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ABSTRACT 

Given demand requirements, manufacturing systems should analyze whether or not there is sufficient capacity to 
perform the technologically-different operations. In a more flexible system, better utilization can be achieved, 
however, generally with higher cost. To analyze this problem, we extend traditional aggregate planning concepts 
to address capacity issues in flexible manufacturing systems. The concept of operation type is defined and it is 
explained, how this concept can be applied for the alternative formulation of capacity constraints in FMSs. An 
example is provided to illustrate the use of operation types, and to highlight the difference of the traditional route 
dependent, and the proposed route independent formulation of capacity constraints. The advantages and 
disadvantages of the new concept and its implication for operations management decision making are also 
discussed. 

1. INTRODUCTION 

Manufacturing systems produce parts to meet demand, either forecast and/or actual. When developing a 
production plan, an initial question is whether there is enough capacity from the system for the different operations 
demanded by the production requirements. Production planning for the equipment that performs different operations 
in conventional manufacturing systems is more straightforward than in flexible manufacturing systems. In some 
conventional systems, the capacity available for production can be determined directly from the available capacities 
of the different single-purpose machines, as they can usually perform only a small variety of operations. A system 
with multi-purpose computer numerical control (CNC) machines provides additional opportunities to increase 
system utilization through the machine flexibility, since each machine can be used for a variety of operations. In this 
case, it is useful to know if there is enough capacity of a variety of functional types to perform all of the 
technologically different operations. If there is enough capacity of different types, then next, the alternative uses of 
the machines for the different operations need to be analyzed.  For example, in a combined system with mixed types 
(single- and general-purpose) of machines, decisions concerning whether certain operations should be assigned to 
the single-purpose machines (or not) can be considered in order to leave the CNCs free for more complex or special 
operations. The paper provides an aggregate capacity analysis model. Aggregation here means that those 
manufacturing operations, which require the same type of machines, are aggregated into operation types. Applying 
the concept of “operation types”, the variety of the alternative uses of the production capacity can be reduced and a 
systematic evaluation of capacity utilization and workload balance is possible. An easy-to-use mathematical model 
and graphical illustrations are provided to analyze the capacity over- and under-utilization of the machines, as well 
as of the entire system.  

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 
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can be sufficient. When more detailed information is required, then the aggregated concepts are disaggregated 
and/or a more detailed model is applied. In traditional production planning models, products and/or facilities are 
aggregated. Products using the same setup of the production process are aggregated into product families and/or 
products with similar resource consumption are aggregated into product types. When a production plan and capacity 
utilization is determined, a detailed production program can be prepared, in which product types and/or families are 
disaggregated into products. 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, for example [10]). 

Special-purpose machines perform just a small set of technologically different operations. In this case, 
aggregation of machines is approximately equivalent to the aggregation of operations. In case of multi-purpose 
CNCs, machines and operations have to be treated separately, since the operation manager decides on the set of 
operations a machine has to perform. This fact was recognized by Niess [7], who aggregated similar operations into 
operation types. Niess developed an algorithm to determine a series of sets of orders for several production periods. 
The generated production program provides balanced capacity utilization, that is, there is no excess capacity over- 
and under-utilization. Niess applied this method for conventional production systems consisting of several single- 
and multi-purpose machines [7]. This approach was used by Koltai, Farkas, and Stecke to address production 
planning issues in FMSs [5][6]. 

To solve the FMS production planning problems, Stecke [8] proposed a nonlinear integer production planning 
model. The size of this model, however, can preclude frequent application, especially for a large FMS. A 
hierarchical approach was also proposed by Stecke [9], by Van Looveren et al. [11], and by Jaikumar, and Van 
Wassenhove [3] to handle the increased complexity of FMS production planning. 

It can be concluded, that any method, which reduces the complexity of capacity analysis of FMSs can be 
important result in the area. The paper is organized as follows. In section 2, the concepts of operation type and ideal 
available capacity range are introduced and the basic definitions and notation used in this paper are explained. 
Section 3 illustrates the defined concept and the graphical representation of the ideal, and extended capacity ranges. 
In section 4, the mathematical formulation of the capacity constraints, and its application in mathematical 
programming models are presented. Finally, section 5 provides some general conclusions. 

2. BASIC DEFINITIONS AND CONCEPTS
*  

The notations used in the paper are summarized in Table 1. A flexible manufacturing system (FMS) is a 
collection of machines, linked together by an automated materials handling system and directed by a central 
computer. Different part types are produced in the flexible manufacturing systems. Each part type has a finite 
number of operations. An operation, oj, is defined by its processing time on a given machine and by the set of 
cutting tools required. 

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 among its operations. 

An operation type, oth, is an aggregated set of all of those operations that can be performed on the same 
machines. Let’s consider a part, which requires several milling and drilling operations. If all of the machines are 
able to perform all operations, then the manufacturing of this part requires one operation type consisting of all 
drilling and milling operations. If, however, two machines can perform the drilling operations, and just one of the 
two machines can perform the milling operations, then the operations are aggregated into two operation types 
(drilling and milling). 

An operation type set, Sk, 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.g., horizontal milling), the required set of tools is 
determined by the tool sets of all the operations of the operation type. We call this an operation type tool set. The 
tool set of an operation type set is determined by the tooling requirements of all operations (including copies) 
required by the operation type(s) of that operation type set. We call this operation type set tool set. 

The CNC 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). Capacity of a machine, cm, is expressed in 
capacity units (CUs), over a period of, for example, a shift or two, or a day, or a week. 
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Table 1: Notations 

 

Unit processing time of operation j of part type i, pij, is also expressed in terms of CUs, rather than in hours or 
minutes. Unit processing time of operation type h of part type i, phi, is the sum of the unit operation time of all those 
operations, which belong to operation type h, that is, 
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Unit processing time of operation type set k of part type i, pki, is the sum of the unit operation time of all those 
operation types, which belong to operation type set k, that is, 
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The capacity requirement for an operation type set is the number of CUs per period demanded by the production 
requirements. An upper capacity bound of a particular operation type set k, uk, is the maximum amount of available 
capacity for operation type set k. 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 of an operation type set k, lk, is the minimum amount of planned free capacity for 
operation type set k 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 sets are less than their corresponding upper bounds. When all operations have been assigned to 
machines and the workload is less than the lower capacity bound of any operation type set, then there is machine 
idle time.  

Subscripts: 
part type i=1,...,I 
operation j=1,...,J 
operation type h=1,...,H 
set of operation types k=1,...,K 
subset of a set of operation types kN=1,...,KN 
subset of the set of all op. types kNN=1,...,KNN 
machines m=1,...,M 
Parameters: 
oj = operation j, 
oth = operation type h, 
Sk = operation type set k, = {oth, h=1,...,HSk}, where Hsk  is the number of operation 
  types in operation type set Sk, 
SNkN = set of all possible subsets of Sk, 
SNNkNN = set of all possible subsets of Sk, which contains all operation types,  
cm =  production capacity of machine m, 
zkm = operation type set assignment parameter. It is equal to 1, if operation type set  
  k is assigned to machine m, and it is equal to 0, otherwise. 
pji = unit processing time of operation j of part type i, 
phi = unit processing time for all operations of type h of part type i, 
pki  = unit processing time for all operations of  operation type set k of part type i, 
uk = upper capacity bound of operation type set k, 
lk = lower capacity bound of operation type set k,  
wi = weight of part type i, 
" = acceptable percent of capacity under-utilization, 
$ = acceptable percent of capacity over-utilization. 
Variables: 
xi = production requirements of part type i. 
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3. ILLUSTRATION OF THE IDEAL AND EXTENDED CAPACITY RANGES 

The introduced notation and concepts are illustrated with the help of Table 2, and Figures 1 and 2. The example 
is taken from a part manufacturing plant, but the name and data of parts, machines and operations are not provided 
here for confidential reasons. The manufacturing of two part types is examined (P1, P2). These part types require 
several operations indicated in Table 2. Some operations can alternatively be produced on two different machines. 
For example M4 is a manufacturing center, which can perform most of the operations of P1. Several manufacturing 
operations of P2, however, can only be performed on M4, therefore in practice the capacity of M4 is generally 
saved for P2. For the sake of simplicity it is assumed now, that operation time of an operation is identical on all 
those machines, on which the operation can be performed. With some extension of the model, this condition can be 
dropped. 

Table 2: The aggregation of operations into operations types 

Products Operations M1 M2 M3 M4 Op. types 
Turning 2,5 2,5 ot1 

Drilling 1 2,8 2,8 ot2 
Drilling 2 3,0 3,0

P1 

Screw cutting 2,0 2,0
ot3 

Turning 4,3 4,3 ot1 P2 
Manufacturing 22,0 ot4 

Since operation type is an aggregated set of all of those operations that can be performed on the same machines, 
four operation types are identified in Table 2. Those operations, which can be done on M1, and M2 are aggregated 
into ot1. This means the aggregation of the turning operation of P1 and P2 into one operation type. Those 
operations, which can be done on M2, and M4 are aggregated into ot2. Those operations, which can be done on M3, 
and M4 are aggregated into ot3. This means the aggregation of two different operations of P1 into one operation 
type. Finally, those operations, which requires only M4 are aggregated into ot4. The allocation of operation types to 
machine in the given setup is illustrated in Figure 1. 

M1

ot1

M3

ot3

M2

ot1, ot2

M4

ot2, ot3, ot4

M1

ot1

M3

ot3

M2

ot1, ot2

M4

ot2, ot3, ot4  

Figure 1: The alocation of operation types to machines  

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. In this case, there are four operation type sets (S1, …, S4) with single 
operation types, six operation type sets (S5, …, S10) with two operation types, four operation type sets (S11, …, S14) 
with three operation types, and one operation type set (S15) with four operation types. In general, the total number of 
the operation type sets, K, can be calculated as 

12 −= HK  (3) 

where H is the total number of single operation types. 

The vertical axes represent the lower capacity bounds and the upper capacity bounds of each operation type set.  
Since capacity is measured in capacity units (normalized capacity), it is assumed, that 1 capacity unit is equal to 405 
minutes/day (one, 7.5 hour long shift, when the efficiency is 0.9). For example, for the operation type set S1, l1=1, 
because M1 is the only machine which is dedicated for ot1; u1=2, since M1, and M2 are all capable of performing 
ot1. For S6, which is an operation type set containing operation types ot1 and ot3, l6=2 because M1 can perform ot1, 
and M3 can perform ot3; u6=4, as all of the machines can do either ot1 or ot3. 
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Figure 2: Illustration of the ideal available capacity range and the production requirements (α=0.25, β=0.25) 

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 ot1 is 
required, then M1, 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 2 CUs are required from ot1, then M1, and M2 will not have enough capacity 
to perform the turning operations. When the production requirements of each operation type set are within the lower 
and the upper capacity bounds (the grey area in Figure 2), then there is 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 also shown in Figure 2, by a bold horizontal line at each 
operation type set. It is also expressed in capacity unit; therefore the data of Table 2 have to be divided by 405 
minutes/day for the calculation of the requirements.  The capacity requirement of an operation type set is equal to 
the total processing time of all operations of the corresponding operation type set. At the calculation it was assumed, 
that 100 units of P1 and 20 units of P2 are to be produced on a specific day.  

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 2 illustrates that there are under-loadings at S1, S5, S11, and S15. The under-
loading at S1 indicates that if all turning operations are processed on M1, then this machine still has idle capacity. 
The under-loading at S5 indicates that idle capacity may exist on M1 and on M2. The under-loading of S5 is higher 
than the under-loading of S1, since the total processing time of ot2 does not require all of the available capacities of 
M2. Therefore, the idle capacity of M1 is increased by the idle capacity of M2. The idle capacity of M1 can be 
utilized for a portion of ot1, but then the idle capacity of M1 increases the under-loading, as can be seen at S5.  The 
under-loading at S11 indicates that idle capacity may exist on M1, M2, and on M3. Finally, the under-loading at S15 
means that the capacity requirements of all of the operation types are lower than the available capacities of all of the 
machines. 

Figure 2 also shows over-loadings in S4, and S10, and S13. The over-loading at S4 indicates that the total capacity 
requirements of ot4 are higher than the total available capacity on M3. The over-loading at S10 indicates that the 
capacity requirements of ot3 and ot4 together are higher than the available capacities on machines M3, and M4. 
Finally, the over-loading of S13 indicates, that there is not enough capacity on M2, M3, and M4, for the requirement 
of ot2, ot3, and ot4. 
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In summary, on the one hand there could be idle capacity on certain machines, while there might not be enough 
capacity to fulfill all of the requirements for certain operation types. Figure 2 also displays the increased ideal 
capacity range when 25 percent capacity over- and under-utilization are acceptable for management. The thin 
vertical lines represent the increased upper bounds, and lower bounds. The capacity requirements are within this 
extended range for all operation type sets. 

4. MODEL FORMULATION 

The objective of the paper is to present an alternative formulation of the capacity constraints of FMSs. In this 
section it will be done with the help of the ideal available capacity range defined in section 2. If the production 
requirement of each operation type set is below the corresponding extended capacity upper bound, then there is 
enough capacity to perform all the required operations. Constraint (4) imposes that the total processing time for all 
operations of operation type set k should be lower than the upper capacity bound of operation type set k, that is, 
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As the upper capacity bound is the maximum amount of available capacity for the operation type set k, this 
constraint ensures that there will be enough capacity to perform all operations of operation type set k. In real 
manufacturing systems, production managers need to work around a certain amount of lack of capacity. In these 
cases, management may consider overtime, subcontracting, or other possible capacity adjustments. This fact is 
incorporated in the model with the parameter β, which expresses the acceptable percentage of capacity over-
utilization. For example, in Figure 2 the total processing time for all operations of S2 is lower than the upper 
capacity bound of S2, which makes constraint (4) feasible. For S4, the total processing time is higher than the upper 
bound and therefore, a certain amount of overtime is required. For example, if production occurs in one eight-hour 
shift, suppose that management is willing to allow up to 2 hours overtime. This translates to β=0.5. In our example, 
if only 25 percent capacity over-utilization is acceptable, then constraint (4) for S4 is feasible (β=0.25). 

One of the major advantages of flexibility is that a high capacity utilization is possible, because machines can 
perform a large variety of operations. If the production requirement of all operation type sets is higher, than the 
capacity lower bounds, then all machines will be fully utilized. Constraint (5) imposes that the total processing time 
of all operations of operation type set k should be higher than the lower capacity bound of operation type set k, that 
is, 
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Since the lower capacity bound is the capacity of those machines which are capable of performing only the 
operations of operation type set k, this constraint ensures that there will be no idle capacity on these machines. In 
real manufacturing systems, production managers must generally be resigned to a certain amount of idle capacity. 
Idle capacity is either planned and serves as buffer capacity to absorb the effect of unexpected events (i.e., machine 
breakdowns, tool breakages, quality problems), or it is the consequence of scheduling constraints. This fact is 
incorporated in the model with parameter α, which expresses the acceptable percentage of capacity under-utilization 
of the machines. For example, in Figure 2 the total processing time for all operations of S1 is lower than the lower 
capacity bound of S1, which would make constraint (5) infeasible even for 10 percent acceptable under-utilization 
(α=0.1), but feasible for 20 percent acceptable under-utilization (α=0.2). For S2, the production requirement is 
above the lower bound; therefore, constraint (5) is satisfied. 

Note that the model helps to avoid capacity under-utilization by the improper selection of the production 
quantities. If machines are idle because of lack of production requirements, then there is no feasible solution for 
equation (5). In this case, other operation management measures must be taken, such as decreasing the number of 
machines assigned to the current set of orders, increasing order number or order sizes, or ultimately accepting a high 
value for α. 

Finally equation (6) expresses the management objective when the production quantity of part types is to be 
determined, 
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If parts are measured in units, then xi i=1,…,I are integers, and equations (4) – (6) determine an integer 
programming model, which can be solved by several mathematical programming solvers (e.g. Lingo). 

Several other constraints can also be added to the previously defined mathematical programming model to 
express tool availability [2], or other technological, and economic constraints. In this paper, however, we would like 
to study the effect of the capacity constraints defined with the help of the operation type concept. Therefore other 
constraints are not discussed in this paper.  

To illustrate the use of the formulated model let us determine the maximum quantity of the two products 
presented in section 3, in a specific working day. Based on the definition of the extended ideal capacity range 15 
upper capacity bounds, and 15 lower capacity bounds can be formulated. It should be mentioned, that in some 
specific cases, the constraints for certain operation type sets are redundant. It is easy to see, that the constraints for 
operation type sets S6, S7, and S14 are redundant. An algorithm for defining the redundant operation type set 
constraints can be found in [4]. It is assumed, that all machines has the same working hours, therefore cm=1, 
m=1,…,4. Based on Table 2, and Figure 1, z1,1=z3,3=z5,2=z13,4=1, and all other value of zkm are equal to zero. The 
value of pki, k=1,…,15; i=1,2; can be calculated with the data of table 2, and using equations (1) and (2). Finally, 
since the maximum production quantity is to be maximized, w1=w2=1. 

The resulting integer mathematical programming model consists of two integer variables (x1, and x2), and 24 
constraints. The lower and upper bound of the three redundant operation type sets are ignored. This small size 
problem can easily be solved by, for example, Excel Solver. The optimal maximum quantities in our case are 
x1=194, and x2=0 units/day. If the weight in the objective function enforces the production of P2, then the total 
production quantity decreases. It can be easily checked, that if w1=1, and w2=5, then x1=101, and x2=23 units/day. 

The presented example is overly simple; it is used just for illustration. In real case examples several other 
constraints, more products, and more complex objective functions can be formulated. Even in this complex case, 
however, the formulation of the capacity constraints can be easily done with equations (4), and (5). 

5. SUMMARY 

In this paper a new formulation of the capacity constraints of FMSs is presented. This new formulation is based 
on the concept of operation types, and expresses the capacity of the operation type sets, instead of the capacity of 
the machines. In some cases constraints (4) and (5) can be used instead of the traditional, machine based expression 
of capacities (see for example [2]). The question is why one would use an alternative formulation of the capacity 
constraints, if the traditional, machine based formulation works well, and provides the same results. There are two 
main reasons for this: 

– The presented formulation has major advantages, when just a quick, overall estimation of the available 
capacity is required. When the operations manager would like to estimate whether the available capacity of a 
flexible system is enough for the manufacturing of a set of orders, then it is not necessary to determine the 
detailed production plan containing route, and machine assignment. In this case a simple model can quickly 
provide the answer. In our case in section 4 we had 2 integer variables, and 26 constraints. If a machine based 
approach were used, then we needed only five capacity lower bounds, and five capacity upper bounds (10 
constraints), but for all the possible manufacturing routes of the two products an integer variable is needed. In 
this case 10 integer variable are required, to determine something, which we do not want to know jet. If more 
products can be manufactured on several routes, then the number of integer variables increases more in the 
machine based approach, than in the operation type based approach. The price of simplicity is the loss of 
information about the quantities of the different routs. But if we do not want a detailed plan yet, just 
information about the feasibility of the production of some orders, then the operation type based approach is 
faster, and simpler. 

– The operation type based approach can be completed with sensitivity analysis of the major parameters of the 
constraints. It can easily be analyzed, how the change of machine capacity, or the change of the production 
requirement of an operation type changes the feasibility of a production plan. In the traditional, machine 
based approach, this sensitivity analysis can only be preformed by the repeated solution of the mathematical 
programming model. The formulae of sensitivity analysis of the operation type based approach can be found 
in [6]. 
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The major advantage of the operation type based approach of the capacity constraints is that it concentrates on 
the overall capability of the system, instead of the manufacturing capability of individual machines. If, for example, 
the drilling capability of several machines is considered together, versus the drilling capability of several machines 
separately, then the traps of sub-optimal decisions can be more easily avoided.    
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