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ABSTRACT

This research examines the performance in multi-stage, serial
settings of lot-sizing heuristics found effective for the capacitated
multiple-product, single-stage problem. The single-stage heuristics
included in the study are: Dixon/Silver, Lambrecht/Vanderveken, the
Dogramaci et al., single and multi-pass, and different versions of the
ABC heuristic of Maes and Van Wassenhove. These heuristics have been
altered in two ways. First, to allow for the inclusion of the cost
modification procedures developed by Blackburn and Millen. Second, the
feasibility routines have been modified to work in multi-level
environments. Both modifications attempt to coordinate decisions made
across stages concerning lot sizes.

Simulation is employed to determine the relative performance of
these methods. The experimental design factors include: the TBOs (or
time between orders), the coefficient of variation of demand, the
capacity available at each stage, the number of products, and the
number of stages. All components processed at a particular stage
consume the same amount of capacity at that stage.
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Multi-Item Lotsizing in Capacitated Multi-Stage Serial Systems

1. Introduction

The purpose of this research is to examine the effectiveness of a
set of heuristics for the multi-item, multi-stage capacitated lot-
sizing problem for strictly serial product structures.	 The problem
consists of scheduling production of M end items with N total
components (N > M) over a horizon of T periods across L production
stages, or levels. Demands for end items are known and must be
satisfied without backlogging. (End items are numbered as stage or
level 1 and are considered to be at the top of the product structure).
Each item is assumed to require one unit of capacity at the stage where
it is produced. The objective is to minimize the sum of set-up and
inventory holding costs across all stages subject to a capacity
constraint in each period at each stage. This is a straightforward
extension of the model frequently encountered in the literature (Dixon
and Silver [5]) and is omitted here for brevity.

This type of problem frequently occurs in "process" industries,
furniture making, and apparel manufacturing. In furniture
manufacturing, for instance, one product line can consist of several
products that must be processed through an identical sequence of
machines with a setup between products due to the different materials
being used. Apparel manufacturing often contains a cutting process in
which pieces of fabric are cut from large rolls.	 Here setups are
required because of changes in fabric and size.

The problem is NP-hard since the single-item, single-stage,
capacitated lot-sizing problem is known to be NP-hard (Florian,
Lenstra, and Rinnooy Kan [8]), Thus the methods that guarantee optimal
solutions are unable to do so - for all but very small problems within
reasonable computation times. As a consequence, efforts have been
directed at developing heuristic approaches to this problem which can
be effective for industrial applications.

The focus of this research is to examine the effectiveness of
combining two distinct existing heuristic approaches to the problem of
interest. One set of heuristics has been found to be particularly
effective for the multi-item, single-stage capacity constrained
problem. The other approach has proven quite useful when applied to
single-item, multi-stage capacity constrained problems.	 Hence, we
seek to determine how the combined application of these two methods
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will perform for capacitated serial problems.
The particular heuristics included were selected for three

reasons.	 First, they had to be consistent with the level-by-level
approach found in MRP systems. Within each level, however, the
methods included evaluate all items simultaneously whereas MRP
systems evaluate items independently of each other. Second, they had
to have been shown to be effective in previous research. Third, they
could not have computational requirements that precluded their use on
a frequent, routine basis.

In the next section, the methods that were examined in this study
are presented and described. The experimental factors included are
described subsequently. This is followed by the specification of the
actual values used for these factors in the two-level and larger product
structure settings. The results and their analyses are then presented.
The paper concludes with a summary and directions for further
research.

2. Backg round on Heuristics

a. The Multi-Item Single-Level Problem

Different approaches to solve the capacitated lot sizing problem
have been discussed in the literature. We will only discuss the
heuristics used in our own experiments. For the other approaches, the
interested reader is referred to the excellent review by Bahl, Ritzman,
and Gupta [2].

The first class of heuristics we consider was initiated by
Eisenhut [7] and could be called period-by-period heuristics. Eisenhut's
procedure was later extended by Lambrecht and Vanderveken (LV) [11],
Dixon and Silver (DS) [5], and Dogramaci, Panayiotopoulos and Adam
(DPA1) [6] (in their forward sweep or single-pass algorithm). The
A/B/C heuristics of Maes and Van Wassenhove [12] also belong to this
class, although they are a collection of algorithms rather than a single
heuristic. In the A/B/C notation, "A" refers to a priority sorting of the
items; "B" refers to the cost criterion for including future demands in a
current lot; "C" refers to the sequence in which demands are searched
for inclusion into the current lot. In this study six A, four B, and three
C factors were used yielding a total of 72 possible combinations.

These heuristics are unidirectional in that they proceed by
constructing a schedule period by period, starting with period one. They
have the advantage that their computation times are low-order
polynomials of the problem size (N x T). The decisions are simple and a
decision once taken is never altered. To determine which production
lots should be scheduled in each period, a binary knapsack problem is
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solved. The heuristics differ in the way in which they compute the
objective function coefficients of these knapsack problems (the so-
called priority indices), which are derived from well-known heuristics
for the single level uncapacitated dynamic lot sizing problem (e.g. the
Silver-Meal criterion [17]). Future demands are included into the
current production lot based on the priority indices in a greedy fashion
until either no lots with a positive index remain or until the capacity
constraint is hit. The heuristics then proceed to the next period and
the process is repeated.

The second class of methods, which could be characterized
as greedy heuristics, was suggested by Dogramaci, Panayiotopoulos,
and Adam [6] (their multi-pass or four-step algorithm). Karni and
Roll's heuristic [9] also belongs to this class but will not be considered
since its computational requirements are two to three orders of
magnitude greater than the others discussed in this research.

The four-step algorithm by Dogramaci, Panayiotopoulos, and Adam
(DPA4) begins with the lot-for-lot schedule for each item (which, in
general, is infeasible since capacity constraints are ignored). The
heuristic then involves a number of rather intricate and intertwined
feasibility-seeking and improvement steps which are adequately
described in the original publication. It is important to note, however,
that this heuristic considers the entire horizon in making each
decision, which requires running times bounded by higher-order
polynomials than the period-by-period heuristics.

b.	 Single-Item, Multi-Level Heuristics

MRP systems process information sequentially across stages,
thus information on the cost and capacity constraints from higher
levels is needed when making decisions at lower levels to avoid
infeasible schedules or severe diseconomies. To alleviate these
problems, the multi-stage cost modification approaches developed by
Blackburn and Millen ([3], [4]) have been included. Building on a concept
originally proposed by McLaren [14], the Blackburn and Millen [4] study
is the only one that includes capacity information explicitly. The costs
employed in the decision process are altered by these methods to
reflect higher stage economic and capacity factors.	 Four cost
modification procedures were included in this research.

Other approaches to the multi-level, single-product, lot-sizing
problem have been suggested (see, for example, Afentakis [1]). Each of
these develops a solution procedure which provides slightly enhanced
results under certain conditions over the Blackburn and Millen
approaches. However, none of these can be readily adapted to the
multi-product capacitated situation, nor can the solution procedure be



readily incorporated within the multi-product heuristics presented in
the previous discussion.

In our experiments we used the cost modification schemes, or K
factors, that proved to be particularly effective in earlier research [3],
[4). These are the KBB and KCC methods; the mnemonics refer to
methods of calculating the K values-- KBB is a Branch and Bound based
approach yielding integer values of the K's and KCC denotes
"continuous-constrained", meaning that the K values can be non-integer
but constrained to be greater than or equal to one. In addition the
unmodified costs (denoted as UM) were included as a benchmark, and a
new method KBB% was introduced. In the KBB% procedure available
capacity is proportioned among products according to their average
demand.

c. Ensuring Feasibility

Although ensuring feasibility is relatively easy for the single-
level case (see Dixon [5]), for multi-level problems the relationships
are more complex. Lot sizes at one level generate demands for
components which, in turn, have to be produced within the available
capacity at their level.

In this study, each of the methods is applied sequentially
beginning at the level of the final products and proceeding through the
level of the raw materials. This logic is consistent with that used in
MRP-based systems as well as others in practice today. However, this
process can lead to looping when a capacity constraint several levels
up is found to be violated. To avoid this, two approaches for serially-
structured products can be employed at all levels.

The first approach is to apply the tightest capacity constraint at
any higher level to all lower levels (denoted "the bottleneck approach").
This is the procedure followed when capacity is time-independent;
otherwise the adjusted capacity constraints are calculated on a
cumulative basis. The second approach (denoted "the general approach")
is to apply a cumulative capacity constraint from the most tightly
constrained level to all lower levels in addition to the original
constraint.

To illustrate the difference between the two approaches,
consider the following example where level 1 is the level of the final
products and level 2 is the level of the assemblies that are used to
make the level 1 products, and level 3 is the raw materials level.

Period:	 1	 2
Demand for final product	 100 300
Level 1 capacity per period =	 400	 400
Level 2 capacity per period =	 200 200

6



7

Level 3 capacity per period = 	 400	 400

If the bottleneck approach is applied, then the result is a
schedule of 200 produced in each period at levels 1 and 2. On the other
hand, if the general approach is applied, the result might be a schedule
of 100 in period 1 and 300 in period 2 at level 1, if the economics
warrant such a schedule. At the second level, a schedule of 200 units
in each period will result from both procedures. Level 3 would have 400
units of capacity per period with either approach.

The bottleneck approach is slightly faster computationally than
the general approach. However, by imposing additional constraints on
the solution, its feasible solution set is smaller. Therefore, the
general approach is expected to yield a lower cost solution than the
bottleneck approach (this result does not always hold because both
approaches are heuristics).

All methods were tested with the bottleneck and the general
approach. The A/B/C method was implemented as follows:

ABC11: bottleneck approach-best solution of 72 trials at
each level

ABC12: bottleneck approach-best solution from applying the
same A/B/C rule throughout

ABC21: general approach-best solution of 72 trials at each
level

ABC22: general approach-best solution from applying the
same A/B/C rule throughout all levels (72 trials).

3. Experimental Design

Two sets of experiments were conducted. The first was employed
to determine the parameters and the methods of importance. A series
of tests were run on two- and three-stage systems and the
performance of all methods under all conditions was compared to the
optimal solution. Following this set of experiments, a second series of
tests was conducted on larger systems focusing on the parameters and
methods identified previously as important. (A smaller group of
problems were examined to ensure that the conditions and approaches
identified as less important in smaller systems remained so in larger
systems.)

a. Two and Three-Level Experiments

The first set of experiments consisted of applying all 12 methods



(that is, six heuristics each with the bottleneck and general capacity
constraint procedures) with each of the four cost modification
approaches to two- and three-stage serial systems. In all the
experiments the number of products was set at three. Demand for the
three end items in each of the ten periods was randomly generated from
a Normal distribution with mean of 100 and standard deviation of 15;
demand for the third product was drawn from a non-negative
distribution with a mean of 100 and standard deviation of 100. The
echelon holding cost for each item at each level was set equal to one.
Six sets of set-up costs were employed: three resulting in Low(L)
time-between-orders (TBOs) and three resulting in High(H) TBOs. The
TBOs are based on the unmodified values of the setup and echelon
holding costs. Each of the actual setup costs was selected randomly
from an interval of values that would achieve the desired TBO. Four
values of the average capacity utilization were included:
95%,75%,50%,1%. These are denoted as T (tight), M (medium), L (loose)
and U (unconstrained) respectively.

In the two-stage problems, the TBOs were combined across
stages to yield the following combinations (Level 1/Level 2):
L/L,H/H,L/H,H/L. Given the three actual values for each TBO type, three
different cost sets for each TBO combination resulted. All possible
combinations of the four values of the capacity utilization factor were
included, yielding 16 two-stage capacity profiles. Each of the 12
methods was applied with each cost modification approach to 192
problems in the two-stage systems.

The demand stream for the two-stage systems was used in the
initial study of three-stage systems. Fourteen capacity profiles were
examined, each of which is of an "X" shape-- that is, the capacity
constraint was tightest at the middle stage. Eight combinations of the
three cost values (or 24 actual sets of costs) were employed. Thus
each of the methods was applied to 336 three-stage problems (14
capacity profiles x 24 cost combinations) for which the optimal
solutions were determined.

The average computation times for the two-level experiments
never exceeded 3 CPU seconds on a VAX11/785. Run times increased
nearly linearly with the number of levels but remained small so that
each could be employed on a regular and recurring basis on a
microprocessor.

Results from the experiments are presented in Table 1, in which
the average percent deviation from the optimal solution across all
problems is provided.' In general, the results indicate that the rank

1 Optimal solutions were generated by solving a mixed integer programming
problem using LINDO mathematical programming software [16].
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order of performance is ABC22,DS, ABC21,DPA4, ABCl2, ABC11, LV and
DPA1. Excluding the last two methods, the differences among methods
is about one percent. No results for the bottleneck approach with the
DS, LV and DPA4 methods are provided here. This is because the
results for the general approach dominated those provided by the
bottleneck approach for these procedures.

TABLE 1
Average Percentage Deviation from Optimality

Two-Stage Systems
ABC11 ABC12 ABC21 ABC22 DS LV DPA1 DPA4

UM 3.24 3.02 2.51 2.30 2.71 5.01 14.05 2.81
KCC 3.08 2.77 2.03 1.79 1.99 4.38 13.63 2.18
KBB 2.90 2.72 1.91 1.71 1.88 4.55 13.49 2.45
KBB% 3.21 2.97 2.39 2.22 1.88 4.55 13.49 2.45

Three-Stage Systems
ABC11 ABC12 ABC21 ABC22 DS LV DPA1 DPA4

UM 4.97 4.90 4.27 3.80 4.10 5.74 23.20 3.88
KCC 5.26 4.92 3.06 2.61 2.64 4.57 21.52 2.70
KBB 5.02 4.77 3.05 2.61 2.55 4.73 21.86 2.82
KBB% 5.41 5.10 3.62 3.33 2.53 4.58 21.63 2.73

The same difference in performance observed across the
algorithms is also evident for the cost modification approaches. Use of
the modifications, particularly the KBB approach, improves performance
by 0.3 to 0.9 percent on average for the two-stage systems. The
average improvement is larger for the three-stage systems. Use of the
KBB modifier leads to an improvement of 1.0 to 1.5 percent for the four
best performing methods (ABC22, ABC21, DS, and DPA4). As noted in
previous research, the cost modifiers have a greater impact as the depth
of the structure increases (Blackburn and Millen [3]).

Further analysis indicates that this average masks some important
effects. In Table 2, the results for the DS and ABC22 methods are
presented across the four different cost structures for the 2-stage
experiments. As is evident from these data, the modifiers have no
effect when the setup costs are similar at all stages and the echelon
costs are similar. This is because the resulting modified setup and
holding costs are essentially unchanged from the unmodified costs in
this situation. In another twenty-five percent of the cases (L/H), the
modifiers have a small effect. However, when the ratio of TBOs is H/L,
the effect is more substantial.
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These findings are consistent with research on uncapacitated,
multi-level problems which has shown that optimal schedules are
nested (see, for example, Love [10], Maxwell and Muckstadt [13], and
Roundy [151). In nested schedules, the order frequencies of final
products, by definition, will be greater than or equal to the order
frequencies of their components. When the setup/holding cost ratio
across levels is H/L (stagel/stage2), however, the implied order
frequency at the final product is lower than that of its components.
Under these conditions, cost modifications tend to have the greatest
impact because they alter the decisions (or order frequencies) made by
the heuristics in the direction of near-optimal nested schedules.2

Further analysis of these data indicates that as the capacity
utilization decreases, differences up to 15 percent are observed
between the unmodified and modified approaches. Results similar to
these were observed in three-stage experiments but are not presented
for purposes of brevity. Therefore the use of the cost modifications
yields performance benefits without the burden of additional
computations. The remainder of the analysis focuses primarily on the
KBB-based modification, which performed best on average.

TABLE 2
Average Percent Deviation From Optimality

1 0

TBO at
LEVEL
1	 2
L L
H H
H L
L H
AVERAGE

ABC22-UM ABC22-KBB DS-UM DS-KBB

0.79 0.79 0.82 0.82
2.36 2.36 2.91 2.91
3.83 1.91 4.48 1.60
2.20 1.78 2.63 2.21
2.30 1.71 2.71 1.88

For the two and three-stage systems, increasing TBOs lead to
increasing deviations from optimality on the part of all the heuristics.
For small TBOs, there is little decision-making possible and the
differences among alternative procedures are small. As the TBOs
increase, the importance of effective decision-making increases. For the
consistently-better methods, their best performance relative to other
heuristics occurs when some of the TBOs are high. Detailed analysis
shows that the general approach to capacity constraints is, for most
problems, much better than the bottleneck approach except when the

2 We wish to thank an anonymous referee for this insight.



TBO is high at all levels (in which case the bottleneck approach has
slightly better performance).

A comparison of the performance of the different methods across
different capacity profiles is provided in Table 3. The experimental
data have been summarized into three categories:

(1) when the capacity utilization at the end item stage is greater
than or equal to the capacity utilization at level 2;

(2) when the utilization at level 1 is less than the utilization at
level 2 and the utilization at level 2 is tight (or 95%);

(3) when the capacity utilization at level 1 is less than level 2 and
the utilization at level 2 is M (75%) or L (50%).
(Note that Category 1 only applies to the two-stage experiments because
of the "X-structure" capacity profiles used in the three-stage
experiments.)

Table 3
Average % Deviation from Optimality

Bottleneck vs. General Capacity Approaches

CATEGORY	 BO'FIIENECK GENERAL
(1) Level 1 >= Level 2	 1 .69	 1 .72
(2) Level 1 < Level 2 (lvl 2 tight) 	 6.78	 2.09
(3) Level 1 < Level 2 (lvl 2 M or L)	 1.48	 3.85

For category 1 situations there are only minor differences between the
bottleneck and general approaches. For category 2 the general
procedure performs better than the bottleneck, while the opposite is
true for category 3 situations.

In the category 2 case, under the bottleneck procedure batches at
the first stage are scheduled using the 	 capacity constraint from the
lower stage. When this constraint is very tight, this allows little
batching based on cost efficiency and the feasibility routine is invoked
frequently. Hence, a lot of inventory will be created by having pushed
production into earlier periods. This causes high inventory costs which
could have been avoided at the first stage.

In the category 3 situations, the bottleneck approach performs
better than the general approach. Since capacity constraints are not
extremely tight, a lot of batching for economic reasons will occur and
the feasibility routine will be invoked infrequently. The lots created at
the first stage will be larger for the general approach. Hence, earlier
production at higher stages will be required which leads to larger
inventory costs and poorer performance.

From this first set of experiments, we have determined that
several methods found effective in single-stage studies can be very
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effective also in multi-stage settings. By applying these methods to a
large number of problems and comparing their performance to the
optimal solution, we better understand their capabilities. However,
several important questions remain to be addressed in a subsequent set
of experiments.

b. Experiments on Four and Five-Level Systems

There are several issues we seek to address with this set of
experiments. First, does the relative performance of methods in the
two and three stage studies extend to deeper product structures and
other cost structures? Second, does the KBB cost modification also
provide superior performance in larger systems? Third, how dos the
number of products impact performance? Fourth, how does the the
location of the bottleneck stage impact performance?

To investigate these issues, the following experimental design was
used. Three sets of average time-between-orders (TBOs) were included.
For the four-level problems, six capacity profiles were employed; for
the five-level problems, nine capacity profiles were used (The actual
values are shown in Table 4). Ten replications of the demands for all
products over the twelve period horizon were conducted. Demand for
each product in each period for each replication was generated
randomly from a normal distribution with mean of 100 and a standard
deviation of 15. The number of end products was also varied: 3 final
products and 12 final products were used in the experiments.

TABLE
Experimental Settings in Four

1130	 4-Level	 Profiles

4
and Five Level Systems

5-Level	 Profiles
LEVEL (1) (2) (3) 1	 2	 3	 4	 5	 6 1	 2	 3	 4	 5	 6	 7	 8	 9

1 4 1 8 TMTUTU TMMTUUTUU
2 4 2 4 MMUUTU MMMUUU TUT
3 4 4 2 MMUUTU MTMUTUTUU
4 4 8 1 MTUT TU MMMUUUTUT
5 4 1 2 1 MMTUUTTUU

The scheduling methods included in these experiments are the DS,
LV, DPA1, DPA4, ABC11, ABC12, ABC21, and the ABC22. Also included
were the four cost modifications: UM, KCC, KBB, and the KBB%. Each
method and cost modification combination was applied to each
combination of factors. The factors are the TBO set, the number of
products, and the capacity utilization profiles. Ten replications were
conducted, and the average result from the ten replications is reported
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here.

c.	 Analysis of four and five stage results

The results from the experiments are presented in the following
tables. In general, the results from the DS method were the best and
these results were used as the basis for comparing the performance
across methods. Optimal results were not available because of the
solution times required.

The average CPU times in seconds are presented in Table 5. The
impact of the number of levels is less pronounced in these experiments
than in the tests on smaller systems. However, the impact of the
number of products is substantial. At the same time, none of these
times is so great as to preclude repeated application on a
microprocessor.

TABLE 5
CPU Times (in seconds) for each heuristic

Level Products ABC11 ABC12 ABC21 ABC22 DS LV DPA4
4 3 23.8 38.9. 47.1 43.1 0.65 0.19 1.38
4 1 2 85.0 132.7 147.0 143.2 1.82 0.52 8.43
5 3 29.5 48.1 59.9 54.5 0.65 0.23 2.43
5 12 104.6 163.3 184.6 181.5 1.88 0.55 25.06

The overall results for the 4 and 5 level product structures are
provided in Table 6. The rank order of methods is DS, ABC22, ABC21,
DPA4, ABC12, ABC11, LV, and DPAI. This is almost identical to the
results for the smaller systems except for the DS method which becomes
relatively more effective in these deeper product structures.

TABLE 6
Average Percent Deviation from DS-KBB Results

Method
Unmodified KCC KBB KBB%

5 lvl4 Iv] 5 lvl 4 lvl 5 1v1 4 Iv! 5 Ivl 4 lvl
DS 0.75 0.59 0.00 0.06 0.00 0.00 0.01 0.01
LV 7.40 7.73 7.24 7.36 7.10 7.10 7.11 7.11
DPA4 4.38 3.91 3.64 3.36 3.70 3.30' 3.71 3.31
ABC11 5.99 6.82 5.34 6.46 5.40 6.30 6.11 6.61
ABC12 5.38 5.82 4.74 5.36 4.80 5.60 5.51 6.11
ABC21 4.07 4.61 3.44 4.06 3.70 3.80 4.11 3.91
ABC22 3.67 3.71 2.84 3.16 3.00 3.40 3.61 3.81
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Somewhat surprisingly, the impact of the cost modifications in
these deeper structures is less than that observed in the previous
experiments. While the KBB is the most effective, the difference
between the KBB results and all other modifications is at most 0.7
percent. Use of the overall results does mask the impact of the cost
modifications (See Table 7). When the TBOs are equal across stages for
each product, little change in results is noted. However, when the TBOs
are decreasing (TBO set 3) both the DS and the ABC22 methods exhibit
improvements of 2 percent in performance. Again, this finding is
consistent with research on the uncapacitated version of this problem
([10],[13],[15]). For the second set of TBOs, which are increasing across
stages, the cost modifications yield slightly improved performance for
the DS method and slightly degraded performance for the ABC22
method. The results for the first and third sets of TBOs are as noted in
the experiments performed on smaller systems, but different for the
second set of TBOs.

TABLE 7
Average percent Deviation from DS-KBB Solution for Each TBO

1130
	

Unmodified	 K02
	

KBB	 KBB% 
Profile	 DS ABC22	 DS ABC22 DS ABC22	 DS ABC22

(1) 0.00 4.00 0.00 3.90 0.00 3.90 0.00 3.90
(2) 0.41 1.50 0.41 1.40 0.00 2.10 0.13 3.30
(3) 2.00 6.40 0.00 4.30 0.00 4.30 0.00 4.30

Detailed analysis indicates that the rank order of methods is
unaffected by the number of products. However, as the number of
products increases, the relative differences between methods shrinks.
For example, there is an average 8% difference between the best (DS)
and the worst (LV) methods aver all the three product cases , while the
difference between these methods averages 5% over the 12 product
cases. This finding is similar to research on the single stage version of
this problem. That is, with fewer items the decision for each product
has a proportionately greater impact on the results.

The results in Table 8 are presented by TBO structure for the 4
and 5 level simulation experiments. Note that when the TBOs are
increasing, the difference between the results for the DS method and
the ABC approaches is the smallest. On the other hand, the difference is
greatest when the TBOs are decreasing across the product structure.
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Table 8
Average Percent Deviation from DS-KBB Results

TBO Profile
(1) (2) (3)

Method 4 Ivl 5	 Ivl 4 1v1 5 1v1 4 lvl 5 Ivl
DS 0.00 0.00 0.00 0.00 0.00 0.00
LV 5.60 5.96 8.00 9.97 7.60 5.40
DPA4 3.50 3.10 2.40 3.10 5.30 3.80
ABC11 5.50 6.20 3.70 4.60 7.10 7.90
ABC12 5.30 6.10 2.00 2.90 7.10 7.90
ABC21 3.60 3.10 2.50 4.00 4.80 4.10
ABC22 3.50 3.90 0.60 2.10 4.80 4.30

Detailed results for most of the capacity profiles are presented in
Table 9. The DS method tends to provide the best results overall,
although there are instances when other methods were better. The
maximum difference noted was 0.42 percent for DPA4 for capacity
profile 6 in the four-stage experiments.

The location of the bottleneck has a substantial impact on the
relative performance of the methods. Comparisons between the capacity
profiles where the bottleneck is at the finished goods level and the raw
material level were conducted. These are profiles 1 and 2, and profiles
3 and 4 for the 4 level problems, and profiles 1 and 3, and profiles 4
and 6 for the 5 level problems. In general, the results indicate that the
relative performance of the methods is closest when the bottleneck is at
the finished goods level for most of the methods. For the ABC11 and
the ABC12 methods, the opposite is observed. This occurs because of
the use of the capacity constraint from the bottleneck stage at all other
stages when it is unnecessary.
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Table 9
Average Percent Deviation from DS-KBB Results

4-Stage	 Profiles 5-Stage	 Profiles
Method 1	 2	 3	 4 1 3 4	 5	 6 9
126 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LV 10.80 0.6010.70 0.40 13.60 0.6813.70 4.10 0.29 2.20
DPA4 7.10 0.03 4.10 -.21 8.00 0.26 4.60 -.09 -.02 -.12
ABC11 5.30 8.90 3.40 8.90 6.40 9.00 2.80 6.80 9.10 7.70
ABC12 3.40 8.40 3.10 8.40 3.80 8.40 2.70 6.50 8.50 7.20
ABC21 6.20 2.50 4.60 2.70 6.00 3.60 3.00 2.30 3.50 3.00
ABC22 3.90 2.10 3.60 2.20 4.70 2.70 3.70 2.40 2.60 2.50

Overall, the best performance of the ABC methods occurs when
the system is unconstrained. In these instances, the ABC methods are
the most effective of all methods. On the other hand, when the system
is tightly constrained, the relative difference between the DS method
and all other methods is greatest.

A final set of experiments was conducted with lumpy demands for
the final products and a 24-period time horizon for the 3 product case.
The rank order of methods and the impact of the bottleneck location
were similar to the experiments described previously. On average, the
percent deviation from the DS-KBB solutions are slightly greater under
these conditions for all but the ABC21 and ABC22 methods. The only
change from earlier results appears with respect to the TBOs for the
ABC21 and ABC22 methods. Under lumpy demand conditions, the
smallest differences are attained with constant TBOs, instead of
increasing TBOs; however, the actual change is quite small.

4. Summary

This research has examined the performance of heuristics
designed for the multi-product, single-stage problem in multi-stage
settings. To our knowledge, this study is the most comprehensive in
terms of the number of methods examined and the conditions under
which they were examined. These methods are consistent with the
level-by-level processing found in material management systems today.
In doing so, two important issues had to be addressed; namely, how to
ensure feasibility at higher levels to avoid endless looping and how to
incorporate cost information from higher levels in decisions made at
lower-numbered levels of the product structure. For the first issue, two
approaches were employed, one which utilizes the most constrained
capacity throughout the product structure in each period and the other
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that uses the most constrained capacity throughout the product
structure based on the aggregate amount. For the second issue, the cost
modification procedures developed elsewhere were employed as well as
a new one that is based on the average demand for each product.

A number of relevant problem parameters were included: the
number of stages, number of products, percent of capacity utilization,
the mix of capacity utilization across stages, the Time-Between-Orders
and the mix of TBOs across the product structure. Simulation
experiments were conducted in small (2 and 3 stage) systems where
optimal results can be obtained in reasonable time. Subsequently, tests
in larger (4 and 5 stage) systems with ten repetitions for each set of
problem parameters were conducted to determine if the relative
performance of methods changes under more realistic conditions.

The initial set of experiments indicate that the A/B/C based
methods and the DS method provide solutions very close to the optimal
solutions under many conditions. In particular, use of the A/B/C
methods with the general approach is very effective and requires small
computation times. In addition, the KBB modification was shown to lead
to an enhancement in performance overall, and to a substantial
enhancement under certain cost conditions. Results similar to these
occurred in the studies of larger systems. That is, the DS, ABC22 and
ABC21 methods performed best of all the methods and the KBB
modification led to an improvement in performance.

There are several directions for future research suggested by this
study. One is to extend the product structures examined to those with
multiple predecessors or children, although insuring feasibility will
require further analytical work. Another direction is to develop cost
modification procedures that are more sensitive to capacity
considerations. Furthermore, examining the effectiveness of the
methods considered here in a rolling schedule context is a meaningful
direction for future research. Finally, as new methods are designed for
lot-sizing in serially structured products, the comprehensive problem
set developed in this study can be used to examine the performance of
these new methods.
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