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Abstract

Operations managers need to evaluate numerous alternative uses of production capacities in
- modern manufacturing systems. To perform such a task, an aggregate capacity analysis approach
is introduced based on the concept of ‘operation type’. In order to avoid excessive capacity over-
and/or under-utilization, a heuristic workload balancing procedure is developed, which can be
applied to mixed-type manufacturing systemsthat ericompass both single- and multi-purpose CNC
machines. An iterative algorithm is presented that reschedules the set of orders which have been
assigned to successive periods by a rough-cut production schedule. Using this procedure, both
workload balancing and capacity utilization of the system can be improved considerably. These

results are demonstrated with an example of a sample manufacturing system.

Keywords: flexible manufacturing systems, production planning, heuristics, balancing
workloads



1. Introduction

Shop-floor scheduling can be difficult for modern manufacturing systems containing
expensive, technically advanced, CNC machines and/or flexible manufacturing systems (FMSs).
The system set-up of aﬁ FMS in its general form is intractable because of the complicated parts
being manufactured, as well as the complexity of machinés, tools, and fixture assignments, and
the number of different operations. Also, there may be a large number of orders to be processed
per shift. Therefore, operations managers can find good use for a capacity analysis tool that is
capable of evaluating the numerous alternative uses of production capacities. Such a tool should
assure that the capacity over- and under-utilization of the machines are under control.

This paper addresses such a problem, of aggregate capacity analysis (ACA) and develops a
heuristic workload balancing procedure for use over a short-term planning horizon. Aggregation
here means that similar manufacturing operations, which require the same type of machines and
machine tool types, are aggregated into operation types. The variety of alternative uses of
production capacity can be reduced by applying this concept of operation types. A systematic
evaluation of capacity utilization and workload balance can be achieved. Workload balancing
implies that operation types are assigned to machines such that
(i) thereissufficient capacity to perform all of the required operation types without overloading

the machines, and
(if) enough workload is allocated to the machines to avoid idle time. Hence there is no

underloading of the machines.
The workload is considered completely balanced, if both capacity over- and under-utilizations
of the machines can be eliminated.

Aggregation is a widely used tool in production planning. When some elements of a
production system are treated in an aggregate manner, simpler models can be applied for capacity,
inventory, and production planning. Obviously, some information is lost by aggregation, but at
a certain level of decision making, an aggregate treatment can be sufficient. When more detailed
information is required, then the aggregated information is disaggregated and a more detailed
model can be applied. In traditional production planning models, products and/or facilities can be
aggregated (Thomas and McClain, 1993). Products using the same setup of the production
process are aggregated into product families. Or products with similar resource consumption are

aggregated into product types. When an appropriate production plan is done at an aggregate level,
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a detailed production program can be prepared,: in which product types and/or families are
disaggregated into products (see Johnson and Montgomery, 1974; Hax and Candea, 1984).
Facility-level aggregation means that several different resources of the production, such as
machines, workforce, and materials are considered as a single resource or facility (see Holt et al.,
1960).

The ACA approach can be utilized as a new tool for a production planning and control
system. In a conventional production planning process, the master production schedule (MPS)
sets the quantity of each end item to be completed in each period of a short-term planning
horizon. In a subsequent planning phase, the material requirements planning explodes the end
items into assemblies, components, or parts, and develops a schedule of orders for the required
materials over the planning horizon. Then, the capacity requiremerits planning tests the MPS for
capacity feasibility. Order processing is done through rough-cut routing plans and weekly load
schedules. Shop-floor scheduling prepares a more detailed production plan by determining
timings, sequences, and workload assignments to machines in which orders should be processed,
with respect to limitations of available machine capacities.

Using ACA and the proposed heuristic workload balancing procedure in an MRP
environment, shop-floor scheduling here is divided into three planning phases. First a rough-cut
production schedule should be prepared. In this phase, the allocation of orders is done for each
time period (usually a day) over the scheduling horizon. Several heuristics are proposed by the
literature to perform this task. For example, the earliest due date rule can help to achieve an
acceptable level of due date performance, or the shortest processing time rule can drive the system
toward an acceptably low level of WIP inventory. Next, the workload balancing procedure takes
this rough-cut schedule of the orders as given and refines it over thé balancing interval by
interchanging the orders that have been assigned to the periods during the previous phase. Then, |
this new schedule of the orders is put into operation after the machine (and tooling) assignments
and the final routing plan are made.

The theoretical loading problem is to allocate the total amount of work among the machines
either to maximize expected production or to maximize machine utilization. This problem can be
approached in two ways: by allocating part types so as to balance workloads, or by allocating part
types subject to machine capacities, both in terms of time and tool magazine. A usual balancing

procedure for both conventional and flexible manufacturing systems attempts to equalize the
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workload of the operations assigned to each machine. This approach has appeared in the literature
by many authors, e.g., a nonlinear 0-1 mixed integer program was introduced by Stecke (1983),
the optimality of the balanced workloads in FMSs under certain conditions were illustrated by
Stecke and Morin (1985) and Stecke and Solberg (1985).To make the loading problem of FMSs
tractable, hierarchical models were developed by Stecke (1986), Van Looveren (1986), and
Jaikumar. and Van Wassenhove (1989). An FMS planning model in MRP environment was
presented by Mazzola et al. (1989). A capacity and lead time integrated approach was presented
by Lambrecht et al., (1998). Niess (1980) introduced the concept of “functional capacity” to use
as a common denominator for comparing the capacity of machines performing technologically
different operations. The elements of the approach of Niess was used by Koltai et al. (1998) to
reduce the complexity of the aggregate production planning problem of FMSs.

The main objective:of this paper is to provide a tool for short-term production scheduling,
which can cope with the complexity of an FMSs environment. The complexity of the FMS
scheduling problem is a consequence of the great number of technologically different operations
performed. This complexity can be reduced by aggregating operations into operation types. The
management objective applied here is to achieve an acceptable level of workload balance.
Workload balancing is frequently used to improve both system throughput and system utilization.
This objective is fulfilled with the help of a heuristic procedure which balances workloads by
reducing machine over- and under-utilization.

The paper is structured as follows. Section 2 introduces the concept of an ‘operation type’,
and develops the aggregate capacity analysis approach. Section 3 discusses the principles of a
workload balancing procedure that is based on the concept of an ‘operation type’. Section 4
describes an algorithm for the workload balancing procedure and illustrates its operation through
a numerical example. Finally, Section 5 presents a summary and contains conclusions. The

appendix describes the necessary notation and computational formulae used in the algorithm.
2. Aggregate Capacity Analysis Based on the Concept of Operation Types

Concept and definitions of the terms required for the development of an aggregate capacity
analysis (ACA) are described in this section. Notation and mathematical formulae are presented
in the appendix. The implementation of ACA is explained through an example of a sample
manufacturing system.

An order (for a single part type) consists of r, parts of type i. Each part type has a finite
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number of operations. An operation, o, is a machine visit, and is defined by its processing time
on a given machine and by the set of cutting tools required. The number of cutting tools required
for each operation j, for a particular order 7, are determined by the production requirements
demanded by the orders, by the tool lives of the required tools of the different types, and by the
processing times of each operation. A machine visit requires a pallet, a fixture, and whatever is
on the fixture. This is usually a single part, but may also be multiple parts of the same type or
multiple parts of several types, in one or more mounts. Each part type may have a (partial)
precedence. '

An gperation type, of,, is a fundamental type of manufacturing process. For example, possible
operation types can be milling, tapping, boring, drilling, or turning. The operation type(s) which
can be assigned to a machine is (are) a function of the machine's processing capabilities. For
example, a horizontal milling machine cannot perform vertical operations without refixturing the
part. An operation type set, S, consists of a single or multiple operation type(s). For our purposes
here, an operation (requiring a set of cutting tools) belonging to one operation type is indivisible.
Consecutive operations may (or not) be assigned to the same machine. For each operation type
(e.8., horizontal milling), there is a maximum number of tools (e.g., 200 tool types) that cover all
operations that are members of that particular operation type. The operations of the orders that
require a particular operation type use a number of tools of different types (e.g., 84 tools). This
is the tool set of the tooling requirement of a given period for those orders that require a
particular operation type. This tool set is called an operation type tool set. The tool set of an
operation type set is determined by the sum of the total number of tools (including copies)
required by the operation type(s) belonging to that operation type set. This tool set is called
operation type set tool set.

A manufacturing system is a given machine configuration constituted by a group of metal-
cutting machines. The machines can be single-purpose machines (a single operation type only can
be performed) or multi-purpose machines (two or more operation types can be performed) and
they ordinarily are CNC machines. The manufacturing system is designed to be capable of
performing certain operation types. The operation type sets are assigned to the machines. A
particular value (0 or 1) of the binary variable, the assignment parameter, x,,, indicates whether
an operation type set k is a“ssigned to a machine m (x,,=1), or not (x,,,=0). These assignments are

done with respect to the technical capabilities of the machines.
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Capacity of a machine, c,,, here is expressed in capacity units (CUs), over a period of; for
example, a shift or two, or a day. Processing time of operation j of order i, p;, is also expressed
in terms of CUs, rather than in hours or minutes, It is assumed in the ACA approach that those
metal-cutting CNC machines which have the same processing capabilities are technologically
interchangeable. Hence, operations of the same type on these machines have identical processing
times. The capacity requirement for an operation type set is the number of CUs per period
demanded by the production requirements. The production requirements for the manufacturing
system are determined by the shop-floor schedule. An upper capacity bound (UB) of a particular
operation type set k, uy, is the maximum amount of available capacity for an operation type set.
It is calculated as the sum of the CUs of those machines which are capable of performing any and
all operations belonging to that operation type set. A lower capacity bound (LB) of an operation
type set k, J;, is the minimum amount of planned free capacity for an operation type set that is
available only to the operations that belong to that operation type set. It is calculated as the sum
of the CUs of those machines which are capable of Performing only those operations belonging-
to that particular operation type set. This is free capacity because if it isn't used, there is idle time
on the machines. The ideal available capacity per period for an operation type set is a range
defined by the difference between the upper and the lower capacity bounds of available capacity.
The capacity is sufficient if the production requirements from all operation type seté are less than
their corresponding upper bounds. When all operations have been assigned to the machines and
the workload is less than the lower capacity bound of any operation type set, then there is machine
idle time. ‘

The use of the concept and its constituted terms of ACA is illustrated through the following
sample case. Consider a mixed type of manufacturing system consisting of five metal-cutting
machines. This set of machines includes three multi-purpose machines (M1,M2,M3) and two
single-purpose machines (M4,MS5) as is shown in Figure 1. Single-purpose machines can either
be conventional or CNC machines. The system is designed to perform three operation types (of,,
ot,, and ot;), which are drilling, vertical milling, and horizontal milling, respectively. These
manufacturing capabilities, which are attainable through-tooling up the machines, are indicated
in Figure 1. For example, o1, and of, at machine #3 indicates that M3 is capable of performing
operation types #1 and #2 (i.e., M3 does drilling and vertical milling), whereas M5 is a single-

purpose machine for o, (drilling). Tooling is determined by all tools that are technically specified
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for the part types plannéd for production in a particular period. Hence, M5 requires the tool set
of a single operation type set (S,), while M3 requires all the tools of ot, and oz, which compose
the tool set of a multiple operation type set (S,). (Operation type sets, S, #=1,...,7 are defined in
Figure 2).

~ Production requirements are given in Table 1 for one period (say for P1). Let one period
correspond to one shift. The different part types manufactured in the system are termed as orders.
Identification of these orders is done by the éode numbers #0101 through #0110. The required
operation types are indicated in the heading of Table 1, while their corresponding operations are
given by the calculated total processing times expressed in CUs (i.e., order #0103 requires 0.12
CUs for drilling, 0.06 CUs for vertical milling, and 0.23 CUs for horizontal milling). 0.12 CUs
means that in a single eight hour shift, 57.6 minutes of drilling operation is required. In practice,
for order #0103, the 0.12 CUs of drilling may represent the drilling operations of 5 borings with
different diameters and bore lengths, which can be processed by using 5 different tools during a
total of 57.6 minutes. Tflis can be done, for example, by one machine visit either on M5, or
alternatively, on M3, or on M1.

The ideal available capacity range for each operation type set is displayed in Figure 2. The
possible operation type sets are placed on the horizontal axis. Since the system configuration
includes three technologically distinguishable operation types, there are three operation type sets
(S, S, 55) with single operation types, three operation type sets (S, Ss, S;) with two operation
types, and one operation type set (§,) with three operation types. In general, the total number of
the operation type sets, X, can be calculated as

(z h'(H-h)') ’
where H is the total number of single (distinguishable) operation types.

On the vertical axis the lower capacity bounds (LBs) and the upper capacity bounds (UBs)
of each operation type set are drawn by a dashed line and a dotted line, respectively. For example,
for the operation type set S;, LB=1, because M5 is the only machine which is dedicated for of;;
UB=3, since M1, M3, and M5 are all capable of performing ot,. For §,, which is an operation type
set containing operation types o, and of,, LB=3, because M3 can perform o, and of,, M4 can

perform ot,, and M5 can perform of,. For §,, UB=5, as all of the machines can do either ot, or ot,.
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If the capacity requirement is smaller than the lower bound of any operation type set, then the
system is underloaded, and there is free capacity on one or more machines. For example, if less
than 1 CU from o, is required, then the single-purpose drilling machine, M5, will have idle
capacity. If the capacity requirement is greater than the upper bound of any operation type set,
then the system is overloaded, i.e., there is not enough available capacity for the required
operations. For instance, if more than 3 CUs are required from oz,, then M1, M3, and M5 will not
have enough capacity to perform the drilling operations for the ten orders assigned to this period.
When the production réquirements of each operation type set are within the lower and the upper
capacity bounds (the shaded area in Figure 2), then there are neither unutilized nor excess capacity
on any of the machines. In the most favorable case, the capacity requirements of a set of orders
of a given period fall into the ranges defined by the lower and the upper bounds for each operation
type set.

The capacity requirement for each operation type set is sﬁown in Figure 3. It is calculated as
the total processing time of all operations of the corresponding operation type set.

Figure 4 plots both the ideal available capacity range and the capacity requirement for each
operation type set in one chart. The resulting graphical display is used to determine whether or
not the manufacturing system is in complete technological balance, i.e., to check whether there
is any excess capacity or lack of capacity from certain operation types. For example, in our case,
Figure 4 illustrates that there are underloads at §, and S,. The underload at S, indicates that if all
drilling operations are processed on M5, then this machine still has idle capacity. The underload
at S, indicates that idle capacity may exist on M3 and on MS. The underload of S, is higher than
the underload of S, since the total processing time of o1, does not require all of the available
capacities of M3 and M4. Therefore, the idle capacity of M5 is increased by the idle capacity of
M3. The idle capacity of M3 can be utilized for a portion of ot,, but then, the idle capacity of M5
increases the under-loading, as can be seen at S,

Figure 4 exhibits overloads at ;. S,, and S,. The overload at S, indicates that the total
capacity requirements of of, are higher than the total available capacity on M1 and on M2. The
overload at S indicates that the capacity requirements from of, and o, together, are higher than
the available capacities on machines M1, M2, M3, and M4, Finally, the overload at S, means that
the capacity requirements of all of the operation types are higher than the available capacity of the

manufacturing system.



In real manufacturing systems, operations managers should generally be resigned to a certain
amount of idle capacity. Idle capacity is either planned and serves as a buffer capacity to absorb
the effect of unexpected events (i.e., machine breakdowns, power breaks, tool breakages, etc.),
or it is due to routing constraints. On the other hand, a certain amount of overtime, or other
means, can be used to augment capacity. It is the competency of top management, however, to
prescribe acceptable tolerances on both sides. The parameters a and B are introduced to express
these tolerances. The acceptable percentage of idle capacity, a, on any machine in any period is
expressed in relation to the base capacity. The acceptable percentage of excess capacity, B, on any
machine in any period is also expressed in relation to the base capacity. Note that the acceptable
tolerances for the machine capacities are the equivalent of the acceptable tolerances of the
operation type sets as well. In accordance with the basic unit of measurement used in the ACA
framework, the values of a and B should be converted to CUs for the numerical calculations.
Using given values of a and B, the augmented available capacigg. per period for an operation type
set can easily be detenMan. This range is defined by the difference between the increased upper
capacity bound and the decreased lower capacity bound of available capacity. Figure 4 also
displays the augmented available capacity range for each operation type set with the values of
a=0.10 CUs and $=0.05 CUs, where the thin dotted line represents the increased upper capacity

bound and the thin dashed line represents the decreased lower capacity bound for each operation

type set.
3. A Heuristic Workload Balancing Procedure

In this section, a heuristic workload balancing procedure is developed. Notation and the
computational formulae of the terms introduced in this session are described in the appendix. The
objective of the procedure is to achieve an acceptable level of system balance. This way, the
capacity utilization of the machines can also be improved. Thus the output of this procedure
produces a balanced workflow of the manufacturing system in each period over the balancing
interval, '

The workload balancing procedure based on the concept of ACA is shown in Figure 5. The
rough-cut production schedule of the orders on the shop-floor level is given. Figure 5a plots both
the capacity supply and the capacity demand for each operation type set in period P1. Consider
those operation type sets for which the production requirements are beyond the ideal available

capacity ranges. It is apparent that this diagram reflects a quite severe workload imbalance of the
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system. Therefore, the preliminary schedule of the orders is being rescheduled by an iterative
algorithm in order to improve workload balance. Figure 5b displays the rescheduled set of orders
for the same period. The arrows indicate that the orders are rescheduled throughout this process.
If necessary, orders from period P1 are removed to relieve the workload of the operation type
sets in this period and/or orders from the successive periods are inserted back to period P1 to
augment the workload and to improve capacity utilization. This step-wise iteration process is
repeated until the desired level of workload balance is achieved. An acceptable output of this
procedure is plotted in Figure 5b for period P1. By contrasting the loading situations of the
manufacturing system before (Figure 5a) and after balancing (Figure 5b), the impact of the
procedure on making a drastic reduction of the overloads and the underloads is obvious. This
period balancing procedure is extended to a given number of successive periods comprised by the
balancing interval. The length of such a balancing interval is determined by the shop-floor
scheduler with respect to the local conditions. In the balancing interval, the final schedule of the
orders is frozen before the balancing procedure starts its operation for the next period. After two
or three weeks, the whole procedure should be repeated for the periods of the next balancing
interval. This rolling nature of the balancing procedure is similar to the rolling nature of aggregate
production planning over .a mid-term time horizon based on an MPS.

The following definitions describe those parameters that are used for the time scaling of the
procedure (see in Figure 6). The length of a balancing period, L, is the principal unit of time
measurement and refers to the length of time that is covered by one run of the balancing
algorithm. The length of a period that can be applied in this procedure is usually a shift or two,
or a day, in duration. In practice, L, is constant for each period. A specified number of periods,
T, has to be balanced. The length of the balancing interval, LB, refers to the 7 number of periods,
which can be, ten days, two weeks, etc., over which the balancing algorithm performs T runs.
Furthermore, a given number ofadditional periods, 7, has to be available, which contain scheduled
orders that are also accessible for order interchanging purposes. The length of the scheduling

horizon, LS, refers to the time horizon over which the preliminary rough-cut production schedule

is prepared. An order scheduled initially into period f can be shifted to the period +1. Conversely,
however, any order from the t successive periods can be moved into period . Therefore, to
balance 7 number of periods, the rough-cut production schedule should be available for 74t

number of periods.
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As an example, the length of a period can be one day (L=1). When a particular period is
balanced, the orders scheduled for the next four days (=4) are used for interchanging purposes.
If the balancing interval covers ten days (7=10), then the length of the scheduling horizon should
cover 14 days (7#1=14). Ten days later the entire procedure is repeated again.

A scheduled order, g,, consisting of 7; parts of type i, is an order that is scheduled into period
7. The assignment of the orders to a given period over the scheduling horizon is done initially by
the rough-cut production scheduling. Then, the assignment of an order may vary through the
iteration steps of the balancing procedure. A set of orders, 0, is the collection of all orders that
are scheduled into period 7. Initially, a set of orders usually contains 8-15 orders per/shift (period).
Then each of these sets is increased or decreased l;y one order in every iteration step of the
balancing algorithm.

Five different workload categories are used. In general, the workload is defined as the total
processing time that is required to perform the specified technological operations on the machines.
The workload of an order, woy, is the sum of the processing time of all operations of each
operation type A required to process order i. The workload of an operation type, wot,,, is the sum -
of the processing time of all operations of operation type h required to process all scheduled

orders in period 7. The workload of an operation type set, ws, is the sum of the required machine

hours of each single operation of all orders that are associated with operation type set k in period
t. The relieved workload of an operation type set, ws;,, is the sum of the required machine hours
of each single operation of all orders that are associated with operation type k in period  after
excluding order 7 from the set of orders of period 7. The augmented workload of an operation type
set, ws,, is the sum of the required machine hours of each single operation of all orders that are
associated with operation type 4 in period ¢ after adding order / to the set of orders of period .

The overloading categories are defined as the amount of surplus capacity requirements over
the available capacity determined by the upper capacity bounds. Four types of overloads are

distinguished. The overload of an operation type set, ols,, is calculated for an operation type k

by considering all orders in period ¢. The decreased overload of operation type set, old,, is
calculated for an operation type set k by considering all orders after excluding order i in period

1. The decreased overload of the manufacturing system, o/md,, is defined as the maximum of the

decreased overloads of the operation type sets in period f. The overload of the manufacturing

system, olm,, is defined as the maximum of the overloads of the operation type sets in period 7.
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The underloading categories are defined as the amount of idle capacity (slack) under the
available capacity determined by the lower capacity bounds. Four types of underloads are

distinguished. The underload of an operation type set, u/s,, is calculated for an operation type set
k by considering all orders in period 7. The decreased underload of operation type set, u/d,, is

calculated for an operation type set k by considering all orders after adding order i in period . The
decreased underload of the manufacturing system, u/md,, is defined as the maximum of the
decreased underloads of the operation type sets in period 7. The underload of the manufacturing
system, ulm, is defined as the maximum of the underloads of the operation type sets in period 7.

The Balancing algorithm attempts to implement the following managerial objective. Let the
capacity requirement for each operation type set be within the range of augmented available
capacity in each period of the balancing interval. This objective ensures a satisfactory level of
workload balance on the set of machines as well as for the machine operators.

The state of loading of the manufacturing system can be interpreted as the difference between
the capacity supply and the capacity demand of the system. In any period, five possible states of
loading of the system can be distinguished: |

(i) the system is overloaded in period ¢, if there is a surplus capacity requirement for at least
one operation type set £. In this case a properly chosen order should be removed from
period 7, in order to reduce or to eliminate the overutilization of that operation type set.
The removed order is shifted to period 7+1.

(i) the system is underloaded in period ¢, if there is idle capacity (slack) for at least one
operation type set k. In this case, a properly chosen order should be inserted into period
1, in order to reduce or to eliminate the under-utilization of that operation type set. The
inserted order is being selected from any of the successive 1 periods.

(iii) the system is in a virtual technological balance in period 1, if the difference between the

. sum of the overloads and the sum of the underloads of each operation type set is equal
to zero. In this case, the workload of the manufacturing system equalizes the available
capacity, but certain operations cannot be performed due to shortages of the demanded
type(s) of capacity, while there exists excess capacity for other operations that are not
required. In such a situation either a removal or an insertion of an order may improve the
systems’ balance. '

(iv) the system is in a required technological balance in period ¢, if the workload of each

it
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operation type set is within the range of augmented available capacity determined by the
increased upper and decreased lower capacity bounds.

(v) the system is in a complete technological balance in period ¢, if the workload of each
operation type set is within the range of ideal available capacity determined by the upper
and lower capacity bounds.

The actual state of loading of the manufacturing system is determined by the workload of that
operation type set which contains all possible operation types (e.g., S, in Figure 4).

The following parameters control the process of the balancing procedure. If the system is
overloaded in any period, then an order is removed from that period. The removed workload, €],
is that portion of the workload of all single operations of all operation type sets that is composed
of the workload of those operation type sets which represent-overloads in period 7. This parameter
is calculated for the removed order 7, by considering all orders scheduled for period 7. Conversely,
if the system is underloaded in any period, then an order should be inserted into that period. The
inserted workload, €], is that portion of the workload from all single operations of all operation
type sets that is composed of the workload of those operation type sets which represent
underloads in period #. This parameter is calculated for the inserted order i/ by considering all

orders that are comprised by the successive T number of periods. The remaining workload for a

removal, p;, of order 7 is that portion of the workload of all single operations of all operation type

sets which neither represent an overloading nor an underloading in period ¢. The remaining
workload for an insertion, p;,. of order i is that portion of the workload of all single operations
of all operation type sets which neither represent an overloading nor an underloading in period

1. The value of workload transfer for a removal, v;, is the change in the difference between the

capacity supply and the capacity demand of the manufacturing system that is resulted in by the

removal of order /, in period /. The value of workload transfer for an insertion, v}, is the change

in the difference between the capacity supply and the capacity demand of the manufacturing
system that is the result of the insertion of order /, in period #. The latter values are calculated as
the algebraic difference between the removed and the remaining workload or the difference
between the inserted and the remaining workload in period 1, if order i is removed or inserted into
period ¢ in a particular iteration step of the balancing algorithm. Through every iteration step of
the balancing procedure, this difference in the workload of the system diminishes until the targeted

tolerances determined by the values of @ and P are reached in a particular period 7. The algorithm
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ensures that in each iteration step, the most efficient workload transfer be performed by choosing
the maximum of the vajues of the workload transfer, called the efficient workload transfer, v, In
other words, that order is selected for a removal or for an insertion which produces the greatest
change (decrease) in the workload difference of the system. Due to the discrete nature of the
problem it may happen that no orders can be found in the sets of the orders such that a run of the
balancing algorithm would result in a less workload difference of the system. In this case, the
workload balancing problem has no feasible solution with respect to the current values of @ and
B. This situation, however, very rarely occurs in practice. Nevertheless, the probability of
occurrence of such a case can be reduced by increasing the number of scheduled orders into the
periods, which is attainable if the processing times of the operations belonging to a given
operation type are relatively short. Then, a greater number of rescheduling alternatives can be
used to improve the efficiency of the balancing procedure. The larger the set of orders in each
period as well as the flexibility of the manufacturing syste}n, the greater the chances are to
produce a balanced workflow. An ultimate act of top management could be to prescribe larger
values for the excess caggcity P and for the idle capacity o which, however, would result in higher

levels of capacity over- and under-utilization of the system.
4. Algorithm of the Workload Balancing Heuristic and a Numerical Example

The simplified flowchart of the workload balancing algorithm is presented in Figure 7.
Assumptions underlying the use of this heuristic are the following. The machine configuration of
the manufacturing system and the available operation types that the machines are capable of
performing are known. The acceptable percentages of excess and idle capacities of the machines
are specified. Furthermore, the rough-cut production schedule of the orders over the scheduling

horizon is available. Given these inputs, the major steps of the algorithm are the following:

Step 0. Generate the initial set of orders for all the periods and the corresponding capacity
requirement for each operation type set. Compute the range of ideal available capacity
and the range of augmented available capacity per period for each operation type set.

Step 1. Begin a run of the balancing algorithm for period  (=1,..., 7).

Step2. Beginaniteration step of the balancing algorithm for period 7. Compute the overload and
the underload of each operation type set in period /. Evaluate the state of loading. Ifthe

system is in the state of the required technological balance, or in a complete
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Step 3.

Step 4.

Step 5.

technological balance, then go to Step 1 and begin the balancing of the next period
(=t+1). If the system is overloaded, or is in a virtual technological balance, then go to
Step 3. If the system is underloaded, then go to Step 4.

Determine the workload release of each operation type set in period #. Compute the
removed workload and the remaining workload of the operation type sets for each order
in period #. Then determine the value of the workload transfer of the manufacturing
system. In the set of orders of period ¢, find that order / for which the value of the
workload transfer is maximal. Choose order /. Remove order i from the set of orders of
period 7. Go to Step 5.

Determine the augmented workload of each operation type set in period #. Compute the
inserted workload and the remaining workload of the operation type sets for each order
in period 7. Then determine the value of the workload transfer of the manufacturing
system. In the sets of orders of T successive periods, ﬁﬁd that order / for which the value
of the workload transfer is maximal. Choose order 7. Insert order 7 into the set of orders
of period ¢. '

Fix the new set of orders for period # at the current iteration step 7. Compare the current
overload or underload of the system with the corresponding threshold of a or B,
representing the acceptable levels of excess and idle capacity, respectively. If the actual
capacity requirement is within the range of augmented available capacity, i.e., the system
is in the state of the required technological balance, then go to Step 1 and begin the
balancing routine for the next period (/=t+1). Otherwise go to Step 2 and begin the next

iteration step n for the same period 7.

The balancing algorithm stops when all periods of the balancing interval are in the required

technological balance (+=T). This procedure is repeated again when the scheduling of the orders

of the next balancing interval is requested by the management of the production system.

The output of the algorithm produces the final schedule of the orders in each period ¢

(r=1,..,T) of the balancing interval. The actual values of the overload and underload of the

manufacturing system resulting from the last iteration step of the consecutive runs of the

algorithm are also provided.

The five-machine sample manufacturing system displayed in Figure 1 is used to illustrate the
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performance of the procedure and to provide numerical results. The rough-cut production
schedule of the orders over the scheduling horizon is given in Table 2 for T+t (10+4=14)
consecutive periods, i.e., for P1, ..., P14. In this table, the four digit numbers identify the orders.
The first two digits of these numbers refer to the period to which these orders have been assigned
by the rough-cut production schedule, and the last two digits of these numbers are the code
numbers of the orders. There are a total of 140 orders which are distributed uniformly among the
periods. It can also be seen from this table that overloads are dominant in the system. There are
some very large overloads in several periods and one large underload in period P2.

Let the acceptable levels of excess capacity (threshold for overload that can be covered by
overtime) and of idle capacity (threshold for machine idle time) be equal to 5 percent ($=0.05
CU) and 10 percent (0=0.10 CU), respectively. This conforms to a management policy of when
production managers are more sensitive to the more expensive overtime than to the less costly
capacity under-utilization of the machines. Table 3 exhibits the rescheduled sets of orders over
the ten-period balancing interval. The computed new overloads and underloads of the
manufacturing system show that a feasible solution is obtained for the workload balancing
problem after performing 10 runs of the algorithm. Interchanges of the orders triggered by the
algorithm can also be detected from this table. Orders with boldfaced code numbers have been
rescheduled by the algorithm. For example, order #0505 was initially scheduled into period P5
(see the number 0505 in Table 2), but the balancing algorithm assigned it to period P2 as is seen
from the second column of Table 3. Now, the system is in a required technological balance, since
the overloads and the underloads are within the specified tolerance limits in each period.
Examining the new values of overloads and underloads it is apparent that the capacity utilization
of the manufacturing system has also improved considerably. However, the total number of orders
scheduled into P1, ..., P10 has been reduced to 96 from 100. As a consequence, presumably,
schedulers should reckon with an overloading of the system to a lesser extent over the next
balancing interval unless the next scheduling horizon would be less overloaded.

A more detailed illustration of the results is shown in Table 4, where the new capacity
requirement of each operation type set is given for each period £, =1,...,10. In the heading of this
table, the upper (UB) and the lower (LB) capacity bounds of each operation type set are
indicated. By comparing the new capacity requirement and the upper and the lower capacity

bounds for each operation type set, the balance between the capacity demand and the capacity
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supply of the system can easily be studied. The'over]oads of the operation type sets are indicated
in the bracketed superscripts with a positive sign, whereas the underloads of the operation type
sets are indicated in the bracketed subscripts with a negative sign. Each of them correspond to
the appropriate operation type set and a particular period. Obviously, all of these overloads and

underloads are within the range of augmented available capacity for each operation type set.
5. Summary and Conclusions

This paper presents an aggregate production planning concept and a computational tool for
the short-term workloaa allocation problem of manufacturing systems. The aggregation of
operations into operation types provides a main ideato help address this problem. This way, the
complexity of the balancing problem can significantly reduced and the ca;')acity utilization of the
machines can be improved. Using the aggregate capacity analysis concept, two type of operations
management questions can be formulated: '

() Howtoallocate operation types to machines in order to achieve an acceptable level of system
balance when a set of orders is given.

(i) What is the subset of a set of orders which provides an acceptable level of system balance ‘
when the operation type allocation to machines is given. |

Problem (i) can be solved by a 0-1 mathematical programming model (see Koltai et al., 1998),

while problem (ii) is discussed in this paper. '

The presented heuristic workload balancing procedure, based on the aggregate capacity
analysis, develops a smoothed schedule of the orders over the short-term time horizon such that
* both the overloading and the underloading of the manufacturing system remain within acceptable
tolerance limits in each period.

The balancing algorithm introduced in this paper utilizes the machine capabilities and system
flexibility. Therefore, it can be considered as an alternative approach beyond the traditionally-used
loading strategies. Nevertheless, some other issues, for example, finding a feasible machine tooling
or an optimal solution to the part type routing problem are beyond the scope of this paper. Also,
it should be noted that if the number of operation types is large, then the aggregate model is
difficult to handle. This is, however, a general problem that may arise in the case of any known
aggregate production planning model. Hence, the development of a adequate method for

disaggregating the operation types into operations will be the subject of future research.
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Appendix

Subscripts:
balancing period r=1,..,T
subset of periods '=t+1,. 141
order (part type) i=1,.,1
operation Jj=1.J
opera;ion type h=1,..H
set of operation types k=1,.K
subset of a set of operation types k'=1,.,K’
machines m=1,..M
iteration step of a run of the algorithm n=1,.. N

Parameters:
r, = production requirements of part type i, i=l,....J
0, = operationj, j=1,....J
of, = operationtypeh, h=1,. H
S, = operation type set k, S;= {o1,, h=1,.. Hg}, =1, . H. k=1, K,
where H,; is the number of operation types in operation type set S, +~=1,..K
S~ = setofall possible subsets of S, k<1,...K’ ‘
Xim = oOperation type set k such that (i) if it can be performed on machine m, then x, =1, or
(ii) if it cannot be performed on machine m, then x,_ =0, k=1,... K, m=1,.. .M
¢, = production capacity of machine m (expressed in CUs), m=1,... M
p; = processing time of operation j of order i (expressed in CUs), i=1,....I,j=1,....J

u, - = upper capacity bound of operation type set k (expressed in CUs),

A
=y Yex. . k=K h=1,..H

vS;loneS, m:1

IA = lower capacity bound of operation type set k (expressed in CUs),

M
=Y Y cx., k=1,..K k'=1, K’

':S';/:St m=1
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LB

LS

WO,,, )

wot,,

WS,

ws,

i

acceptable percentage of idle capacity on any machine in any period (its value is
converted to CUs)

acceptable percentage of excess capacity on any machine in any period (its value is
converted to CUs)

number of periods to be balanced

number of additional periods which also contain scheduled orders

length of balancing period # (the principal unit is one period)

L
Lrt? =1 3oy T
length of the balancing interval,
' T
LB=) 1,

1=1
length of the scheduling horizon,
i T+1
LS=LB+Y L,
t=T+]
order i scheduled into period ¢, i=1,...J; =1,.,T+1

set of orders scheduled into period 1, =1,....T+1

workload of order i of all operations of each operation type h (expressed in CUs),

wo, = Z P, i=1,..1

\'/oll o,col,

workload of an operation type / for all orders in period # (expressed in CUs),

wot, = Y. Py ofot, k=1 H, t=1,..T+ i=1,..]
vq,€0, .

workload of operation type set k, for all orders in period 7 (expressed in CUs),

ws, = Z wot, , k=1,..K; t=1,..T+t

OLES,

relieved workload of operation type set & for all orders after excluding order /in

period / (expressed in CUs),

WS=WS, W0, . 4,60, 1=1,..T k=1,..K
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ols,,

uls,,

old,,

uld,,

olmd,

ulmd,

olm,

ulm,

]

augmented workload of operation type set & for all orders after adding order 7 in

period 7 (expressed in CUs),

. 1 . -
WS =WS, +WO0,, . quEQt" t'=1+1,...,141; k—l,...,K

overload of dperation type set k for all orders in period # (expressed in CUs),

olsk,=max{ws,“~uk;0}, k=1,...K, t=1,..T
underload of operation type set k for all orders in period ¢ (expressed in CUs),
uls,=max {/,-ws,;0}, k=1,..K;, t=1,..T
decreased overload of operation type set & for all orders after excluding order i in
period ¢ (expvressed in CUs),
old, = max {wsy-u,;0}, q.€0, t=1,..T k=1,..K

decreased underload of operation type set & for all orders after adding order i in period

t (expressed in CUs),

uld, =max {l,-ws;;0}, q.€0,; t'=t+1,..1+v k=1,..K

decreased overload of the manufacturing system for all orders after excluding order

i in period 7 (expressed in CUs),
olmd,=max {old, }, 9.0, =1,..T k=1,..K
i

decreased underload of the manufacturing system for all orders after adding order / in

period # (expressed in CUs),

ulmd = max {uld,}, 9,601 t'=t+1,. .1+t k=1, K

overload of the manufacturing system for all orders in period / (expressed in CUs),

olm=max {ols, }, t=1,..T k=1.K
k

underload of the manufacturing system for all orders in period 7 (expressed in CUs),

ulm =max {uls,_}, t=1,...,T, k=1,..K
k
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Pi

+
Pit

removed workload of the operations of all operation type sets of order / in period ¢

(expressed in CUs),
&,~olmd -olm, gq.€Q, t=1,.,T

inserted workload of all operations of all operation type sets of order i in period 7

(expressed in CUs),

e =olmd ~olm, q.€0,, t'=t+1, 1+

remaining workload for the removal of order i of all operations of all operation type

sets in period ¢ (expressed in CUs),

pi=ulmd,~ulm, qg€Q, t=1,.T
remaining workload for the insertion of order i of all operations of all operation type
sets in period f (expressed in CUs),
pp=tlmd ~ulm, q€Q, t'=t+l,. t+1

value of workload transfer for the removal of order 7 of all operations of all operation
type sets in period 7 (expressed in CUs),
V=€, Py 4,0, 1=1,..T

value of workload transfer for the insertion of order 7 of all operations of all operation

type sets in period 1 at (expressed in CUs),
-0— + + /_
Vi =€y =Py G,€Q 1'=tHl 4t

efficient workload transfer of all operations of all operation type sets in period

(expressed in CU§),

vemax{v,;v,/}, q,€0, t=1,.,T, and g€Q, t'=1+1,. 1+1
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Captions and Table Headings

Figure 1. Sample manufacturing system with the allocation of the operation types

Figure 2. Ranges of ideal available capacity for the operation type sets

Figure 3. Capacity requirements for the operation type sets

Figure 4. Ranges of ideal available capacity and augmented available capacity with the production
requirements for the operation type sets (¢=0.10 CUs, $=0.05 CUs)

Figure 5. Illustration of order rescheduling of the workload balancing procedure

Figure 6. Time scaling of the balancing procedure

Figure 7. The simp]iﬁéd flowchart of the balancing algorithm

Table 1. Production requirements in CUs for period (P1)

Table 2. Rough-cut production schedule of the orders over the scheduling horizon

Table 3. Rescheduled sets of orders over the balancing interval (a=0.10 CUs, p=0.05 CUs)
Table 4. The capacity requirement of the operation type sets for the rescheduled sets of orders

in each period over the balancing interval
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Table 1. Production requirements in CUs for P1

Order No. ot ai, ot,
0101 028 083 0.34
0102 004 000 040
0103 002 006 023
0104 000 000 035
0105 000 046 035
0106 001 000 017
0107 019 015 073
0108 000 000 . 0.10
0109 033 0.05 0.01
0110 000 035 0.12

Total 0.97 1.90 2.80
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o, ot, oL,
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ot, oL, ot

Figure 1. Sample manufacturing system with the allocation of

the operation types
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Figure 2. Ranges of ideal capacity for the operation type sets



Capacity [CUs] ——

5 —

4 — . §;={ot,}
S={ot,}

3 S5={ot;}
S;={ot,. ot,}

5 Sg={ot,, ot;}
Ss={ot,, ot;}

1 S7={ot,, ot,. ot}
Operation

] I I ] | | I type set

=== Capacity requirements

Figure 3. Capacity requirements for the operation type sets
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Figure 4. Ranges of ideal available capacity and augmented available capacity with the
production requirements for the operation type sets (a=0.1; B=0.05)
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LS - scheduling horizon

5 LB - balancing interval .
L, - balancing period
: e ‘ :
P--- : o 1 to--_;, ssEssuvansy o : } ----__; vee
;‘ ; _tperiods ; :
E T periods K ;
; T+t periods |
Figure 6. Time scaling of the balancing procedure

Generate the input data

- Initial set of orders for all the periods.

- Upper and lower capacity bounds

- Augmented capacity bounds
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Figure 7. The simplified flowchart of the balancing algorithm




