems for Flexible Manufacturing Systems,” Management Science, 29, 273-288(1983).
Tang, C.S., “A Job Scheduling Model for a Flexible Manufacturing Machine, 1986 IEEE
International Conference on Robotics and Automation,” 1, 152-155(1986).

Zavanella, L., and Bugini, A, “Planning Tool Requirements for Flexible Manufacturing
: an Analytical Approach,” International Journal of Production research, 30, 1401-14149



