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ABSTRACT

Most of the literature dealing with the determination of cyclic part input sequences in a
flexible flow system is restricted in that it only searches for input sequences that are permutations
of the minimal part set (MPS). This study is unique in that it investigates input sequences
generated by integer programming (IP) formulations that balance or unbalance machine
workloads to help maximize overall machine utilization (Stecke (1992)). Also, this study
integrates the input séquence determination decision with the part mix ratio determination, within
the overall framework of a flexible approach to FMS operation over time.

A simulation model of a flexible flow system was designed to study the effects on overall
machine utilizations caused by utilizing alternative pai't.mix ratios to heip determine input
sequences. The procedures used to determine the part mix ratios include IP formulations and
those that are generated randomly, including the MPS mix ratios. Three different experimental
settings are used to test these effects as well as (1) the robustness of the part input sequences that
can be derived from the IP generated mix ratios, and (2) the relative importance of the part mix
ratio decision in relation to the part input sequence determination. A new FMS physical design
that can also be easily modeled to capture look-ahead capability proved to be simple and
effective.

Several significant conclusions regarding part mix ratios, part input sequences, and look-
ahead capability are revealed. These include: (1) the determination of the part mix ratios proved
to be more significant in improving FMS performance than the determination of part input
sequences; (2) the robust nature of the IP formulations was demonstrated; and (3) look-ahead
capability provides equally high overall machine utilizations at lower levels of work-in-process.
Future research areas are presented that would help validate and extend the observations found in

this study.



I. INTRODUCTION

The overall FMS operation involves setting up the system before production begins and

the subsequent operation by operation scheduling of parts through the system. A typical FMS

operating environment specifies production requirements for parts of different types. Usually

these part types can’t all be produced during the same time period because there is not sufficient

tool magazine capacity to hold all the tools required to produce these part types. Therefore, prior

to production, certain system set-up issues must be addressed.

Stecke (1983) defines five system set-up problems for an FMS that must be addressed

before production can begin. These problems are as follows:
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Part type selection problem: determine a subset of the required part types for
immediate and simultaneous processing over the upcoming period of time.

Machine grouping problem: partition the machines of similar types into identically
tooled machine groups.

Production ratio problem: determine the relative part mix ratios at which the
selected part types should be produced over time.

Resource allocation problem: allocate the (minimum numbers of) pallets and
fixtures of different fixture types to the selected part types to maintain the
particular production ratios.

Loading problem: allocate the cutting tools of all operations of the selected part
types to some machine's limited capacity tool magazine.

Once these static set-up problems have been addressed and implemented, the execution of

the orders needs to be carried out over time. These decisions fall into the category of scheduling

and control problems, and include the following:

(1)
@)
3)

determining part input sequences,
determining the part processing sequence at each machine,

monitoring actual system performance.



The overall FMS operation is comprised of solving these static FMS set-up problems
followed by the subsequent dynamic input sequencing and scheduling of parts over time. Both
part types (orders) and parts come into and out of production according to the solutions to these
problems.

The focus of this paper is on integrating the production set-up problem of part mix ratio
determination with the scheduling prdblem of part input sequence determination. Once
determined, a part input sequence is then implemented cyclically over a production period. We
focus on these two problems imbedded within, an overall appsoach to FMS operation over time.
Given that the “next” subset of part types to be produced has ibeen selected we've mvestlgated
the characteristics, selection, and relative i importance of the best part mix ratios/input sequence
over the next production period. Typically, this production period may last from two to seven

days. These issues have not been previously examined in the literature,

II. OVERALL OPERATING EN VIRONMENT

The FMS operating environment under investigation produces part types having
independent demands. Under these conditions, a key objective of production planning and
operation is the maximization of system utilization.

The part type selection problem has been addressed by Whitney and Gaul (1985), Hwang
(1986), Rajagopalan (1986), Stecke and Kim (1986, 1989, 1991), and Amoako-Gyampah ( 1994),
for example. The first three works utilize a batching approach, in which part types having
production requirements are partitioned into distinct batches of part types to be machined one

batch at a time,



A flexible approach to part type selection, as opposed to a batching approach, enables the
system to be more highly utilized. As described by Stecke and Kim (1988), the flexible approach
begins in a manner similar to a batching approach. An initial batch of part types is selected to be
produced subject to tool magazine capacity constraints. However, within the framework of a
flexible approach, Stecke (1992) has developed mathematical programming formulations (integer
programs) to select part types and/or determine the part mix ratios that balance or unbalance
machine workloads to help maximize overall machine utilization. These part mix ratios define the
relative numbers of parts of the selected part types that should be in the system simultaneously in
order to balance or unbalance the workload per machine. Parts are input and produced cyclically
according to these ratios until the requirements for some part types are completed. The
completed part types leave the sysfem and new part types are merged with the in-process part
types and new mix ratios are calculated to balanc'e or unbalance the workload per machine.

The flexible approach is useful whenever a disruption occurs within the current operating
conditions. For example, a disruption may be when a production order needs expediting, when a
part mix is changed, when a machine breaks down, or simply when the production requirements
of somé part types are completed., Since thi§ approach more closely aligns with the objectives of
the FMS operation under investigation, it will be-utilized to structure the objectives of our study.

The integer programming'(IP) fon;lulations can incorporate the results from Stecke and
Solberg (1985), which conclude that for a system comprised of groups of pooled machines of
unequal size (which is the type of system under investigafion for this study), the expected
production rate is maximized by assigning a specific unbalanced workload per machine to each

machine group. Other recent works on the assignment of this specific unbalanced workload per



machine have utilized closed queueing network models (Dallery and Stecke (1990)) and
simulation models (Stecke and Kim (1989)).

Intuitively, inputting parts according to such ratios should help achieve system workload
balance. However, for any set of part mix ratios, there are many permutations of these mix ratios
into part input sequences. For the remainder of this paper, the term dalanced part mix ratios will
be used to refer to the ratios generated by the IP formulations.

Given the above scenario, that of a flexible approgch to the overall FMS operation and the
integration of the part mix ratios decision and the input ‘sequence determi’nation, the two primary
objectives of this study are: | |

(1) to examine the robustness of the part input sequences that can be derived from the

balanced part mix ratios; and

(2)  to examine the relative importance of the part mix ratio decision in relation to the

part input sequence determination upon overall machine utilization.
A simulation model of a flexible flow system (FFS) was built in order to examine these two issues.

In addition, as part of the simulation model, we provide a new system design specification
that automatically allows a limited (i.e., next step) look-ahead capability without the necessity of
additional complex software. This look-ahead capability is then used as one of the model
parameters to investigate the stated objectives. Here, look-ahead capability means that a part will
enter the machine input buffer of the corresponding machine that will become available at the
earliest time.

The motivation for this paper stems from several previous works. Schriber and Stecke
(1988) state, “The influence of the part input sequences on system performance should be studied

further. There is insufficient evidence presented here to even conjecture on the relative



importance of the choice of a part input sequence”. Similar opinions regarding the study of
alternative part input sequences are voiced by Agnetis ef al. (1990) and Schriber and Stecke
(1987).

A review of the literature dealing with part input sequencing is presented in Section III.
The details of the simulation model, similar to the one designed by Schriber and Stecke (1988),
are described in Section IV. Section V details the design of the simulation experiments. A
discussion of the results is given in Section VI. Section VII summarizes and presents the
significant conclusions regarding this study. Finally, Section VIII comments on potential areas of

future research.

II. LITERATURE REVIEW

Most of the early work done on part input sequencing assumed a batching approach to
part type selection and studied cyclic sequencing approaches based on a minimal part set (MPS)
proportional to the total requirements or desired ratios of finished parts. An MPS consists of the
smallest integer values for a set of selected part types that are proportional to the production
requirements.

Hitz (1980) sho{ys that cyclic inpl;t into a ﬂexisle flow shop without buffer limitations
attains a periodic steady state in a finite time. This steady state is accomplished if parts
periodically enter the system with a frequency that fills up the bottleneck machine. He also
proposes a branch and bound procedure, which searches for the part input sequence that induces
this steady state. Erschler et al. (1982) further examine the FFS proposed by Hitz and analyze the
transient and steady state properties for the FFS at each stage in more detail. In addition, they

propose a heuristic procedure to search for a sequence on the critical machine that allows for



scheduling parts on other machines in order to minimize conflicts between these parts. The
solution leads to an easy flow of parts by limiting the waiting time in the buffers.

Wittrock (1985) studied sequencing an MPS in a flexible flow system in order to maximize
throughput and minimize work-in-process (WIP). He states that since choosing a sequence for
the MPS does not have a significant effect on the makespan, the goal of sequencing should be to
minimize the amount of queueing. McCormick ef al. (1988) examine a system similar to
Wittrock's, but with finite capacity buffers between machines. They propose a heuristic method
for sequencing within an MPS based on an equivalent maxunum ﬂow problem and using critical
path techniques. ' 3 h |

In contrast to the static methods that have been developed for generating a permutation of
the MPS, Akella ez al. (1985) and O'Keefe and Rao (1992) have proposed dynamic approaches to
the part input problem. The two dynamic approaches considered by O'Keefe and Rao include
look-ahead simulation and a rule-based model that incorporates the current state of the FFS to
dynamically select the next part to input. O'Keefe and Rao also report that look-ahead simulation
provides promising results, especially in an FFS environment that may suddenly change due to
machine breakdowns, unplanned maintenance, or changes in production requirements.

Agnetis ef al. (1990) present a ﬁew approach to part type selection and input sequencing
in a two-machine FFS. Given the production requirements of each part type, they provide optimal
rules to schedule parts of different types on the two machines. First, part types are partitioned
into overlapping batches. Then the optimal cyclic input sequence and schedule for overlapping
pairs of part types in each batch is specified in order to minirﬁize completion time as well as to
minimize WIP. The objective of minimizing completion time for a group of pooled machines is

also used by Tang (1990). He assumes that a significant setup time is incurred when changing



from one part type to another. Tang develops a heuristic that provides two lower bounds on the
optimal completion time.

Miltenburg (1989) determines an input sequence for a mixed-model line, where the
objective is to keep a constant rate of usage of every part produced by the line. Given the number
of different part types to be produced and their demand schedules, he presents a number of
algorithms that can be used to generate good feasible schedules.

Departing from the FFS/MPS models, and assuming a flexible approach to part type
selection, Escudero (1989) develops an algorithm for part input sequencing that attempts to
minimize makespan in a more complex FMS setting. The algorithm initially obtains a part input
sequence such that pooled machine groups' workloads are locally balanced over a time period.
Once this sequence is established, improvement in the secondary objective of turnaround time is
sought without degradation to the makespan.

Stecke and Kim (1986, 1988) compare part type selection approaches using simulation to
evaluate system performance. A cyclic part input sequence is utilized that is determined by using
a combination of a modified Johnson's algorithm and the calculated part mix ratios. Amoako-
Gyampah (1994) compares three tool alllocation and part type selection approaches. For the
different part type mix :Situations exanﬁﬁéd, on éverage the flexible approach was the best for all
of his performance measures. | |

Most of the literature attempts to find the length of the transient period before steady state
is reached and the optimal or “best” input sequence, or permutation of the MPS, in light of
various system configurations and objectives. This study is different from the previous ones for
several reasons. First, the use and investigation of input sequences generated by permutations of

balanced mix ratios, as opposed to the MPS, has not been previously investigated. Intuitively,



this should be better in terms of system utilization as it aims to avoid the creation of bottlenecks.
Second, the robustness of the input sequences generated by permutations of balanced mix ratios
needs to be examined in light of the potential large number of input sequence alternatives. Finally,
the relative importance of the decisions involving part type mix ratios in relation to those

involving part input sequencing has not been examined.

IV. THE SIMULATION MODEL

A schematic of the flexible flow system utilized-in this study is pictured in Figure 1. In
defining this simulation study, we chose ali parameters :so as to model a typical and realistic FFS.
For example, five machines each with an input and an output buffer is of typical size. Processing
times, production requirements, and routings also mimic a typical FFS. Machines of the same
type are pooled. Therefore, a part can visit either of the two drills or either of the two.lathes.
This allows flexible routing in real time. All part types visit each machine in a mill-drill-lathe
unidirectional flow.

A summary of the characteristics and assumptions of the model are now presented.

(1) Secondary FMS Resources. Automated guided vehicles (AGVs) transport work-in-

process (WIP) for all possible transfers. In general, the number of AGVs in the system is
a model parameter. Each machine in the system is provided with one input buffer (which
can contain one part waiting for the machine) and one output buffer (which can also
contain only one part when it is finished with that machine, and is waiting to be transferred

to its next destination).
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Figure 1. Schematic of the Flexible Flow Shop.

Secondary Time Requirements. With local machine buffers, part transfer time from

pickup point to destination is deterministic and independent of the points involved. This

transfer time is a model parameter.

Operating Policies. The service order at the machines is first-come, first-served. Look-

ahead capability is a model parameter that is varied and will be explained in Section V. In



addition, the maximum number of parts (work-in-process) allowed in the system and the

part input sequence are model parameters that will be manipulated to evaluate system

performance. The measure of performance for the system will be overall machine

utilization (the average of the individual machine utilizations).

(4)  Operating Data. Ten unique part types are produced by this FFS. The various part type

machining times and production requirements are shown in Table 1.

‘Part - Machining Times (Minutes) - -Production
“Type - “Mill Dl T OVTL ‘Requirements

1 10 60 . 50 60

2 15 20 40 25

3 40 10 30 30

4 30 20 20 30

5 10 50 20 50

6 10 30 20 25

7 20 10 10 15

8 15 20 30 50

9 25 10 20 30

10 5 40 40 25

Table 1. Machining and Production Requirements for each of the Ten Part Types.

The simulation model was built in GPSS/H, Version 2 (Henriksen and Crain (1988),

Schriber (1991)). The model itself consists of 66 GPSS blocks, and the complete model file

contains 271 statements.

V. DESIGN OF THE SIMULATION EXPERIMENTS

The simulation experiments are designed to perform the following: (1) measure overall

machine utilizations achieved by the FFS described in Section IV; (2) determine the sensitivity of

overall machine utilization to changes in the part input sequence; (3) compare overall machine

10




utilizations for part mix ratios obtained using an IP approach versus part mix ratios obtained using

either the MPS or a sometimes random approach (Non-IP); and (4) compare overall machine

utilizations for part mix ratios obtained using an IP approach when look-ahead capability is
present in the scheduling versus when no look-ahead capability is present.
The particulars of the design of the experiments are now given.

(1)  Establishing Operating Equilibrium. Since all arrival times, transfer times, and processing
times are deterministic, only one replication is required for each alternative system design
that is investigated. These variables are deterministic so that the variation in results may
be attributed to the FMS planning and scheduling decisions and not confused with the
characteristics of the FMS design or the parts to be produced or possible randomness in
processing times. The run is composed of 25 eight-hour shifts (to move through transient
conditions and into operating equilibrium), and then 275 eight-hour shifts (to gather
statistical observations under operating equilibrium).

The time required to move through the transient conditions and the time required
to establish opera;ting equilibrium was dependent upon the settings of the model
parameters. We experimented with different parameter settings and found the extreme
cases required flbout filyve 8-hou€ shifts to pass through transient conditions and about eight
8-hoﬁr shifts to. establish operatiﬁg eciuilibrium. Given the very low cost of the simulation
runs and that we did not experiment using all possible parameter settings, the simulation
times used for each replication are much longer to further ensuré the accuracy of the
results.

(2)  Experimental Settings. Inlight of the objectives of this paper, three different experimental

settings are used to gather the relevant information. Since the purpose is to observe

11



* changes in overall machine utilizations caused by changes in part input sequences, part mix
ratios, and look-ahead capability, most of the model parameters were held constant over
all three experimental settings. In developing such a simulation model, it is important to
determine which parameters can be aggregated or ignored. Such decisions are dependent
upon the purposes of the study. Certain parameters were clearly not a factor for the
objectives of our study. For example, travel time is zero and the number of AGVs in the
system is fixed at one for each experimental setti_ng. It is understood that the number of
AGVs is irrelevant when travel time is zero. Nevertheless, to afg in the future study of
more complex systems, the modellwas built W1th these variables as parameters.

Prior to the input of parts into the system, a “proper” part type selection decision
(based on using the IP formulations in Stecke and Kim (1986) to select a subset of part
types and balanced mix ratios) selected part types 2, 5, 6, 8, and 10 to be machined next
in ratios of 2, 1,2, 1, 1. (Table 2 summarizes this initial flexible batch. For the purposes
of our study, the actual production requirements, in terms of the specific nurr‘lbers of parts,
are not significant. More generally, when actually operating the FMS over time, parts are
input cyclically according to the sequence until the requirements of some part type(s) are
finished. From Table 2, we see that part types 2 and 6 would finish first. At this time, the
finished part types (i.e., part types 2 and 6) leave the system and new part types (selected
by IP from the remaining set of part types 1, 3, 4, 7, and 9 from Table 1) can enter to join
those not yet finished (i.e., part types 5, 8, and 10). New mix ratios are calculated to
balance or unbalance the workload per machine and these part types are then input
cyclically according to the new sequence. A more detailed explanation and examples of

this part type selection procedure is found in Stecke and Kim (1991).)
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Part Type : Part Type Mix Ratio | - Production Requirements
2 2 25
5 1 50
6 2 25
8 1 50
10 1 25

Table 2. Initial Batch Generated by the Flexible Approach.

The first experimental setting (ES-1) utilizes the IP approach to determine the part

mix ratios. The relative ratios that optimize machine workloads for the five selected part
types are 2, 1, 2, 1, 1. In general, there are n!/n;!n,!...n,! different permutations of n
objects, of which n, are alike, n are alike, . . ., n, are alike. Since there are seven parts in
one cycle to be processed before the sequence repeats itself and there are two pairs of
similar part types, the theoretical number of unique part input sequences (developed as
permutations of these five mix ratios) is 7!/2!2!, or 1260. To examine each sequence
would be quite prohibitive. Thus a combination of a random sample and intelligent
selection of twenty permuted part input sequences from among the 1260 sequences are
examined. The selection of these sequences will be discussed later in the paper.

This setting has n_g look-ahéad capability. In other words, the buffer choice is
made simply because it s the first b)uﬁ‘er. available. This decision does not guarantee that
the corresponding machine will be the next one to be available at the earliest time. Also,
the levels of WIP that are allowed in the system are set at 5,7, and 59. A WIP level of 5
was chosen on the low end because there are five machines in the system. A WIP level of
9 was chosen on the high end because we did not want the system to achieve high

utilizations simply because there were more parts in the system than there were buffers
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and machines. Therefore, a total of 60 simulation runs were made for ES-1. This
corresponds to examining the overall machine utilizations for the twenty part input
sequences obtained at the three different WIP levels.

The second experimental setting (ES-2) is identical to ES-1 for all the parameters
except for the limited look-ahead capability. This capability is not modeled in the
traditional sense of running the simulation forward in time to provide look-ahead
information. In this case, the look-ahead capability is modeled by delaying the decision of
which input buffer to enter until a machine actually becomes avai:!able. In other words, the
model is waiting for more infonnation rather the;n generatfng it through the traditional
sense of look-ahead. The characteristics of the FFS remain the same (one input buffer per
machine, a capacity of one part per input buffer, and first-come, first-serve dispatching)..

However, the simulation model is altered by providing a single input buffer for the drills

and another for the lathes with a capacity of two parts each. This new FMS software
design proved simple, yet effective. Note that this can also be a new physical FMS design
that automatically mimics limited (one-step) look-ahead capability with no additional
software required. As was done for ES-1, 60 simulation runs covering the various
parameter settings were made for ES-2.

The third experimental setting (ES-3) is identical to ES-1 for all parameters except
that only two different WIP levels are examined (7 and 9), and an alternative approach is
used to determine the part mix ratios. Given the five part types selected to be machined,
the total number of unique part mix ratios that one can choose is extremely large
(assuming one will not produce more than the requirements). It is therefore unrealistic to

examine all the different sets of part mix ratios. Given that the IP approach yields a
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sequ:nce which includes seven parts per cycle, the Non-IP approach taken here is to
investigate some of the different “unbalanced” part mix ratios for seven parts that could be
obtained from the selected five part types. One of these unbalanced mix ratios (1, 2, 1, 2,
1) corresponds to the minimal part set. The specific mix ratios that are used, and the

number of different sequences that are examined are shown in Table 3.

__._Part Type Mix:Ratio - ___‘{ Number of Sequences :| -~ Input Sequence
PT2 | PT5:7 PT6.°| PT8 | PTI0| ~ . Examined & | - “Number -
2 2 1 1 1 2 21,22
2 1 1 2 1 2 23.24
2 1 1 1 2 2 25,26
1 2 2 1 1 2 27,28
1 2 1 2 1 2 (MPS) 29,30
1 2 1 1 2 2 31,32
1 1 2 2 1 2 33,34
1 1 2 1 2 2 35,36
1 1 1 2 2 2 37,38
3 1 1 1 1 1 39
1 1 3 1 1 1 40
Total 20

Table 3. The Non-IP Part Mix Ratios used for ES-3 and the Corresponding Input

3)

Sequence Number(s).

Selection of Part Input Sequences. : The same twenty part input sequences from balanced
mix ratios are useld for ES"-l and f‘S-Z. ‘Eleven of these twenty sequences are chosen
using some myopic sequéncing lo-gic. The sequencing logic for the modified Johnson's
rule is based on one pass of the Campbell-Dudek algorithm (Campbell ez al. (1970)). One
sequence is chosen because it is used in the Schriber and Stecke (1988) paper. The
remaining eight sequences are chosen randomly. A sumrﬁary of the selection logic for

these twenty sequences is found in Table 4. Because some machining times on a particular
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machine are the same for some of the selected part types, more than one input sequence
was examined for two of the sequencing rules.

Since different unbalanced part mix ratios are used for ES-3, a different set of part
input sequences had to be chosen. Some consistency with ES-1 and ES-2 is utilized in
that the Modified Johnson's Rule approach is used to generate one of the sequences for
each set of mix ratios. All other sequences are generated randomly. A summary of the
selection logic for this second set of twenty sequences is found in Table 5. Also, the

specific input sequence number for each of the:different mix ratios is given in Table 3.

“Input Sequence Number Sequencing Logic - .
1 Used by Schriber and Stecke (1988)
2-5 Modified Johnson’s Rule

6 Shortest overall processing time first
7 Longest overall processing time first

8-10 SPT for middle machine group first
11 Longest processing time for middle machine group first
12 Reverse order of Modified Johnson’s Rule

13-20 Randomly generated input sequence

Table 4. Sequencing Logic for the Selection of the Twenty Part Input Sequences
for ES-1 and ES-2.

Input Sequence Number Sequencing Logic
21,23, 25, 27,29, 31, 33, 35, 37,39, 40 | Modified Johnson’s Rule
22, 24, 26, 28, 30, 32, 34, 36, 38 Randomly generated input sequence
Table S. Sequencing Logic for the Selection of the Twenty Non-IP Part Input Sequences
for ES-3.
VI. RESULTS

Table 6 presents the overall machine utilizations achieved by each part input sequence

under the conditions described for ES-1. The bold numbers signify that the theoretical maximum
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utilization for the applicable mix ratios is achieved. An example of how the theoretical maximum

utilization is derived for a specific set of mix ratios is given in Appendix A.

Input Sequence. " Input o ‘WIP Level

Number | - Sequence: = . A 9
1 2,6,5,2,8,6,10 78.4 92.9 95.2
10,6, 6,5, 8,2,2 85.1 92.6 95.2
3 10, 5,6,6,8,2,2 81.6 93.0 95.2
4 10,6, 6,5,2,2,8 83.3 93.0 95.2
5 10,5,6,6,2,2,8 84.0 93.6 95.2
6 6,6,8,22,5,10 80.8 93.8 95.2
7 10,5,2,2,8,6,6 80.0 90.9 95.2
8 8,226,610, 5 83.3 90.9 95.2
9 2,2,8,6,6,10,5 80.0 90.9 95.2
10 2,2,8,6,6,5,10 80.0 92.6 95.2
11 5,10,6,6,2,2 8 76.9 92.3 95.2
12 2,8 26,5 6,10 81.6 94.6 95.2
13 2,10,6,8,2,5,6 83.3 95.2 95.2
14 10,5,8,2,6,2,6 83.3 93.1 95.2
15 6,2,10,2,8 6,5 83.3 93.7 95.2
16 56,10,6,2, 8 2 79.6 90.9 95.2
17 58,6,6,2,10,2 81.6 93.0 95.2
18 2,6,8,6,10,2 5 76.9 90.9 95.2
19 6,2,8,10,5,2, 6 83.3 93.7 95.2
20 2,5,2,6,10,6,8 81.6 93.0 95.2
Average - Logic 81.5 92.6 95.2
Average - Random 81.3 92.9 95.2
Std. Dev. - Logic 2.2 1.2 0.0
Std. Dev. - Random 23 1.3 0.0
- Min Value - Logic 76.9 90.9 95.2
Min Value - Random 76.9 90.9 95.2
Max Value - Logic 85.1 94.6 95.2
Max Value - Random 83.3 95.2 95.2

Table 6. Overall Machine Utilizations for Various Input Sequences: No Look-Ahead and
Balanced IP Part Mix Ratios.

As expected, due to the decrease in the amount of time that a machine is idle because it is

waiting for a part, the average overall machine utilization increases as the amount of WIP that is
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allowed into the system increases. Two other results that are of greater interest are: (1) for all
WIR levels, part input sequences that are generated using some kind of basic sequencing logic are
not obviously better than those that are randomly generated; and (2) the theoretical maximum
utilization of 95.2% was achieved by every sequence when the WIP level allowed in the system is
nine, but achieved by only one sequence when the WIP level is seven. This observation is
consistent with the results of Conway et al. (1988) in that the strategic use of a little WIP can
produce substantial gains in certain operating objectives._

The first result indicates the robustness of the IP part mix ratios=§n generating input
sequences. The second result indicates thét having enc;ﬁgh WIP in the system can also let these
balanced mix ratios achieve the maximum utilization. Note that in this case “enough WIP” is not
alot: this is just nine parts for five machines in the particular system under study.

Table 7 presents the overall machine utilizations achieved by each part input sequence
under the conditions described for ES-2. The limited look-ahead capability is incorporated into
these simulation runs to gain a better underst.anding of the impact that both part input sequencing
and look-ahead capability can have on overall machine utilization. The ability to choose the input
buffer for the machine that will become available at an earlier time has a positive effect upon
overall machine utilizations. The direction of this impact is not surprising, but the magnitude is
greater than expected. For WIP levels of five, the relative improvement of ES-2 over ES-1 on the
average overall machine utilizations is 3.9%, while the relative improvement is 2.8% for WIP
levels of seven. The range of absolute improvement is -0.7% to 10.1% for WIP levels of five and
0.0% to 4.3% for WIP levels of seven.

A closer look at Table 7 reveals three interesting and significant results: (1) for a set of

balanced mix ratios, part input sequences that are generated using some kind of basic sequencing
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logic are not obviously better than those that are randomly generated; (2) the theoretical
maximum utilization of 95.2% is achieved by every sequence when the WIP level allowed in the

system is seven or nine, but is never achieved when the WIP level is five, and (3) those sequences

that perform better/worse under ES-1 do not necessarily perform better/worse under ES-2.

Compare input sequence numbers 1, 5, 13, 15, 18 under both settings.

Input Sequence |- . Imput oo "WIPLevel

~ ‘Number ~ |~ ~ Sequence - . fr-os 7 ' 9
1 2,6,5,2,8,6,10 87.0 95.2 95.2
2 10,6,6,5,8,2,2 87.0 95.2 95.2
3 10,5,6,6,8,2,2 85.1 95.2 95.2
4 10,6,6,5,2,2,8 87.0 95.2 95.2
5 10,5, 6,-6,2,2, 8 83.3 95.2 95.2
6 6,6,8 2 25,10 85.1 95.2 95.2
7 10,5,2,2,8,6,6 83.3 95.2 95.2
8 8,2,2,6,6,10,5 83.3 95.2 95.2
9 2,2,8,6,6,10,5 80.0 95.2 95.2
10 2,2,8,6,6,5,10 81.6 95.2 95.2
11 5,10,6,6,2,2 8 85.1 95.2 95.2
12 2,8,2,6,5,6,10 81.6 95.2 95.2
13 2,10,6,8,2,5,6 83.3 95.2 95.2
14 10,5,8,2,6,2,6 87.0 95.2 95.2
15 6,2,10,2,8,6,5 83.3 95.2 95.2
16 5,6,10,6,2, 8,2 84.5 95.2 95.2
17 5,8,6,6,2,10,2 87.0 95.2 95.2
18 2,6,8,6,10,2,5 - 87.0 95.2 95.2
19 -6,2,8,10,5,2,6 : 83.3 95.2 95.2
20 2,5,2,6,10,6,8 87.0 95.2 95.2
Average - Logic 83.9 95.2 95.2
Average - Random 85.5 95.2 95.2
Std. Dev. - Logic 2.1 0.0 0.0
Std. Dev. - Random 1.7 0.0 0.0
Min Value - Logic "~ 80.0 95.2 95.2
Min Value - Random - 83.3 95.2 95.2
Max Value - Logic 87.0 95.2 95.2
Max Value - Random 87.0 95.2 95.2

Table 7. Overall Machine Utilizations for Various Input Sequences: Look-Ahead and
Balanced IP Part Mix Ratios.
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The implications of these results are similar to those of ES-1. The first and third results
indicate the robustness of the IP part mix ratios in generating input sequences. The second result
underscores the improvement in system performance that can be achieved by incorporating even a
limited look-ahead capability into the scheduling routine.

Table 8 presents the overall machine utilizations achieved by each part input sequence
under the conditions described for ES-3. Also, Table 8 provides the theoretical maximum overall
machine utilization that can be achieved for the appropriate part mix ratios implicit in the part
input sequence. These theoretical maximum utilizatioﬁs are always loWer than those achieved by
the balanced IP ratios. | '

Several observations can be made concerning the performance of the input sequences
associated with the unbalanced Non-IP part mix ratids. Note that the MPS mix ratio is included
in this group (sequence numbers 29 and 30). First, the relative change in average overall machine
utilization from ES-1 to ES-3 is a decrease of 3.6% for WIP levels of seven, and a decrease of
5.9% for WIP levels of nine. Second, for WIP levels of seven, 17 out of 20 sequences reach the
theoretical maximum utilization, while every sequence reaches the theoretical maximum utilization
for WIP levels of nine. Third, the theoretical maximum utilizations for all of the unbalanced mix
ratios utilized in ES-3 are lower than the theoretical maximum utilization of ES-1. Fourth, of the
three input sequences that do not produce the theoretical maximum utilization, all are generated
usjng a random approach (as opposed to the Modified Johnson's Rule). Finally, when look-ahead
capability is incorporated into ES-3 (for space reasons, this experimental setting and its
accompanying table are not detailed in this paper), all twenty input sequences for WIP level of

seven reach the theoretical maximum, but the relative average overall machine utilization is only
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increased by 0.2%. The improvement is trivial because most of the sequences are able to produce

the theoretical maximum utilization without the look-ahead capability.

Input-Sequence |- - Input - - “WIP Level "Theoretical
‘Number .. ‘Sequence .. 1 -9 Maximum -
21 10,5,6,5,8,2,2 90.4 90.4 90.4
22 2,5,2,5,6,10,8 90.4 90.4 90.4
23 10,5,6,8,2, 8,2 91.8 91.8 91.8
24 8,2,10,2,5,6,8 91.8 91.8 91.8
25 10, 10,5, 6, 8, 2,2 91.3 91.3 91.3
26 8,2,6,10,5,10,2 90.5 91.3 91.3
27 10,5,6,5,6,8,2 84.2 84.2 84.2
28 2,8,5,6,5,10,6 842 84.2 84.2
29 10,5,6,5,8,2,8 88.7 88.7 88.7
30 8,6,5,8,5,210 88.7 88.7 88.7
31 10, 10, 5,6, 5, 8, 2 84.8 84.8 84.8
32 5,10,2,5,8,10,6 84.8 84.8 84.8
33 10,6,5,6,8,2,8 93.3 93.3 93.3
34 6,8,10,6,5,8,2 92.7 93.3 93.3
35 10, 10,6, 5, 6, 8, 2 88.7 88.7 88.7
36 2,10,6,8,10,5,6 88.7 88.7 88.7
37 10, 10,5, 6, 8,2, 8 93.6 93.6 93.6
38 8,10,2,10,5,8 6 90.9 93.6 93.6
39 10,5,6,2,8,2,2 89.6 89.6 89.6
40 10,6,5,6,6,8,2 89.6 89.6 89.6

Average 89.4 89.6 89.6

Std. Dev. - Random 29 3.1 3.1
Min Value - Logic 84.2 84.2 84.2
- 93.6 93.6 93.6

Max Value - Random

i

Table 8. Overall Machine Utilizations for Various Input Sequences: No Look-Ahead and

Unbalanced Non-IP Part Mix Ratios.

VII. SUMMARY AND CONCLUSIONS

The three experimental settings presented here allow for useful observations on the

changes in overall machine utilizations caused by changes in part input sequences, part mix ratios,
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and look-ahead capability. In the context of the operating conditions and assumptions specific to
this study, the following conclusions may be drawn:

. The theoretical maximum utilizations are actually attained for balanced part mix

ratios and are greater (in all cases tested) than those for the unbalanced part mix
ratios (including the MPS mix ratio).

° The theoretical maximum utilizations are achieved under realistic levels of WIP for

balanced part mix ratios. -

o On average, over all WIP levels, the sii'i}ulation results ffor balanced part mix ratios
are superior to those for tile unbalancéd part rmx ratios, including those obtained
from the MPS.

o The theoretical maximum utilizations are achieved at lower levels of WIP for

balanced part mix ratios when incorporating look-ahead capability.
) The balanced part mix ratios are very robust in generating part input sequences,
especially when incorporating limited look-ahead capability.
) The part mix ratio decision has a more significant impact in determining overall
machine utilizations than the input sequence determination.
These results are representative of the many simulation experiments done while
investigating these part mix ratio/part input sequence determination problems. The results are

relevant and important for industries that require high utilizations from their FMSs.

VIIL. FUTURE RESEARCH
Experimentation using different model parameter settings is needed to further investigate

and validate the conclusions listed above. In particular, similar experiments should be run using
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data sets that have different, for example wider, ranges of machining times. This would allow for
further observations on the robustness of the balanced mix ratios of the IP formulation to
determine cyclic input sequences. Continuing the study as part types finish and new part types
enter as in a flexible approach to system operation could provide further insights. For example,
Table 1 may depict a week of production requirements. At the end of the week, when very few
requirements remain, these part types would require the bottleneck machine. However, one could
supplement these remaining part types with complementary part types from next week’s
requirements to achieve the balancing opportunities. In addition, further comparisons of system
performance for input sequences generated by balanced mix ratios versus permutations of the
MPS would be of benefit and interest.

It may be possible to perform such future studies using the {max, +} algebra of Cohen er
al. (1985). Because of the particular problems under investigation, a somewhat aggregate
deterministic simulation model was sufficient for these purposes. Also, because of the cyclic input
sequéncing, each simulation could have been modeled as a decision-free, timed Petri net.
Equations to model the cyclic behavior could have been developed and would be linear in a {max,
+} algebra (see Cohen ez al. (1985)). Examples are provided in Dubois and Stecke (1990). The
{max, +} algebra could be used t;) provide_::;similar system performance measures and could also
likely confirm the system behavior that we have observed.

We chose to use simulation for several reasons. First of all, simulation was easier. The
few parameters were easy and fast to change. The {max, +} equations WOl;ld have had to be
developed for each input sequence and would take longer to develop. Also, the simulations were
very fast and very cheap. The average CPU time was 0.85 seconds per run (there were 60 runs

for ES-1) and the average cost per run was $0.33.
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Finally, utilizing the same experimental design while simulating the characteristics of
different flexible flow systems would provide further insight into the significance of the part mix
ratio decision as it relates to the part input sequence decision. This would also provide insight
into the significance of look-ahead capability under these different flexible flow system

environments.
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Appendix A

Calculation of the Theoretical Maximum Overall Machine Utilization for a Given Set of
Part Mix Ratios

The technique as well as the idealized operating assumptions used by Schriber and Stecke
(1988) to calculate the theoretical maximum overall machine utilization are utilized in this paper.
Only the highlights of their technique will be repeated here.

Table Al shows the individual and total machining requirements, by machine type, for the
part types making up one input cycle for the IP part mix ratios used in ES-1 and ES-2. The total
workload per machine (80, 105, 105) is the optimal workload per machine provided by the closed

queueing network model for a system comprised of (1, 2, 2) machines per group (Stecke and

Solberg (1985)).
| - Machining Time Per Part "*| Number.of | ‘Machining Time Per Input Cycle -
Part | = (Minutes) | PartsPer | - (Minutes) >
Type |° Mill Drill VIL | InputCycle |- Mill' | . ‘Drll - | VTL
2 15 20 40 2 30 40 80
5 10 50 20 1 10 50 20
6 10 30 20 2 20 60 40
8 10 20 30 1 15 20 30
10 5 40 40 1 5 40 40
Total for all Machines of Each Type 80 210 210
‘Total per Machine of Each Type 80 105 105

Table A1. Machining 'Requiréments per Part Input Cycle for ES-1 and ES-2.

As shown in Table Al, the seven parts making up one input cycle fequiré no more than
105 minutes on an.y one machine. Therefore, the number of machining minutes available is 525
(105*5 machines). The two drills and the two lathes can be utilized 100% (105/105), and the mill
can be utilized 76.1% (80/105). Of the potential 525 machining minutes, only 500 (80+210+210)

can be achieved. Hence, the maximum overall machine utilization is 95.2% (500/525).



 Table A2 shows the individual and total machining requirements, by machine type, for the
part types making up one input cycle for the unbalanced Non-IP part mix ratios used for input

sequence numbers 27 and 28 for ES-3.

e Machining Time Per Part -| Number of ;| ‘Machining Time Per Input Cycle
‘Part - __(Minutes) . - ¢ ~PartsPer | .. - -+ (Minutes) -
Type | Mill .| Dl . VIL | ‘Input:Cycle | .-“Mill - Drill VTL
2 15 = 20 40 1 15 20 40
5 10 50 20 2 20 100 40
6 10 30 20 2 20 60 40
8 10 20 30 1 15 20 30
10 5 40 40 | 1 5 40 40
Total for all Machines of Each Type | 75 240 190
Total per Machine of Each Type 75 120 95

Table A2. Machining Requirements per Part Input Cycle for Part Input Sequence
Numbers 27 and 28 for ES-3,

The logic here is the same as in the previous calculation. The number of machining
minutes available is 600 (120*S). The mill can be utilized 62.5% (75/120), the two drills can be
utilized 100% (120/ 120), and the two lathes can be utilized 79.2% (95/ 120). Of the potential 600
machining minutes, only 505 (75+240+190) can be achieved. Hence, the maximum overal|

machine utilization is 84.2% (505/600).

30



