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Abstract

This paper synthesizes recent work by the author and his colleagues on the performance
analysis of manufacturing systems and on real-time scheduling methods. It describes a de-
centralized scheduling/control policy and proposes a method for analyzing the performance of
systems that are operated according to the policy. It presents three views of the production
system: surplus-based, time-based, and token-based; and shows how they are equivalent in
special cases. While there are no assurances of optimality, experience suggests that the pol-
icy has desirable characteristics. The paper also suggests how the physical resources and the
control policy can be designed together.

1 Introduction

1.1 Goal of Paper

HE design and the operation of manufacturing systems are of great economic importance. In

spite of the considerable literature on these topics, and the long history of manufacturing, there
is no widespread agreement on how they can best be done. There are many academic approaches
(queuing theory, dynamic programming, combinatorial optimization, etc.) and many approaches
that are advocated among practitioners and consultants, but factory performance remains unpre-
dictable.

*to appear, IIE Transactions on Design and Manufacturing, Special Issue on Decentralized Control of Manufac-
turing Systems.
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Two of the major issues treated in the manufacturing systems research literature are performance
analysis and decision and control policies. In this paper, we combine earlier work by the author and
his colleagues on the decomposition method for factory performance prediction and design and the
hedging point method for scheduling. We propose an approach that comprises design and operation
in a unified manner. The method will eventually include algorithms for selecting buffer (in-process
inventory storage) sizes and operational parameters.

The approach combines the following elements:

e a decentralized control policy for making scheduling decisions (which part to load on which
machine, when) in real time, in response to random events such as machine failures, part or
operator absence, etc.;

e a method for predicting the performance of the factory when operated according to that
policy;

e a method for optimizing the parameters of the policy, including the sizes of the in-process
inventory buffers;

e a method for factory design, ie, resource selection.

The approach is far from complete, and much work remains before it can be fully implemented.
However, the first item has been defined and successfully implemented (with rough estimates for
the parameters); the second is a subject of on-going research; preliminary work on the third is very
encouraging; and work on the fourth has not begun in this context. This paper focuses on the first
item and on the relationship between the first and second.

1.2 Background
1.2.1 Control Policies

There is a substantial literature on control policies for manufacturing systems. This literature
includes research on simulation studies of specific policies on specific systems; queueing theoretical
analysis of performance, stability, and optimal controls; fluid approximations of discrete systems;
and many other relevant topics. Time and space limitations prevent an extensive discussion here.
See Wein (1988), Dai and Meyn (1995), Altiok (1996), Bonvik (1996), Bonvik, Couch, and Gershwin
(1997), and Meyn (1997) for surveys.

Policy classification We may classify many policies as token-based, time-based, or surplus-based.
In surplus-based systems, decisions are made on the basis of how far cumulative production is ahead
of, or behind, cumulative demand. The policy described here is first formulated as such a policy.
Hedging point, two-boundary, and (one might argue) base stock policies are based on surplus and
backlog. Much of the surplus-based literature is summarized in Section 2.2.

Time-based systems, including earliest due date (EDD), least slack (LS), and material require-
ments planning (MRP) operate on the basis of time. For example, EDD makes choices on the basis

2



Gershwin DESIGN & OPERATION OF MANUFACTURING SYSTEMS 12/19/99

of the due dates of the parts available to be worked on. MRP systems attempt to determine the
times when operations should take place, and it is up to the factory to make those events happen
at those times.

Token-based systems, of which kanban is the most wide-spread and either Production Autho-
rization Card — PAC — (Buzacott and Shanthikumar, 1993) or Extended Kanban Control System
(Dallery and Liberopoulos, 1997, 2000; Liberopoulos and Dallery, 1997) may be the most general,
involve the movement of tokens in the manufacturing system to trigger events. When an operation
is performed or a demand arrives, a token is either created or taken from a specific location and
then either destroyed or moved to another specific location. Only when a token exists at the first
location (and only if space for tokens exist at the second) can the operation take place.

Wein observations In an extensive series of experiments on simulations of semiconductor fabri-
cation facilities, Wein (1988) found that the most important factor in determining the performance
of a factory was the process by which material is released into the system (discretionary input con-
trol). The decisions that are made once the material is inside (lot sequencing) are less important
(assuming that they are reasonable).

The control point policy described here may be viewed as a consequence of Wein’s observation:
since the release policy is the most important factor in factory performance, the best policy is one
that views all or many points as release points to the rest of the factory.

1.2.2 Decomposition

Decomposition is an analytical approximation technique for evaluating performance measures (espe-
cially production rate, average buffer levels, and probabilities of blockage and starvation) of queuing
networks (especially manufacturing systems) for which exact analytic methods do not exist, par-
ticularly systems with finite buffers. It was developed for tandem systems in Gershwin (1987) and
improved in Dallery, David and Xie (1988). It was extended to assembly/disassembly systems in Di
Mascolo, David, and Dallery (1991) and Gershwin (1991). It is reviewed in Dallery and Gershwin
(1992) and discussed in detail in Gershwin (1994) and Burman (1995). It is rapid and accurate for
these systems (although no proof of convergence or bounds on accuracy is known). Recent work
has extended these methods to systems with yield losses and rework (Helber, 1997, 1999; Dallery,
1999).

1.3 Control Point Policy Overview

The control point policy is a generalization of the hedging point or two-boundary policies. The policy
limits the flow of material into a system, or further downstream if it is already in the system. There
are two limitations: the first is a limit on surplus (as in the hedging point policy) or, equivalently,
earliness or slack in a time-based policy. Parts are not allowed beyond a control point if the excess
of production at that point over demand is too great. The second is an inventory limitation. Parts
are not allowed in, or further downstream, if there are already too many of that part type in the
system.
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Parts are rank-ordered. If more than one part survives these two filters, the highest ranking part
is chosen. This mechanism can be used to limit the dollar value of the inventory in the system, or
the amount of space taken up. Alternatively, it can be used to favor some customers or products.

2 Design and Operation of Manufacturing Systems

2.1 Dynamic Programming Model and Analysis
2.1.1 Formulation

Consider a k-machine production system that produces [ part types. A four-machine, two-part-type
example is illustrated in Figure 1. Part type ¢ (¢ = 1,...,1) follows a sequence of K(q) steps. It
visits Machines Mg(1,q), Ms(2,q), ---» Ms(x(q),q) in sSequence, where S(s, q) € {1, ...,k}. After receiving
its sth operation at Machine Mg, 4, the part goes to Buffer B,,, and then to Machine Mg, q) for
its s + 1st operation. This notation allows us to model reentrant flow, which is an essential feature
in semiconductor and some other kinds of manufacturing. It distinguishes the same part type (q)
at the same machine (M;,7 = S(s,q)) at different stages (s).

For example, in Figure 1, two part types enter the system at Machine M;. Type 1 parts then
go to Buffer By, My, Bsy, Ms, and By. They go back to M, for another operation, and then to
Bsi, Ms, Bg1, M3, By, My. After the second visit to My, they leave the system as finished parts.
After My, type 2 parts go to Buffer By, My, Byy, M3, B3y, My, and then leave the system.

Type 1 Type 2 Type 2] TTypel

M,

e Lo AES
M, | R |,

Figure 1: Production system with multiple parts and re-entrant flow

Material is modeled as continuous, ie, as a fluid. In-process inventories, surpluses (defined
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below), and production rates are represented by continuous (ie, real) variables that can take on any
values within specified intervals.

The machines are unreliable. The fraction of time that M; is operational is e; and us, is the
maximum rate at which Machine M; can do operations on type ¢ parts (i = S(s,¢)). Assume that
the demand for type ¢ parts is constant at rate d, > 0, and that

> dy < e; for all 4 (1)
{s.0/5(s,0)=i} Hsa
in which the sum is taken over all parts at all production stages that visit Machine M;. This is a
statement of feasibility. See the further discussion of feasibility in Section 2.1.4.
Let us,(t) be the instantaneous production rate of type g parts at stage s (which is performed
at machine M;, i = S(s,q)) at time t. The production rates are the control variables in this
formulation. The total amount of type sq material that has been processed by M; during (0, t) is

Po(t) = /0 "ty (7)dr @)

Let Machine M;’s repair state at time ¢ be given by «;(t). When M; is operational, «;(t) = 1.
When it is under repair, o;(t) = 0. Then

if a;(t) =0, w(t)=0; forg=1,...,l;s=1,..,K(q);S(s,q) =1

Usq(1) (3)

< Ly ug(t) > 0.

{s,08(s.q)=i} Hsa
We define ug,(t)/ 1154 to be the fraction of the capacity of Machine M; that is devoted to part type q
at stage s at time t.

The buffers are homogeneous — each buffer holds parts that are indistinguishable, except pos-
sibly according to arrival time, due date, etc. That means that only a single part type at a single
production stage appears in each buffer.

Let bsq(t) be the level of (the amount of material in) Buffer By, at time ¢, s = 1,..., K(¢) — 1.
Then

dt Usqg — Us+1,q (4)
Buffer levels must satisfy
0 < byy < Nyg (5)
where Ny, is the size of Buffer By,.
Let zx(q),q satisfy
d.’L'K
(9).q = uK(q),q — dq, q = 1, ,l (6)

dt
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This is the system surplus. It is the set of cumulative differences between production and demand.
It is not bounded above or below. If it is negative, customers are not satisfied. If positive and large,
there is a large finished goods inventory. Keeping xk q)q(t) near zero is a major objective.

We generalize the concept of the system surplus by defining the local surplus

K(g)—1
Lsq = Z bjq + Tk (q).0> (7)
j=s
which satisfies
Tsg — Tst1,q = Dsgs (8)
dx,
dtq = Ugq — dg 9)
The local surplus is discussed in Section 2.1.3.
The system states are (o, ..., o) and (@11, ..., Tx@)-1,0, Tk()). A natural formulation of a
dynamic programming problem is then
_ T
J =minE /0 g(bir (£), bia(t), .., T ()t (10)

subject to (3), (5), (6), (8), (9),
and the dynamics of «

in which ¢ is a function that penalizes surplus, backlog, and inventory; and 7 is a long time.
Typically, o is modeled with exponential distributions for time to fail and time to repair.
2.1.2 State Variable Inequality Constraints

Inequality (5) is a set of state-variable inequality constraints. These conditions can only be enforced
by translating them into control constraints. They can be written

db,
If by, = 0, then dtq > 0.

dbsg . .
If 0 < bsg < Ny, then d—tq is unconstrained by (5).

dby
If by = Ny, then dtq <0.

Using (4), these conditions become

If by, =0, then wgy — usi1q>0. (11)
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If 0 < byy < Ngy, then 1wz, — ugy1, is unconstrained by (5).
If bsy = Ngg, then wgy —usi1q <0. (12)

2.1.3 Local Surplus

The local surplus z4,(t) is the difference between the total number of type ¢ parts that have had
their sth operation at time ¢ and the cumulative demand for type ¢ parts up to that time. The
system surplus is the local surplus of the last production stage. Note that (5) and (8) imply that
Tsq Z Ts+1,9-

The local surplus summarizes downstream information in a way that helps decentralized decision-
making. If the local surplus is negative, the downstream part of the system is starved; and if the
local surplus is large and positive, it means that there is a lot of inventory somewhere downstream.
Both of these events are undesirable, so we want the local surplus to be close to zero. In fact, if we
view stage s+ 1 as the customer of stage s, the local surplus at that stage is like the system surplus
for the upstream part of the system. See item 9 in Section 8.2.

2.1.4 Feasibility and Stability

Kumar and his colleagues have extensively investigated the su ciency of (1) for feasibility. In
general, they have found that it is possible to construct reasonable-seeming policies for which (1)
is not su cient, and that there are classes of policies for which (1) is su cient.

Kumar and Seidman (1990) de ned policies as those in which, once a machine takes
a part from a given buffer, it continues taking parts from that buffer until that buffer is empty.
(Their de nition is more precise.) They demonstrated, by exhibiting a counter-example, that (1) is
not su cient for feasibility (or as they termed it, because they study the levels of in nite
buffers) for clearing policies. That is, they created a system that satis ed (1) and a clearing policy
such that the demand could not be satis ed. erkins and Kumar (1989) had earlier found a class
of modi ed clearing policies that they showed to be stable if (1) is satis ed.

u and Kumar (1991) de ned as the set of policies in which parts are
chosen to load into a machine according only to which buffer they come from. n example for the
system in igure 1 is a policy that insists that always chooses parts from 1 if that buffer is non-
empty; and from ; if |isempty and ; is non-empty; and from i; if it is non-empty and
and ; are empty. They demonstrated, by using the same system as Kumar and Seidman (1990),
that (1) is not su cient for feasibility for buffer priority policies. They demonstrated su ciency of
(1) (with some other limitations on arrival and due date characteristics) for stability of the least
slack and earliest due date policies.

eyn (1995) and ai (1995a, 1995b, 199 ) established a relationship between the transience
(instability) of a discrete network model and a continuous uid approximation of it. Kumar and

eyn (1995) and ai and eiss (199 ) establish stability results for reentrant systems by using
yapunov methods. They show that if a certain matrix exists, or if the solution to an optimization
problem has certain characteristics, then (1) implies stability. See also own and eyn (199 ).
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