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This paper introduces the generic concept of processing rates as decision variables in Flexible
Manufacturing Systems (FMS’s). The objective is to determine the minimum cost processing
rates given the FMS throughput target, the work-in-process level, part routes, transporter delays,
and the variable capacity cost function for each machine. A nonlinear Mean Value Analysis
queueing network optimization methodology is developed to control bottlenecks and queue lengths
as the processing rates are varied. This methodology further provides the average and marginal
unit production costs along with necessary and sufficient feasibility conditions for the FMS
throughput targets. Industrial sample data is then used to illustrate the solution of the optimal
tool speed problem in a metal-cutting FMS. Considerable cost savings are demonstrated using
the proposed methodology in contrast with the conventional one-machine optimization models.
Several economic insights regarding the issues of capacity allocation for FMS’s, and a generalization
of the square root capacity allocation rule for closed networks of queues, are also presented.
(FLEXIBLE MANUFACTURING SYSTEMS; PROCESSING RATES; TOOL SPEEDS)

1. Introduction

Most production planning and control schemes for Flexible Manufacturing Systems
(FMS’s) treat the processing rates as given (Stecke and Suri 1986, Vollmann et al. 1988),
while in practice these are significant decision variables. In order to achieve the desired
production goals with minimal operating costs, managers regularly vary the aggregate
plant capacity by modifying the input levels of direct labor hours and other productive
resources (Bitran and Tirupati 1987, Shanthikumar and Yao 1987); similarly, process
planners are instructed to concurrently vary other key manufacturing parameters (i.e.,
tool feed rate or cutting speeds) to reach the same objectives (Halevi 1980). The latter
case—which seems to be the prevalent option for managing capacity changes in un-
manned /automated facilities—is based on some well-known empirical relationships be-
tween tool or die costs and the processing rate (Drozda and Wick 1983, Taylor 1907).
For example, the drilling operation analyzed in Conrad and McClamrock (1987, equation
(3.4.1)) has

. 1 5.15
mean tool life = constant { ————— .
feed rate

so a 10% change in feed (i.e., processing) rate causes a 50% change in tool cost. This
property, together with the empirical observation that tool costs can comprise 20-30%
of the total operating costs of FMS (Ayres 1988, Cumings 1986 ), suggests that significant
economies may be possible via judicious selection of processing rates.

When production targets are within the limits of the plant capacity and the unit revenue
1s constant, the minimum production cost criteria also leads to profit maximization. The
problem of economic selection of optimum cutting conditions and of the relevant choice
of cost parameters has been recently investigated by Boucher (1987), Chang et al. (1982),
and Trappey et al. (1987), among others. Their models considered a single part type
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produced on a single machine. Extensions to the two-stage and to the multistage (flow-
shop) cases were presented by Hitomi (1971, 1979), Koulamas et al. (1987), McCartney
and Hinds (1982), and Yellowley (1983 ). However, in many of the commercial process
planning systems, the machining conditions are still determined for one machine at a
time (Chang and Wysk 1985, Tipnis et al. 1987). The dynamic interaction effects, due
to random part flows between machines, machine starvation, queues, WIP buildup, and
bottlenecks are ignored.

Optimizing the process rates in FMS’s requires a queueing network model to determine
global changes in bottlenecks and queue lengths as the processing rates are altered. Qur
methodology extends the Mean-Value-Analysis (MVA) framework of FMS introduced
by Hildebrant (1980) and by Suri and Hildebrandt (1984 ), which was shown to predict
throughputs, queue lengths, waiting times, and machine utilizations with satisfactory
accuracy for planning purposes (Seidmann et al. 1987a, b, Shalev-Oren et al. 1985, and
Snowdon and Ammons 1988). Successful industrial application of similar models are
reported by Brown (1988), Johnson (1989), Solberg (1978), and Suri and Hildebrant
(1984).

The optimization problem over processing rates then becomes an optimization problem
superimposed on top of the MVA queueing model. This optimization problem assumes
that steady-state throughput objectives must be achieved (otherwise the minimum-cost
solution is to produce nothing). The decision variables in the optimization model are
the processing rates (or, equivalently, processing times) of each part at each machine. It
will be seen that the optimization problem is complex due to the interference effects
between machines: lowering speeds on nonbottleneck machines will shift queues and
alter the location of bottlenecks, possibly forcing us to increase speeds elsewhere in order
to still achieve the same throughputs. The role of the network-of-queues model is to
permit a systematic analysis of these tradeoffs, which was absent from the FMS analyses
cited above.

Optimization of queueing networks is frequently encountered in the design and man-
agement of various manufacturing systems (Buzacott and Yao 1986, Dallery and Frein
1986, Vinod and Sabbagh 1986, Vinod and Solberg 1985, and Wein 1989). The allocation
of a given productive capacity is discussed by Akyildiz (1988), Bitran and Tirupati
(1987), Pittipati and Teele (1987), and Shanthikumar and Yao (1987).

This paper analyzes the case of a homogeneous family of parts with general parts
routes. It minimizes the expected cost per unit time subject to throughput and process
time constraints. This is equivalent to minimizing the cost per part, subject to throughput
and processing time constraints. The next section presents the mathematical model for-
mulation. The algorithmic solution methodology is referenced in §3. The economic mar-
ginal returns for incremental throughput changes are given in §4. Several numerical
examples are discussed in §5, and §6 concludes our paper.

2. Mathematical Model Formulation

2.1. Introduction

This section formulates the problem of optimizing processing rates for the case of one
part type. §2.2 gives the assumptions and notation, §2.3 incorporates the modelling aspects
of the material handling system, §2.4 gives the mean-value analysis and optimization
problem, and §2.5 gives a transformed version more convenient for optimization purposes.

2.2. Assumptions and Notations

The model inputs are K, M, v;, TH, si, D;, and gi(+).
—K = 1 pallets ( K = WIP inventorv level).
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- M reliable machines labelled i = 1, 2, . .., M. (All machines are FCFS. Each machine
can process only one part type at a time and is never blocked.)

—-Machine 1 is the load /unload station (L/UL).

-v; = visit ratioat machine /,i= 1,2, ..., M; = number of times a part visits machine
i before being completed and leaving at the L /UL station. It is assumed that v, = 1 and
that every visit ratio is strictly positive (otherwise delete this machine).

—-TH = desired throughput (parts/hour going through L /UL station).
The unknown quantities of interest are

-\; = part throughput at machine 7/ (production flow rate in parts/hour).

—N; = mean number of parts at machine i (either in process or waiting for the machine).

-W; = mean sojourn time at machine i (either in process or waiting for the machine).

—S$; = mean processing time at machine i/ (= time in hours for one operation).

The {s;} are our decision variables and must satisfy

0<s; <s;<s5s7, i=1,2,...,M, (2-1)

where the limits s are set by technological or management considerations. The process
time includes both part setup time and machine operation time.

We also assume knowledge of the variable capacity cost functions:

-&i(si) = cost of doing one operation on machine i, if the process time per operation
18 §;.

Following earlier studies (Hax and Candea 1984, Hitomi 1979, and Johnson and
Montgomery 1974) it is assumed that

dg,-(s,-) dzgi(si) -

This common assumption implies that increasing costs are incurred for increasing pro-
cessing rates (decreasing processing times), for example, through the incremental use of
overtime labor. In the case of automated machining operations, the cost function may
involve tool replacement or regrinding (due to wear or breakage ), labor for tool mounting,
machine parts deterioration, maintenance, and any variable supervision cost. Our model
assumes Dg;(s;) < 0, which is typical for a capital-intense environment where tool costs
are of major concern (Primrose and Leonard 1986). Labor costs for supervision, parts
remounting, etc., depend primarily on the fixed FMS throughput, not on the variable
processing rates at the individual machines. A more detailed discussion of the use of
such cost functions in production management context is given by Hax and Candea
(1984). The cost function g;(s;) implicitly includes lower-level decisions about the single
operation at machine i. For example, it may involve a joint optimization of several
suboperations over tool choices, turning rate (speed), and tool feed rate, subject to a
constraint that the total machine time is s;. Also, this formulation can handle the case
of parallel, identical or heterogeneous machines with given visit ratios at each one.

2.3. Modelling the Material Handling System

The model includes a known mean transport delay D, (=0) associated with bringing
a part into and out of work center i, 1 <i < M. These transport delays may be calculated
from an auxiliary queueing model which predicts the delay D()) at a transporter as a
function of the imposéd load X on the transporter. The value of X is shown by summing
(2-9) over all machines, i, which use this transporter. The values of X and, therefore,
D; are unchanged when optimizing the processing rates subject to the FMS throughput

constraint. They must be checked to neither exceed the capacity of the transporter, nor
cance cionifirant hinrlkine at tha mrrtnrt evmet AP odan cermode mémsl me -
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2.4. Mean-Value Analysis and Optimization Problem

The optimization problem may be formulated as

M,

COSTMIN = Min 3 Ag(s) (2-3)
=1
subject to

0<si<s;<s;7, i=1,2,...,M, : (2-4)
M

N = Kv/ S v(W; + D)), i=1,2,...,M, (2-5)
Jj=1

I/‘[/l":si-{'_[NI'(K-_1)/'K]Sia i=1.~29'--,M9 (2'6)

N, = \W,, i=1,2,...,M, (2-7)

M =TH. (2-8)

These may be interpreted as follows: The objective function COSTMIN is the total
operating cost per hour, with the /th summand showing A; parts/hour visiting machine
iand costing g;(s;) per visit. Constraint (2-4) gives the minimum and maximum allowed
processing time on machine i. Equations (2-5)-(2-7) are the MVA equations (Schweitzer
1979, Shalev-Oren et al. 1985, and Suri and Hildebrant 1984) for a closed network-of-
queues with M servers, population K = 1 and one customer class. Equation (2-5) expresses
\; as the visit ratio v; times the throughput A, at the L/UL. The latter is, by Little’s law,
the population K divided by the mean sojourn time for a part in the system. Note each
visit to machine j involves a mean time (W, + D;) for both sojourn and transport. Equation
(2-6) expresses the mean sojourn time at machine / as the sum of the mean processing
time s; plus the mean queueing delay. The latter is estimated by the ergodic mean work
backlog N;s; multiplied by a (K — 1)/K correction to preclude queueing for oneself
(Schweitzer et al. 1986). Equation (2-7) is Little’s law. Equation (2-8) is the constraint i
that throughput at the L /UL station is 7H. L

Some simplifications of (2-3)-(2-8) are possible. First rewrite (2-5) and (2-8) as

N\ =v,TH, i=1,2,..., M. (2-9)
Next, eliminate N, via (2-7) and (2-9), permitting us to rewrite (2-6) as

Si
1 - (K- Dvs,TH/K’

Also, (2-9) and (2-10) permit us to eliminate W; and \; and rewrite (2-5) as
TH ¥ ;5

I/Vi=

i=1,2,...,M. (2-10)

- 2-11
K 2 T= (K- LosTH/K (211
where
o THv;D;
Yo=1=2 —F—

i=1

is known. The problem is feasible only if yy > 0. Otherwise the transport delays are too
large to permit achieving the desired throughput TH. Note that yy is the fraction of the
parts at the work centers (not at the transporter).

The utilization v;s5,7H of work center i must be <1. This permits us to replace s; by

s = min [s7. 1/(0;TH)). I=1.2,..., M. (2-12)
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which in turn ensures that the inequality
(K- 1)y;s;TH/K < 1, i=1,2,...,M, (2-13)

needed for (2-11), will be met if s, < s7. *
In summary, the processing rates {s;} are chosen to minimize the total cost rate

M
COSTMIN = > THv;g(s;)
i=1

subject to the bounding constraints (2-4 ) (with revised definition of s ) and the throughput
constraint (2-11).

THEOREM 1. The problem is feasible if and only if the Jollowing three conditions hold:

0<si <5/, i1=1,2,..., M (using revised s}), (2-14a)
M
THU,'D,‘
> —x <1 (s03%>0), (2-14b)
i=] .
TH ¥ v;57
> _ =)o
K 51— (K- )vs; TH/K
TH ¥ iS7 . .
< — Dis (using revised s7). (2-14c)

K 51— (K- 1)usi TH/K

See Schweitzer and Seidmann (1988) for the proof.
Also note from Schweitzer and Seidmann (1988) that the range of feasible FMS
throughputs is TH™ < TH < TH*, where TH*" is given uniquely by

TH+ M ‘—
| = 5 v,—[D, 3 ] (2-15)
=1

K T T= (K= Do  TH/K
and
(K"l);i57TH+<1, i=1,2,..., M, (2-16)
and TH~ is given uniquely by
- M +
L= %Z. v [D’_J' 1— (K- 1s)'v,-s,+ TH'/K] 1D
and
(K“)I‘éfs7TH_<1, i=1,2,..., M. (2-18)

The uniqueness of these throughput bounds arises from the strict monotonicity of the
right-hand sides of (2-15) and (2-17).

Furthermore, if the number of pallets, X, can be varied, a given choice of K is feasible
for the throughput goal TH if and only if K~ < K < K*, where

K™ = min{K integer| TH* = TH}, (2-19)
K* = max{K integer|TH™ > TH}. (2-20)

These properties hold because throughput is monotone in K.

tl



:

2.5. Transformed Formulation

PROCESSING RATES OPTIMIZATION 459

This subsection gives a monotone change of variables from s; to x; which simplifies
the original problem formulation. :

The monotone change of variables is

U,’S,’TH/K

Y= TosTHK =Tk = b2 M (2-21)
Define
x; K/(viTH)
(x;) = 0;THg;| 5; =
Sy =v g(s L+ x(K — 1))
and
+_ USITH/K - vs;TH/K .
X ETwstrtak N S Toes ke ThE M (222)
(using revised s; ). Theé properties
dfi(x:) d* fi(x:) .
dx, <0, ax2 >0, i=1,2,...,.M, (2-23)

are inherited from (2-2), and the bounds x; < x; < x/, 1 <i < M, follow from (2-4)
and the monotonicity of (2-21).
The revised optimization problem is then

M

COSTMIN = min 2 fi(x;) (2-24)
i=1
subject to
X <xi<x}, i=1,2,..., M, (2-25)
M
2 Xi= Yo (2-26)

i=]

with property (2-23) and the feasibility conditions from Theorem 1I:

xr<xt, i=1,2....M, (2-27a) |
Y%o>0  (cf. (2-14b)), (2-27b) i

M M )
PDE S EDIE (2-27¢)

i=] i=]

3. Algorithmic Solution

The model formulated in (2-24)-(2-26) is a convex resource-allocation problem, with
bounded variables. If feasible, this problem possesses a unique optimal solution due to
the strict convexity of the objective function. Earlier published treatments of such resource-
allocation problems include (Bitran and Hax 1981, Ibaraki and Katoh 1988, Luss and
Gupta 1975, and Zipkin 1980). Since M is small, we found it convenient to develop an
alternate optimization algorithm. The coded algorithm required less than one minute of
an IBM/PC for each one of the problems analyzed in the next section (Schweitzer and
Seidmann 1988).
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4. Marginal Capacity Costs
4.1. Scope

In §4.2 the marginal returns are given for the optital processing rates. Upper and
lower bounds on the rate of change of the unit production cost per unit change in the
system throughput constraint are then given in §4.3. Additional economic insights re-
garding the optimal capacity allocation issues are discussed in §4.4.

4.2. The Marginal System Cost Rate
The marginal system cost is defined by:
B = d(COSTMIN)/o(TH). (4-1)

The value of g is not available directly because ( 2-8) was used directly to eliminate
all throughputs X; via (2-9). However, Theorem 2 presents an alternative system model
which also provides an appealing structural insight.

THEOREM 2. For a desired throughput level TH , the margin system cost rate is given
by:

_ COSTMIN b+ Moo
H_T-ﬁ[l+(1<_l),§(xi)}’ (4-2)

where the optimal values of COSTMIN and x; are used. Here b+ denotes the common
value of dfi(x;)/dx; for all optimal x; values which are interior to their Seasible range
[x7, x7). The transport delays are assumed to be load independent (8D;/dTH = 0).

(See Schweitzer and Seidmann 1988 for a detailed proof.)

Note that since b* < 0, 8 > 0 as expected: increasing the throughput TH increases the
total cost rate. The 8 value equals the optimal average production cost per unit (COST-
MIN/TH) plus an added term which lies between one and X multiples of
b* /TH. Its value provides a lower bound on the cost increment when an increase in the
throughput goal is considered. This holds because 8 is a sharply increasing function of
TH due to the accelerated tool burnout.

4.3. Marginal Unit Production Costs
The (minimal) cost per part (unit cost), when the throughput is TH, is given by

COSTMIN

&= TH (4-3)
The change in the unit cost ¢ per unit change in throughput is
¢ _ 1 9(COSTMIN) COSTMIN __B8 COSTMIN
(TH)Y TH 8(TH) (TH)? TH (TH)? ~
Using (4-2), this is
- e M
a(?}{) = (T)bf{)z [1 + (K - I)E )2, (4-4)

This reveals the central role of 5* in determining the sensitivity of unit costs to throughput.

4.4. Economic Insights

Further understanding of the optimal capacity allocation policy can be provided through
the analysis of a special case in which (2-4) is replaced by

N < c A &N

~V
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and using the following cost functions:
gi(si) = ci/ s, i=1,2,....M (4-6)

(i.e., cost per operation is linear in capacity 1/s;).

The optimal processing times in this case can be explicitly derived by optimizing the
Lagrangian function for (2-3) with the throughput constraint derived from (2-11), and
assuming that the transporter delays (D,’s) are independent of TH.

In this case the optimal processing rates are given by

M
L THv,-(l +ﬂf—@—l). (4-7)
Si vVeKyy K

Our result (4-7) generalizes the classical square root capacity allocation rule (Kleinrock
1964 ) for closed queueing network models of FMS’s with transporter delays. It also differs
from Akyildiz (1988) and Pattipati and Teele (1987) as our original objective function
(2-3) incorporates the cost effects of distinct part visits to machines.

The relationship in (4-7) indicates that the optimal processing rate at machine 7 equals
the minimal capacity. v,;TH—needed at this machine in order to meet the throughput
goal—plus an added nonnegative increment; the percentage increment in this machine
capacity is inversely proportional to the product of the visit ratio times the square root
of the marginal capacity cost rate parameter. Note, in particular, that the distribution of
the incremental (or excess ) capacity across the various machines is inversely proportional
to the relative fraction of v,»\/z,-’s, and that it diminishes with the increase in K. The
bottleneck machine (i.e., highest utilization = 5;THv;) is the one associated with the
highest v,-VE. In general, (4-7) indicates that it is usually nor optimal to set equal utilization
at all machines, or equal waiting times at all machines, or to use the process times to
compensate for the transporters delays.

The waiting times are given by

VoK Ve .
= ——— — V¢; = constant V¢;, i=1,2,..., M. (4-8)
TH IM, vV

i

Hence the mean waiting time for machine i is proportional to the values of V—c: Machines
with lower marginal capacity costs will be associated with shorter WIP queues. The
optimal waiting time will be identical at all machines (regardless of their visit ratios and
transporter delays) if their marginal capacity cost rates are identical.

These insights manifest the relative importance of both V—c_, and vi\fc_,-—depending
upon the operational issue in question.

Finally, the marginal production cost rate is given by:

_ K—1¥% GCHoVe) Koo+
’3‘"’[2 K Zeavit (Kyo)? ]

(4-9)

5. Numerical Applications

We use here a typical data set for a metal-cutting FMS with six machines and one
L/UL station (M = 7). This facility is designed to operate with 21 (=K) pallets. Table
1 presents the process requirements for all machines. The nominal process times—depicted
for this application by Table 1—were computed from a commonly used industrial stand-
alone minimum cost machining model for iron base alloy (H-46) parts using special
carbide tools (see Schweitzer and Seidmann 1988 for further details).

The following investigations focus on too!/ cost reduction because labor costs are fixed
once the throughput target is specified. Table 2 presents the parameters of the tool cost
fuiinctinne o.f ¢\ = a.¢7% and the feasihle range of the processing times (s7. s7) for all
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TABLE 1

Process Requirements

Machine Nominal Process Time (s;) Transportation Time (D;)
(i) (min) (min) Visit Ratio (v;)
1 1.00 10.0 1.0
2 12.17 7.0 1.0
3 16.24 8.0 1.0
4 14.40 5.0 14
5 18.01 5.0 0.6
6 6.51 3.0 0.7
7 6.51 3.0 0.3

TABLE 2

Range of Feasible Process Times and Tool Cost Functions Parameters

Process Times Range

Tool Cost Function

Machine -
i s7 Coeflicient Exponent
() (min) (min) (a;) (b))
1 1.00 1.00 —_ -
2 9.11 15.19 3465 3.166
3 10.86 21.00 4415 2.410
4 4.60 15.35 9445 4.190
5 4.60 20.21 9445 4.190
6 391 11.20 6434 3.140
7 391 11.20 6434 3.140
TABLE 3

FMS Performance Measures Before and After Process Times Optimization

Process Times (s;)

Sojourn Time (w;)

Throughput (min) (min) Utilization (%)
Machine ')

(i) (products/min) Nominal Optimal Nominal Optimal Nomina! Optimal
1 0.0483 1.00 1.00 1.048 1.048 4.8 4.8
2 0.0483 12.17 15.19 27.623 50.422 58.7 73.4

3 0.0483 16.24 19.78 64.083 219.065 78.4 95.5

4 0.0676 14.40 12.43 196.397 62.238 97.3 84.0

5 0.0290 18.01 17.81 35.786 35.040 52.2 51.6

6 0.0338 6.51 11.20 8.735 17.518 22.0 379

7 0.0145 6.51 11.20 7.152 13.248 9.4 16.2

Initial cost per product = ¢ = 24.76 (dollars/part).

Optimized cost per product = ¢ = 7.59 (dollars/part).
Marginal production cost = 8 = 17.93 (dollars/part).
Marginal unit production cost (85/8TH) = 214.1 (dollars — min/part?).

machines. These ranges are a function of the tool vendors recommendations (Drozda
and Wick 1983, Wagner and Barash 1971). Given these industrial processing ranges,
the range of feasible throughputs is: TH* = 0.0888 parts/min to TH™~ = 0.0436 parts/

min. A queueing MVA determined that the expected throughput, using the nominal
nroceccine ratec for thic FMQ chnanld ke N NACY amnvtr fonim
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Utilization (%)

Initial
Optimal

Machine

FIGURE 1. The Nominal and Optimal Machine Utilization.
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FIGURE 2. The Optimal Cost Per Part ¢ as a Function of the Throughout Target TH and the WIP Level K.
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Assuming a throughput goal of 0.0483 parts/min, the optimization model is now used
to reduce tool costs. Following the solution of (2-24)-(2-26), the tool costs are reduced
from $24.76 to $7.59 per product. This factor of 3 reduction in tool costs might translate
into a 5-15% reduction in unit costs. In other experiments we performed, similar significant
reductions were also achieved.

Table 3 and Figure 1 explain the tool cost savings. The bottleneck machine 4 was
slightly accelerated while the processing rates at all other machines (except machine S)
were significantly reduced—thereby providing for substantial gains in their tool lives.
Note that machines 4 and 5, with identical cost functions, end up with different process
. times as a result of having distinct visit ratios (workloads). This outcome is clearly different
from what the commonly used one-machine model would suggest. Figure 2 explores the
sensitivity of unit cost () to changes in both WIP values (X) and throughput target
(TH). These results suggest that ¢ increases very sharply with TH, and that increasing
K reduces ¢ for fixed TH. Increasing K both enlarges the range [TH~, TH*] of feasible
throughputs and may be used to increase throughput without sacrificing tool costs.

6. Summary and Conclusions

An optimization methodology is presented to determine the desirable processing rate
for each machine in an FMS. The optimization framework used is superimposed on top
of an MVA queueing network model which captures the dynamic effects on bottlenecks
and queue lengths as the processing rates are changed.

Analyzing the structure and performance of the FMS with optimized processing rates
leads to the following observations:

(a) In the special case of linear cost rate functions, the optimal processing rate at each
machine equals the minimal capacity needed in order to meet the throughput goal, plus
an added nonnegative increment. The percentage increment in this machine capacity is
inversely proportional to the product of its visit ratio times the square root of the marginal
capacity cost parameter.

(b) In the above case, the bottleneck machine is the one having the highest value of
the part visit ratio times the square root of the marginal capacity cost parameter. The
optimal mean sojourn times at each machine are also proportional to the square root of
the marginal capacity cost parameter.

(c) Itis not generally optimal to seek equal utilization of all machines, or equal waiting
times at all machines, or to use the process times to compensate for transporter delays.

(d) Considerable savings in tool cost (and in operating costs in general) are realized
using the proposed queueing network optimization methodology compared with the
conventional one-machine process planning models. The latter ignore system-wide issues
such as the relative workload on each machine, the FMS throughput goal, and transporter
delays. Optimization leads to slight acceleration of the processing rates at a few (economic
bottleneck ) machines and allows for significant processing rate reduction at many others—
thereby providing for substantial gains in tool lives.

(e) Increasing the WIP level K can significantly increase the throughput range and
reduce the operating costs for a given throughput goal, but at the cost of increased
lead times.

(f) The marginal part production costs tends to grow sharply as the throughput target
approaches the upper bound of the feasible range. Recognizing this structural property
is central for making justification decisions regarding requested capacity expansions, for
setting economic throughput levels, and for assessing the impact of demand uncertainty
on the corporate revenues. It also suggests that there are significant economic benefits
from throughput smoothing if the throughput targets imposed on an operating FMS are
alternatelv high and low.




~ “

PROCESSING RATES OPTIMIZATION 465

The methodology presented above expands the decision scope of operations managers
as well as process planners. In the short run, distinct processing rates and part routes l a
should be periodically updated by the operations manager in order to effectively accom-
modate external changes in the master schedule throughplt levels, and the availability
of machines, tools, and labor. In the long run, this methodology is useful for analyzing
capacity allocation decisions such as adding machines to work centers, determining pallet
numbers, and selection of material handling systems. In particular, we found it useful
in evaluating the tradeoff between reducing variable production costs and increasing both
work-in-process inventories and leadtimes.'

! The authors wouid like to thank Professor M. M. Barash from Purdue University, along with Professor H.
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support for Education in the Management of Information Systems and by the Simon School Center for Man- -
ufacturing and Operations Management at the University of Rochester.
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