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ABSTRACT

The economic lot scheduling problem (ELSP) has received much attention during the past
few years. The general version of the problem has a non-convex objective function, so it is
difficult to find truly optimal solutions for it. In this paper, we examine the three most popular
heuristic approaches to the fixed-sequence ELSP. Each of these approaches imposes one or both
of these simplifying constraints: the zero-switch constraint (production of a part is started only
when its inventory level reaches zero), and the equal-lot constraint.

We provide a formulation of the problem that helps to clarify the relationships among the
general problem and the three constrained versions. In a computational study, we show that the
three constrained formulations may lead to solutions with disparate costs when the better solutions
have little or no idle time, but they lead to very similar or identical solutions when it is necessary or
desirable to have even modest amounts of idle time. These results suggest that approaches based
on more restrictive assumptions that are consistent with practical considerations, may provide very

good solutions in practice.



1 Introduction

The economic lot scheduling problem (ELSP) addresses production scheduling of several
parts, each with known demand occurring at a constant rate, on a single machine. Several
assumptions are made. Only one part can be produced on the machine at any time. Before
producing a particular part, the machine must be set up for the new part. Each setup takes time,
consumes production capacity, and may incur a setup cost. Setup costs and times are independent
of the sequence and of the production quantity. Production rates are known and constant. No
backorders are allowed, and holding costs are charged on average inventory levels.

The objective is to minimize the sum of the average inventory holding costs and setup costs
per unit time. A solution to the ELSP must specify the sequence in which parts are to be produced;
the production quantities, or, equivalently, the production-run durations; and the time at which
each setup is to begin.

This problem was first posed formally by Rogers [14]. Since then, a significant amount of
research has been done on this problem, but to date, there is no known optimal solution procedure
for the general version of the problem in which there are no restrictions on the sequence of
production, the lot sizes, or the inventory at the start of a production run. Even if the production
sequence is given, the problem has a non-convex objective function, and is therefore difficult to
solve optimally.

The ELSP derives its name from basic inventory theory. The optimal production policy for a
particular part n, considered independently of other parts, is to produce Qp (the economic lot)
every T, units of time (the natural cycle). T, and Qp are found by trading off setup and
inventory holding costs. We call a schedule where each part follows its own optimal policy the
independent solution. When several parts share a single facility, it is unlikely that the independent
solution will be feasible, although the sum of costs of the independent solutions does provide a

lower bound on the cost of the optimal schedule.



In the independent solution, each production run (after setup) begins when the inventory
level drops to zero, and the same quantity is produced whenever production occurs. Production of
a particular part is therefore periodic, and the corresponding cycle length is referred to as that part's
natural cycle. Early research on the ELSP takes these properties as assumptions. The assumption
that production is started only when inventory reaches zero is often referred to as the zero-switch
assumption. The assumption of constant production quantities for a particular part is often referred
to as the equal-lot-size assumption.

A natural result of the zero-switch and equal-lot assumptions is the notion of a basic period,
first introduced by Bomberger [1]. The basic-period assumption is that partn, n=1,..., N is
produced using a cycle equal to kpw, for integer kp, and basic period w. The most frequently
produced part is produced once every basic period. The nth multiplier, kp, represents the number
of basic periods between production runs of part n .

Within the basic period framework, the problem is, first, to find the basic period and
multipliers, which determine the production quantities and production cycles. Next, a feasible
schedule (a production sequence and timing of production runs) that uses the resulting production
cycles must be found. (See Elmaghraby [5] for an excellent review of this early research.)

Although the zero-switch and equal-lot-size assumptions were originally considered
simplifying assumptions, in fact the problem of finding a feasible schedule that satisfies these
assumptions is quite difficult. Hsu [9] has shown that, given a basic period and set of multipliers,
finding a feasible schedule is NP-hard.

Basic-period approaches rely heavily on calculations similar to those for the economic order
quantity, where setup costs are needed to calculate tradeoffs between holding and setup costs.
Even when out-of-pocket setup costs are small, setup costs may be used as surrogates for setup
times so that the capacity consumed by setups is considered in determining cycle durations. Parts
with long setup times are assigned high setup costs, which then causes such parts to be produced

less frequently than parts with short setup times. It is not clear, however, how to select setup costs



to reflect the impact of setup times on capacity utilization within the context of the basic period
approach.

A special case of the economic lot scheduling problem with both the zero-switch and equal-
lot assumptions is modeled by Hanssmann [7]. He assumes, in addition, that all parts are
produced exactly once in each cycle. This is called a common cycle schedule. Under this
assumption, the optimal solution can be obtained in closed form. Consequently, it is always
possible to find a common cycle solution, which provides an upper bound on the cost of the
general problem.

Jones and Inman [10] and Gallego [6] specify conditions under which common cycle
schedules are optimal or near optimal. These schedules may be much more expensive than non-
common cycle schedules, however, when parts have significantly different natural cycles.

In recent years, researchers have relaxed either the zero-switch or the equal-lot-size
assumption and have developed solution procedures in which a cyclic schedule is found for a fixed
production sequence where each part may be produced more than once. Although the optimal
schedule may not be cyclic (Schweitzer and Silver [16]; Muckstadt and Singer [13]), virtually all
the research on the ELSP assumes the schedule repeats every T units of time.

Hodgson and Nuttle [8] solve the ELSP with the production sequence given and the zero-
switch assumption relaxed, while retaining the equal-lot assumption. They formulate the problem
as a convex programming problem (convex objective function and linear constraints) and solve it
with paramgu'ic linear programming techniques.

Dobson [3] solves the complementary problem, retaining the zero-switch assumption and
relaxing the equal-lot assumption. He develops a sequencing heuristic in which the determination
of the number of batches per cycle for each part is based on the results of Roundy [15]. The
heuristic is similar in nature to those suggested by Doll and Whybark [4] and Maxwell and Singh
[12]. Dobson's model explicitly considers the effects of setup times so that surrogate setup costs
are not needed. His formulation, which has a strictly quasiconvex objective function and a linear

constraint set, can be solved with standard nonlinear programming techniques. Zipkin [17]



develops a more efficient computational solution procedure for the zero-switch problem, assuming
the production sequence is given. He reports that in most of the problems in his computational
study, his initial solution for the cycle duration is within 1% of the optimal solution for the zero-
switch version of the problem. All of the recent papers explicitly consider setup times, so
surrogate setup costs are not necessary.

In this paper we assume that the production sequence is given. We consider the equal-lot
solution approach (as formulated by Hodgson and Nuttle), the zero-switch approach (as
formulated by Dobson), as well as an equal-lot-zero-switch solution approach which incorporates
both restrictions, and provide a formulation that helps to clarify the relationships among them and
with the general problem. In a computational study we compare optimal solutions for these
constrained versions of the problem with one another, and with a lower bound on the general
problem, by solving a large set of problems with a wide range of parameters. We also provide
analytical results for two classes of problems with simple production sequences to further explain
when and why the zero-switch version of the problem provides better solutions.

Computational comparisons of these solution approaches are very limited. Hodgson and
Nuttle do not provide a computational study of their equal-lot solution approach. Dobson's
computational study focuses on the sequencing aspect of the problem. For a few example
problems, Delporte and Thomas [2] have found that the zero-switch version of the problem
provides less costly solutions than the equal-lot version.

The zero-switch version is the most popular in recent research on the ELSP, and is thought
to provide good results. However, the equal-lot assumption is much more desirable in many
practical situations, especially when material handling, inventory control, or procurement issues
make unequal lots impractical. For these reasons, we also investigate the factors that influence the
relative penalty of using the equal lot solution. We also investigate the penalty for including both
the equal-lot and the zero-switch assumptions, which together can greatly simplify many aspects of

system control. Since other more complex production planning problems are based on the ELSP



(see, for example, Gallego [6]), inclusion of both assumptions may also help to simplify

approaches to these (and other) larger problems.
2. Formulations

First we formulate the fixed-sequence ELSP, relaxing both the equal-lot and the zero-switch
assumptions. This formulation is a generalization of the one given in Dobson [3]. Other authors
(Maxwell [11]; Delporte and Thomas [2]) have also formulated the general problem. Our
formulation is distinctive in that it clarifies the relationships between the general and the restricted
versions of the problem. Notation is defined in Table 1.

The cycle length T is partitioned into H (unequal) intervals. The numbering of the intervals
is circular; that is, interval 1 follows interval H. In each of the intervals there is idle time (perhaps
zero), a setup, and a production run. After we formulate the problem, we show how each of the
variations is obtained by constraining the general problem in a particular way.

The zero-switch schedule is defined by the decision variables fj, Ty,j, and T. An example of
such a schedule is shown in Figure 1. The average inventory holding and setup costs per unit time

of the zero-switch schedule are given by

2
TZH[,-V; +AIT.
1

Observe that the summation is over the intervals, rather than the parts, because the fraction -- and
hence, the contribution to the average inventory -- is reflected for each interval.
The time between the start of production run k (after setup) and the start of the next
production run for part [k] is equal to
2 (fiTpp) + Ts,i + Tvid) - Tvk + TN (1
ie Mg
The time to deplete the quantity of part [k] produced in production run k is fiT . One requirement

for feasibility of a zero-switch schedule is that (1) must be equal to fiT for all k.



Table 1

Notation
n index of parts, n=1,2, .., N
i,J.k indices of intervals
[i] index of the part produced in interval i
Jn the set of intervals in which part  is produced

N; the index of the interval in which part [i] is next produced

M; set of indices from i up to, but not including, the index of
the interval in which part [i] is next produced

Tsn setup time for part n

Dp demand rate for part n
Pp production rate for part n
Pn Dy/Pp
p Z Pn
n
hn inventory holding cost per unit per unit time for part n
Hp hy Dy (1= pp)i2
A total setup cost for the sequence
T length of overall cycle
fi fraction of cycle demand for part [i] produced during
interval i
T,i idle time in interval i

To relax the zero-switch assumption, we include the decision variable T, ;, which represents
the overlap time in interval i. T'haf is, production in interval i begins T, ; units of time before the
inventory of part [i] reaches zero. An example of a schedule with positive overlap is given in
Figure 2. The additional inventory holding cost during interval i is given by h[;)fi D[;} To,i (se€
Figures 3a and 3b). The time between the start of prodﬁction run k£ and the start of the next

production run for part [k] is still given by (1). This must be equal to the time to deplete the



quantity of part [k] produced in production run &, plus any overlap in interval , and less any
overlap in interval N. That is,
Z (iTpgir* Tsi+ i) =fil + Tok-ToN +Tvk-TwNp k=1,...,H.
i€ My
The variables fj, Ty;, To,i, and T define a schedule where production runs may start when
inventory is positive and where production lots of the same part may be unequal. We refer to the
general problem in which both the zero-switch and equal-lot constraints are relaxed as GP (general

problem). The complete formulation is given below.

Problem GP:

. 2 A
min T Z f‘ H[‘] + '77 + Z h[‘]fl D[‘] to,i
i i

subjectto ) fi=1, n=1,..,N; 7

iely
Z UiTppiyt+ Tsi + Tvi) =
ieMy

[T + Tok-ToN, + Tvk-TwN, k=1,...,H 3)

H
Z (fiTpi* tsi + W) =T, 4)

i=1

fi,T,tv,i,To,iSO i=1,...,H.

The objective function, which is nonconvex, represents the average inventory holding and
setup costs per unit time. Constraints (2) guarantee that there are no shortages, constraints (3)
ensure that the timing of the various events in the schedule are feasible, and constraint (4) defines
the overall cycle length. Constraints (3) and (4) are also nonconvex. By letting 1p,i =fiTp(;)
represent the time spent producing in interval i and replacing f; by tp ; (Tp(;)) in the formulation,

the constraints become linear. The objective function remains nonconvex.



Letn, be the number of times part » is produced in the given sequence. Then, setting the 1, ;
to zero for all i and setting f; equal to the reciprocal of 1f; ) in the general problem GP gives a
formulation for the fixed-sequence ELSP with both the equal-lot and zero-switch assumptions.

We refer to our formulation of this problem as ELZSP (equal-lot-zero-switch problem).

Although both the ELZSP and the basic-period formulations mentioned earlier include the
equal-lot and the zero-switch assumptions, the two formulations differ significantly from one
another. In the ELZSP we do not require the production runs to fit into the discrete time
constraints imposed by the basic periods. In essence, we allow a production run to begin in one
basic period and end in the next.

Basic-period solution approaches use heuristics to determine a sequence for a given basic
period. These approaches are often iterative, with the relative frequency and sequence of
production changing as the basic period changes. In the ELZSP, the production sequence is given
and fixed. When the production sequence is given, ELZSP provides a lower bound on the cost of
a basic-period solution for that sequence.

Note that setting f; = 1 /1) for all i gives a formulation for the ELSP with only the equal-
lot assumption. We will refer to this as the ELP (equal-lot problem).

A formulation for the ELSP with the zero-switch assumption is given by once again replacing
fiT by 15/ (Tp(i)), and then fixing 7,; at zero foralli in the general problem formulation. The
objective function for this problem is strictly quasiconvex and the constraints are linear, so it can be
easily solved with standard nonlinear programming techniques. We refer to this as the ZSP (zero-
switch problem). (This version of the problem is formulated in a similar manner by Dobson [3].)

A variation of GP also gives a lower bound on the cost of the optimal solution for a given
sequence. First, linearize the constraints by replacing the fiT by tp;/ (Tp(;)) for alli. Then
remove the terms associated with the overlap, h(;)fiD[i%o,i, from the objective function. A solution
to this problem is feasible for the general problem. The objective function value, which does not
incorporate the overlap costs, provides a lower bound on the cost of the optimal solution for the

general problem for that sequence. We refer to this problem as LBP (lower bound problem).



In the computational study that follows, we solve the ELP, ZSP, ELZSP, and LBP optimally

and compare the corresponding objective values.
3. Computational Comparison

Experimental Design

We designed a set of over 4000 problems representing a wide variety of different
combinations of production rates, demand rates, setup times, setup costs, and unit costs. While
these problems are quite varied, we have not included extreme cases where, for example, one part
represents only 1% of the total demand or has a setup cost or time hundreds of times larger than
that of another. This choice was motivated by our observation that in many practical single
machine scheduling problems, and in the vast majority of the problems that motivated this research
(injection molding and metal stamping) the parts assigned to a particular machine are fairly similar
with regard to most parameters.

We use a 30% inventory carrying cost rate, and assume 2,000 hours of production time per
year. For each problem, the other problem parameters are randomly generated from a specified
range, and we use two or more range levels for each parameter, as shown in Table 2. Considering
all possibilities gives 192 (22 x 3 x 42) combinations of parameter ranges. For each combination
of parameter ranges, we generate 26 parameter vectors (problems), where each parameter is
generated uniformly from the given range. Thus, we have a total of 4,992 (26x 192) problems.
(Because the parameters are randomly generated, the probability of generating equivalent problems
after scaling is infinitesimal.)

For each of these problems, new parts are generated and added to a problem until utilization
without accounting for setups (p) falls to between 0.65 and 0.95. Using Dobson's sequencing
algorithm, we generate sequences for each of the problems, discarding the 676 problems for which
Dobson's procedure generates a common-cycle sequence. There are between 3 and 16 parts and

between 4 and 41 positions in the remaining production sequences. Then we find optimal
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solutions to ELZSP, ZSP, ELP, and LBP, and the costs of the common-cycle solution for the

remaining 4,316 problems.

Zero-Switch and Equal-Lot Results

In every case the ZSP solution is less costly than the ELP solution, and on the average, its
cost is less than 2% above the lower bound. In many cases the ELP and ZSP solutions have
similar costs, and the ELP costs are only 4% above the ZSP costs on average. The maximum
difference in our problem set, however, is over 18%. We observed that the difference is largest
when the parts have unit costs (and hence holding cost rates) that differ widely (unit costs from $5
to $25), and relatively slow production rates (from 300 to 400 parts per hour).

Table 2

Ranges for Randomly Generated Problem Parameters

Range
Parameter  Dimension level Low High
Production Rate Parts Per Hour 1 300 400
2 800 1,000
3 1,600 2,000
Demand Rate  Parts Per Hour 1 90 100
2 20 100
Unit Cost Dollars Per Part 1 0.75 1
2 7.50 10
3 75 100
4 5 25
Setup Time Hours 1 0.50 2
2 4.00 16
Setup Cost Dollars 1 10 100
2 7.50 10
3 75 100
4 750 1,000

Although the ZSP always outperformed the ELP in our problem set, it is difficult to show
that ELP solutions are dominated by ZSP solutions in general. We can obtain results for some
special cases that help to illustrate why ZSP solutions are less costly. Consider a simple example
involving three parts—A, B, and C. Part A is produced twice in the sequence, and parts B and C

are produced once. (Parts B and C might actually represent several parts each, all produced only



once in the sequence.) So, the schedule has four intervals, and we assign part A to intervals 2 and
4, and parts B and C to intervals 1 and 3, respectively.

In a schedule satisfying both the equal-lot and zero-switch assumptions, the time between
successive production runs of part A is equal to T/2. During each of these intervening time
durations, part A must be produced, consuming p4 7/2 time units. The rest of the time is available
to produce other parts that must be produced according to the fixed production sequence. Thus, in
our simple example, neither the time required to produce part B, pg T, nor the time required to
produce part C, pc T, can exceed T(1 - p4) / 2.

Assume part B violates this constraint, that is pg > (1 - p4)/2, as shown in Figure 4. In this
figure, T is equal to the smallest T for which a feasible solution exists. (There is no idle time in a
solution to this problem for this value of T.) To resolve the infeasibility without violating the zero-
switch constraint in this example, the fraction of demand for part A satisfied by production in the
second interval must be f = pp/(1 - p4). This is shown graphically in Figure 5. To resolve the
infeasibility without violating the equal-lot constraint, the overlap in interval 2 must be T2 =
T(2pp + p4 - 1)/ 2. This is shown graphically in Figure 6.

The difference between the costs of the equal-lot and the zero-switch schedule is

ThA(l—pA)DA
4

Thy(1-pa) D
+ hyD g2 Ty y — — sz 2R+A-H)

Thy(1-pa)Ds = ThyDy(1-pp) Thy(1 =p4)Dy 2
= 4 + 2T(1 - p,) 02~ 2 (/%'*'(1 -£2))

Tha(l=pa)Da1 %52 2
= 2 [5"' T(1 - p,) 'f%'(l -f) ]

Since T is unchanged and only T affects the cost of parts A and B, expressions involving intervals

1 and 3 do not appear in this cost difference. Substituting for 7,2, we have

5 -

Thy(-p)Ds[1 2pp+pa-1 )
[2+ 2(1-pa) ’f%-(l'fz)]'

Now,
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Py + (1-pa - pp)?
(1-pa)?

fy+ (1=

After substituting, the difference between the two schedules becomes

ThaDa(l - pa-pB)(2pB -1+ pa)
2(1 - pa)

which is strictly greater than zero since P4 > | — 2pp by assumption (which caused the original
infeasibility), and pg + P4 < 1 is a condition for the existence of a feasible solution.

Therefore, given the choice between a zero-switch and an equal-lot solution, the zero-
switch solution will be less costly. Increasing the overlap in interval i increases the holding cost in
interval i, but without a reduction in costs elsewhere. On the other hand, violating the zero-switch
assumption by making f2 > 1/2 and f4 < 1/2 increases the holding cost in interval 2, but decreases
it in interval 4.

Now consider a problem where part A is produced more than once in the sequence, and all
other parts are produced only once. We assume that a feasible solution exists, possibly violating
the zero-switch and/or the equal-lot constraints, for a sufficiently long cycle length (i.e., we are
attempting to solve a feasible problem). Suppose that we start with an infeasible schedule in which
part A is produced in interval i, and consider reducing a machine conflict by € by increasing the
time between the completion of production in interval i and the start of the next production run for
part A.

We investigate the costs of two alternatives: either increasing f; and decreasing Jj for some j

(#i)inJ4 by
€
i TR

or increasing the overlap in interval i by €. Under these assumptions the difference between the

cost of increasing T, ; and the cost of increasing f; is given by
hADAT(l - pA) Af(f)—Af) —hADAto,i Af (5)



Thus, the cost of increasing T, ; exceeds the cost of increasing f; if

f; >Af + __Toi _
/ T(1-p,) °

If the current overlap, T, ; , is zero, then this condition is always satisfied, but if the current
overlap is quite large (which may not be feasible in the first place), it may be less costly to increase
the overlap. Also observe that the cost difference in (5) increases as the production rate decreases.
This is consistent with our earlier observation that the difference between the ELP and ZSP
solutions is highest when the production rates are low.

In our problem set, the difference between the ELP and ZSP solutions virtually disappears
when the idle time in the solutions reaches about 4% of the cycle duration. Production systems are
rarely scheduled so that the machines are so highly utilized. If there are reasons, such as planned
maintenance, for including planned idle time in excess of, say, 5% the production planner can

choose either the equal-lot or the zero-switch assumption and obtain similar results.

Equal-Lot-Zero-Switch Results

The ELZSP approach performed very poorly on average. The costs of the ELZSP solutions
average over 18% higher than the corresponding ZSP solutions. In some cases, the ELZSP
solutions yield costs that are many times that of the corresponding ZSP solutions. This
discrepancy occurs even though we use Dobson's sequencing algorithm, which should provide
sequences favorable to the ELZSP because it is based on a formulation with the zero-switch and
equal-lot assumptions.

The poor performance of the ELZSP is directly related to the issue of feasibility. Overall, 4%
of the ELZSPs in our set are infeasible, but for certain combinations of parameter ranges, over half
the ELZSPs solutions are infeasible. This illustrates the potential difficulty of finding feasible
solutions under equal-lot and zero-switch restrictions. In basic-period approaches, where both
restrictions are imposed, this problem is overcome by iteratively considering differences sequences

and by (perhaps simultaneously) changing the number of times a part is produced in a cycle.
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In a fixed-sequence problem, the only way to move toward feasibility is to increase the cycle
duration. In those problems where the ELZSP costs are extremely high, the idle time is also quite
high, whereas in the corresponding ZSP and ELP solutions, there is little or no idle time. Since
the cycle stock holding costs per unit time are roughly proportional to the cycle duration, the
ELZSP solution inc.urs a significant penalty due to this effect.

We observed that optimal ZSP schedules rarely include idle time. The average idle time
across all problems is only about 1% of the cycle duration. Using arguments similar to those given
in our discussion of the dominance of ZSP solutions over ELP solutions, it is possible to obtain
limited analytical results (not reported here) on conditions for the optimality of zero idle time.

While zero idle time may be theoretically optimal in many cases, it is rarely feasible in
practice. Uncertainties inherent in most production facilities require that some idle time be planned
into the system. When the facility operates three shifts per day, idle time must be planned for
maintenance of equipment. In these situations, it may be impossible to plan production so that
there is no idle time in the schedule.

As we add idle time and increase the cycle length, it becomes more likely that the solution
will satisfy both the equal-lot and zero-switch assumptions. We can bound the increase in the cost
of the schedule that results from increasing the cycle length by assuming that the equal-lot and
zero-switch assumptions are satisfied before the increase. (Once these assumptions are satisfied,
any increase in the cycle duration leads to a proportional increase in cycle stock. For shorter cycle
durations, increases in the cycle duration may cause allow more equal batch sizes and more equally
spaced production runs, both of which help to decrease inventory holding costs. Consequently,
less-than-proportional increases in cycle stock costs may occur.) From this, we can determine an
upper bound on the rate of increase in the cycle stock cost as the cycle duration increases. This
may be partially offset by a reduction in the setup cost per unit time if setup costs are positive. In
the worst case, when setup costs are zero, we obtain no additional advantage from amortizing the

setup costs over a longer cycle. Under this assumption, the cost penalty percentage from
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increasing T so that there is 100k% idle time is bounded above by k / (1 - p - k). For large p, this
penalty may be high.

We found that when idle time is 6% of the total cycle duration, virtually all the ELP, ZSP and
ELZSP solutions are equivalent. For a problem with p =0.75, 6% idle time may result in a cost
penalty as high as 32%. This is quite large, but may be unavoidable because of considerations
discussed earlier. When it is unavoidable, then the simplifying assumptions of the ELZSP may be

useful in simplifying other related problems.

Limitations of the Sequencing Procedure

One result of our study is somewhat surprising: the common cycle (CC) solution is less
costly than the corresponding ZSP solution in 29% of the problems. This generally occurs when a
part is produced in two successive intervals, as in the sequence A-B-C-A (although not all
sequences of this form lead to this result). We also observed CC solutions that are less costly than
the ZSP solutions even when there are no apparent anomalies in the sequence generated by
Dobson's procedure. We have not been able discern any patterns that would allow us to
characterize when the CC solution would cost less than the corresponding ZSP solution. More
surprising is the fact that in 2,419 of the 4,316 problems, the cost of the CC is less than the cost of
the LBP, which means that no solution with the given sequence could outperform the CC solution.

This raises questions concerning the use of Dobson's sequencing algorithm. Dobson's
algorithm is intuitively appealing and accommodates more general conditions than earlier
approaches to the sequencing problem, most of which are for the basic period approach. Many
basic period approaches guarantee that the common cycle solution will be found, if it is less costly
than other sequences considered, whereas Dobson's algorithm may not consider the CC solution.
As it is easy to calculate the CC solution, one could evaluate it before choosing a solution to
implement.

Table 3 presents results from the 1897 problems that remain after eliminating those problems

where the CC solutions give lower costs than the ELP and ZSP solutions. Replacing the ZSP and



ELP solutions with the CC solutions whenever the CC is less does not change the qualitative

results of our comparison, but it does change the magnitude of the differences reported.

Table 3
Summary of Results From Reduced Problem Set

Averages of the Ratio of Optimal Costs*

ELP CC ELZSP LBP

ZSP 0.969 0.963 0.848 1.009
ELP 0.992 0.863 1.036
CC 0.875 1.043
ELZSP 1.244

*Each entry is the average ratio of the optimal cost of the solution in
the corresponding row to the cost of the solution in the
corresponding column. Ratios are included only where both
problems are feasible.

Local Minima for the General Problem

Thus far we have reported results from our study of different versions of the general fixed-
sequence ELSP. As mentioned earlier, the objective function of the general problem is non-
convex. This led us to investigate the possibility of finding improved solutions in the region of
either the ELP or the ZSP solutions.

The general problem was solved for one hundred and fifty problem vectors. Solutions were
found with standard descent procedures using the ELP and ZSP solutions as starting points. In all
cases, when the ZSP solution is used as a starting point, the minimization returns the same
solution. When the ELP solution is used as a starting point, the minimization returns either the
same solution or the ZSP solution. Consequently, it appears that solutions to the ZSP and ELP

may represent local minima for GP, and that more sophisticated procedures are needed to improve

on the better of the two solutions.
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4. Summary

In this paper, we formulate a fixed-sequence ELSP that helps to clarify relationships among
three popular versions of the problem. A variation of the formulation provides a lower bound on
the cost of any solution for the corresponding fixed sequence.

Our computational study demonstrates and suggests why the zero-switch may be superior to
the equal-lot approach. When there is about 4% idle time in the schedule, however, the ELP and
ZSP approaches yield quite similar solutions. Moreover, when the idle time in the schedule rises
to 6%, the costs of the equal-lot, zero-switch, and equal-lot-zero-switch solutions are identical in
virtually all the problems in our data set.

We develop an upper bound on the penalty for adding idle time to the schedule, and use a
simple example to show that it can be very high. This is demonstrated further by the generally
weak (and occasionally very poor) performance of the ELZSP, where significant idle time must be
added to the schedule in order to achieve feasibility. On the other hand, idle time is often
necessary, either as a buffer against uncertainty or to perform preventive maintenance. When idle
time must be included in the production plan, one can justify choosing the solution approach that
best fits the operational patterns and needs of the facility. In some cases, this may allow inclusion
of simplifying assumptions that facilitate modeling larger problems related to the ELSP.

Finally, our computational study suggests that solving the ELSP once, with a fixed
sequence, may be an inappropriate approach. Although Dobson's sequencing algorithm is
intuitively appealing, often common-cycle solutions turn out to be less costly than the
corresponding zero-switch solutions for the sequence given by Dobson's procedure. This

observation suggests the need for further investigation of the sequencing issue.
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Figure 1. Example of zero-switch schedule.
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Figure 3a. Additional holding costs from overlap 1, in the ith interval, where
To,i SfiT(1 - pi)). By construction, the area of the parallelogram is equal to the
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area of the rectangle (defined by the dashed lines), and is given by fiT%, ;D).
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Figure 4. An example of an ELZSP solution where there is a machine conflict. The time

required to produce each part is represented by a filled box. The horizon shown represents T
time units. Note that interval 1 does not begin at the origin.
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inventory of part A

EXX3 production for part B, interval 1

g3 Pproduction for part A, intervals 2 and 4
v production for part C, interval 3

Figure 5. Resolving the infeasibility by violating the equal-lot requirement. The dotted
line is the inventory trajectory of part A under the equal-lot-zero-switch schedule. The
time required to produce each part is shown by a filled box. The upper set of boxes

shows the equal-lot-zero-switch requirements, and the lower set shows the requirements
under the revised, zero-switch schedule.
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ventory of part A

B2 production for part B, interval 1

=3 production for part A, intervals 2 and 4
E=23 production for part C, interval 3

Figure 6. Resolving the infeasibility by violating the zero-switch rule in interval 2, but
maintaining equal lots. The dotted line is the inventory trajectory of part A under the equal-
lot-zero-switch schedule. The time required to produce each part is shown by a filled box.
The upper set of boxes shows the equal-lot-zero-switch requirements, and the lower set
shows the requirements under the revised, equal-lot schedule.



