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Both machine and project scheduling are the subject of intensive research 
activities. A wealth of problem types have been studied over the past years and a wide 
variety of exact and suboptimal solution procedures have been developed. It appears 
that both fields have evolved independently, despite the fact that the problems under 
study have a lot in common. While it is customary to classify machine scheduling 
problems by a standard three-field classification scheme, project scheduling problems 
are still identified using rather confusing acronyms. In this paper, we present an 
integrated classification scheme for resource scheduling, which allows for the unique 
classification of both machine and project scheduling problems. We hope that the 
presented integrated classification scheme is a first step towards the unification of 
research in both the machine scheduling and project scheduling area, which, we 
believe, may lead to substantial synergies in both areas. 

Keywords: Project Scheduling; Machine Scheduling; Resources; Integrated 
Classification Scheme. 
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1. Introduction 

Both machine and project scheduling have been the subject of intensive 
research activities over the past years. A wealth of problem types have been studied 
and a wide variety of exact and suboptimal solution procedures have been developed 
(for recent reviews see Brucker et al. (1999), Herroelen et al. (1998) and Lee and Lei 
(1997)). Despite the fact that sequencing and scheduling is essentially concerned with 
the optimal allocation of scarce resources over time (Lawler et al. (1993)), most 
research has traditionally focused on pure machine scheduling considering the 
machine to be the major and often single type of resource, capable of performing at 
most one activity at any time. It is not hard, however, to imagine more general 
scheduling environments in which a resource serves several jobs at one point in time 
and an activity uses several resources in varying amounts. As a result, research focus 
has gradually shifted towards more general problem settings involving for example 
multiprocessor tasks which require one or more processors at a time, mUlti-purpose 
machines associated with a job which has to be processed by one machine in the set 
associated with it, availability constraints, hybrid multi-stage systems with multiple 
machines at each stage, flexible manufacturing and assembly systems including 
multiple resource types such as materials handling equipment, pallets, workers, etc. 
(Blazewicz et al. (1983, 1986), Brucker (1995), Pinedo and Chao (1999)). 

Project scheduling, on the other hand, has a long tradition in distinguishing 
. between several types of resources (Blazewicz et al. (1986)). Machines specifically 

belong to the class of renewable resources which are available on a period-by-period 
basis, that is, the amount is renewed from period to period and only the total resource 
use at every time instant is constrained. Nonrenewable resources (e.g. money, raw 
materials, energy, ... ), on the contrary, are available on a total project basis, with a 
limited consumption availability for the entire project. Doubly-constrained resources 
are constrained per period (e.g. per period cash flow) as well as for the overall project 
(e.g. total expenditures, overall polution limits, ... ). Partially (non)renewable 
resources refer to resources the availability of which is defined for a specific subset of 
periods. For each resource type, there are a number of subsets of periods, each 
characterized by a specific (nonrenewable) availability of the resource type. Partially 
(non)renewable resources can be viewed as a generic resource concept as they include 
both renewable and nonrenewable (and hence doubly-constrained) resources. 

In this paper we develop an integrated classification scheme for resource 
scheduling, which allows for the unique classification of both machine and project 
scheduling problems. In the next section we highlight the principles behind the 
characterization of additional resources in the commonly accepted machine 
scheduling classification scheme. Section 3 focuses on a project scheduling 
classification scheme which has recently been proposed by Herroelen et al. (1998abc). 
Section 4 focuses on three minor modifications which turn the Herroelen et al. scheme 
into an integrated resource scheduling scheme. In Section 5 we demonstrate through a 
number of examples how the scheme allows for the unambiguous classification of 
both project and machine scheduling problems. Section 6 is then reserved for our 
overall conclusions. 

2. Machine scheduling classification 

It is common practice to classify deterministic machine scheduling problems 
by a standard three-field notation (Graham et al. (1979), Blazewicz et al. (1983), 
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Herrmann et al. (1993)). The first field a describes the machine environment. This 
field allows for the identification of single machine problems, various types of 
parallel machine problems, general shops, flow shops, job shops, open shops, mixed 
shops and mUltiprocessor task systems. The second field f3 is used to describe the task 
and resource characteristics. This field includes parameter settings for characterizing 
the possibility for preemption, the precedence constraints, ready times, deadlines, task 
processing times, batching and additional resources. The characterization of the 
additional resources (Blazewicz et al. (1986)) is done using a field parameter which 
takes the value of the empty symbol a to denote the absence of additional resources 
and resAeJp to specify the resource constraints. A, eJ, P E {. , k} respectively denote 
the number of additional resource types, resource limits and resource requests. If A, eJ, 

P = ., then the number of additional resource types, resource limits and resource 
requests are arbitrary, and if A, eJ, P = k, then the number of additional resource types 
is equal to k, each resource is available in the system in the amount of k units and the 
resource requests of each task are at most equal to k units. The third field ydenotes a 
performance measure. 

In order to cope with special cases and additional resource types, the machine 
scheduling classification scheme has been gradually updated. There is a still growing 
need to expiLnd the scheme with new parameter settings which make it rather complex 
and more and more difficult to use. At the same time, the project scheduling field 
evolved without a classification scheme. Problems continue to be identified in a non
standard manner by a rather confusing set of acronyms, most often consisting of a 
simple concatenation of characters. The basic resource-constrained project scheduling 
problem, which extends the basic CPM problem to include renewable resource 
constraints, is traditionally denoted as the RCPSP. This acronym has then been used 
as a stem to which additional characters are added in order to identify related problem 
types. Examples are MRCPSP for the multi-mode resource-constrained project 
scheduling problem, PRCPSP for the preemptive resource-constrained project 
scheduling problem, RCPSP-GPR for the resource-constrained project scheduling 
problem with generalized precedence constraints, just to cite a few. However, also in 
the project scheduling literature, it has been proven difficult to accommodate the 
proliferation of new problem types which arise due to the modification of theoretical 
concepts to real-life problem settings. 

3. Project scheduling classification 

Despite the relation between machine scheduling and project scheduling, the 
characterization of additional resources in the ex 1 f31 y notation of the deterministic 
machine scheduling classification scheme does not allow for the precise 
characterization of the wide variety of problems which manifest themselves in the 
specific and much more complex environment of project scheduling. This motivated 
the introduction of specific classification schemes for project scheduling problems. 
Inspired by discussions held at the Workshop on Scheduling and Heuristic Search 
held on May 8, 1997 at the A. Gary Anderson Graduate School of Management, 
University of California, Riverside, USA, a classification scheme was developed 
which, as the result of intensive interactions among various members of the project 
scheduling community', went through a series of modifications which emerged into 

1 The following people have collaborated in the development of the classification scheme of Herroelen et al. (1998 
abc): Richard Deckro (Air Force Institute of Technology, USA), Erik Demeulemeester (K.U.Leuven, Belgium), 
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the publication of the scheme in the book Project Scheduling-Recent Models, 
Algorithms and Applications (Herroelen et al. (1998c) and the presentation of updated 
versions at recently held workshops and conferences (Herroelen et al. (1998ab)). The 
scheme was built in order to serve a variety of objectives. First, the scheme should be 
flexible and workable in order to facilitate the presentation and discussion of both 
deterministic and stochastic project scheduling problems. Avoiding the use of 
lengthy, confusing and often ambiguous character concatenations, the scheme should 
possess sufficient rigour allowing it to reveal the fundamental characteristics of the 
classified problems. Second, the scheme should allow for the immediate identification 
of viable areas of research through the identification of interesting open problems, the 
identification of common project scheduling problem characteristics and the detection 
of the fact that certain problems are in fact subproblems of more generic ones. Third, 
the scheme should simplify the assessment of problem complexity through the use of 
reduction graphs which show the various interrelations among the different values of 
the particular classification parameters. Last, but not least, the scheme should 
facilitate the match of solution procedures to problem settings and as such facilitate 
the preparation of literature reviews and problem surveys. 

In order to combine flexibility and rigidity, the scheme was composed of three 
fields (X 1 [31 y, similar to what is done in the standard scheme for machine scheduling 
(Graham et al. (1979) and Blazewicz et al. (1983)). The user is given sufficient 
degrees of freedom in specifying the field parameters. The resource characteristics of 
a project scheduling problem are specified by a set (X containing a number of elements 
for describing the number, availability and type of resources used. The second field [3 
specifies the activity characteristics of a project scheduling problem: possibility of 
preemption, nature and structure of the precedence relations, ready times, duration, 
deadlines, nature of the resource requirements, type and number of execution modes, 
the financial implications of the project activities (cash flows) and the change-over or 
transportation times. The third field y is used to describe proper performance 
measures for single and multiple project problems. Herroelen et al. (1998abc) have 
demonstrated that the classification scheme allows for the unambiguous classification 
of the overwhelming variety of project scheduling problems studied in the literature. 

Recently, Brucker et al. (1999) made the claim that the classification scheme 
of Herroelen et al. (l998abc) would not be compatible with "what is commonly 
accepted in machine scheduling" and claimed that "there is still a gap between 
machine scheduling on the one hand and project scheduling on the other hand with 
respect to both a common notation and a classification scheme". As a result, they 
deemed it necessary to "close the gap" and to provide their own classification scheme 
which they claim to be compatible with machine scheduling and to be capable of 
classifying the "most important models dealt with so far". As shown by Herroelen et 
al. (1999), however, the Brucker et al. scheme suffers from a number of shortcomings 
which put a heavy burden on its potential use. 

In the next section, we discuss three minor modifications which turn the 
Herroelen et al. scheme into an integrated resource scheduling scheme. In Section 5 
we demonstrate through a number of examples how the scheme allows for the 
unambiguous classification of both project and machine scheduling problems. 

Bert De Reyck (Erasmus University Rotterdam, The Netherlands), Bajis Dodin (University of California at 
Riverside, USA), Salah Elmaghraby (North Carolina State University at Raleigh, USA), Willy Herroelen 
(K.U.Leuven, Belgium), Concepcion Maroto (Universidad Politecnica de Valencia, Spain), Jim Patterson (Indiana 
University, USA) and Jan Weglarz (Poznan University of Technology, Poland). 
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4. An integrated classification scheme for resource scheduling 

As already mentioned, the scheme of Herroelen et al. (1998abc) is composed 
of three fields ex 1 /31 y similar to what is done in machine scheduling (for ease of 
reference, the fundamentals of the original Herroelen et al. scheme for project 
scheduling is presented in the Appendix). 

4.1 The need for an integrated scheme 

The resAap extension added by Blazewicz et al. (1983) to the original 
classification scheme used in machine scheduling does not allow to capture the 
classification requirements of both machine scheduling problems with additional 
resources and project scheduling problems. Its forced use to do so may lead to rather 
strange outcomes. As an illustration, we cite the use of the notation 
-I prec,res ... 1 c,nax (Ecker 1998) to classify the no-machine scheduling problem, i.e. 
the resource-constrained project scheduling problem. In words: a "machine" 
scheduling problem with no machines (!), finish-start precedence relations with zero 
time lag, an arbitrary number of additional resource types, arbitrary resource limits 
and requests (Brucker et al. (1999) classify the same problem as psi prec 1 C"w.x; 
Herroelen et al. (1998abc) use m,11 cpm 1 c,nax)). 

The need to rely on classifications such as -lprec,res ... 1 Cmnx (Ecker (1998)) 
has been created by a fundamental trend in machine scheduling research. As 
mentioned already, recent machine scheduling research efforts, more than ever, no 
longer exclusively deal with "pure" machine scheduling problems, but indeed 
recognize that resources, other than machines (such as operators, tools, materials, 
etc.), may play a dominant role in scheduling. As such, they recognize the 
metaproblem nature of many project scheduling problems. Machine scheduling 
models can be seen as special cases of project scheduling models. 

The justified shift of the research focus from machine scheduling to resource 
scheduling justifies the use of an integrated scheme for classifying resource 
scheduling problems. Such a scheme should allow to classify in an unambiguous 
manner both machine scheduling and project scheduling problems and should exploit 
the fact that the former are mere subclasses of the latter. It should allow to distinguish 
between the structural resources which essentially define the single and multi-stage 
structure of the production process (single machine, parallel machine, flow shop, job 
shop, etc.) and those which do not. It should share the objectives which were adhered 
earlier to a project scheduling classification scheme (Herroelen et al. (1998abc)): (a) it 
should be flexible and workable in order to facilitate the presentation and discussion 
of both deterministic and stochastic project scheduling problems, (b) it should avoid 
the use of lengthy, confusing and often ambiguous character concatenations, (c) it 
should at the same time possess sufficient rigour, (d) it should allow for the 
immediate identification of viable areas of research through the identification of 
interesting open problems, the identification of common project scheduling problem 
characteristics and the detection of the fact that certain problems are in fact 
subproblems of more generic ones, (e) it should simplify the assessment of problem 
complexity through the use of reduction graphs which show the various interrelations 
among the different values of the particular classification parameters, and (f) the 
scheme should facilitate the match of solution procedures to problem settings and as 
such facilitate the preparation of literature reviews and problem surveys. 
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4.2 Modifications of the Herroelen et al. scheme 

The project scheduling scheme presented by Herroelen et al. (l998abc) is an 
excellent starting point to derive a scheme which possesses the desirable 
characteristics enumerated above. The parameter settings used in the three fields to 
supplement the commonly accepted machine scheduling settings allow for the 
peculiars of project scheduling, to wit: 
• the distinction between renewable, nonrenewable and partially (non)renewable 

resources and the exploitation of the latter as a generic resource type; 
• the need for the specification of constant and variable deterministic and stochastic 

resource availabilities; 
• the provision for activity preemption; 
• the distinction between precedence relations of the start-start, finish-start, start-

finish and finish-finish type with minimal and maximal time lags; 
• the possibility to classify probabilistic network structures; 
• the provision for activity ready times and both activity and project deadlines; 
• the possibility to distinguish between discrete and continuous, deterministic and 

stochastic activity durations; 
• the specification of continuous and discrete, deterministic and stochastic, constant 

and variable resource requirements; 
• the possibility of specifying discrete and continuous resource requirement 

functions; 
• the possibility to specify single and multiple activity execution modes; 
• the possibility to specify mode identity constraints; 
• the possibility of specifying the financial implications of the activities (cash flow 

patterns) including the specification of the proper payment scheduling structure; 
• the possibility of specifying proper single and multiple regular and nonregular 

objectives for single and multiple project settings. 
Only three minor modifications are required to turn the Herroelen et al. scheme 

into an integrated resource scheduling scheme. At first, provision must be made for 
the explicit specification of the structure of the production (machining) process in the 
lX-field describing the resource characteristics. This can be readily achieved by simply 
prefixing the two-parameter string used in machine scheduling (Brucker 1995). The 
first parameter specifies the precise single- or multi-stage nature of the production 
process; the second parameter denotes the number of machines (k denoting an 
arbitrary but fixed number, an arbitrary number being denoted by the empty sumbol). 
As such we can use PI to denote a single-machine problem (i.e. a parallel machine 
problem with only 1 machine). P2 denotes a parallel machine scheduling problem 
with 2 identical machines, while P denotes a parallel machine problem with an 
arbitrary number of machines. F2 stands for the two-machine flow shop; 13 for the 
three-machine job shop, etc. If there is no need to specify the structure of the 
machining process, the two-parameter string is omitted. The only other two required 
modifications are the allowance to state the additional resource availabilities in the 
lXrfield and the maximal resource requirements in the j36-field as explicit numbers. 

5. Classification examples 

The examples shown in Table I may be used to demonstrate the potential of 
the integrated classification scheme. 
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5.1 Pure machine scheduling problems 

Let us first focus on "pure" machine scheduling problems, i.e. scheduling 
problems which only involve machines and no additional resources. The one-to-one 
correspondence between the machine scheduling scheme and the Herroelen et al. 
scheme is readily established. The problem of minimizing the makespan on a single 
machine where the jobs are subject to precedence constraints and have individual 
ready times is traditionally classified as 1 1 prec,rj 1 c,na:<. The integrated scheme 
classifies it as PI 1 cpm,pj 1 Cmax. The parallel machine scheduling problem involving 
two identical parallel machines, an arbitrary number of precedence-related jobs with 
unit durations and individual ready times under the objective of minimizing the 
makespan is traditionally classified as P21 prec,lj,pj=1 1 C,nax. The integrated scheme 
classifies it as P21 cpm,pjA=11 C,nax. The two-machine flow shop problem which 
involves scheduling an arbitrary number of jobs which are simultaneously available, 
may be preempted, and are subject to tree-structured precedence relations under the 
objective of minimizing the mean flow time is traditionally classified as 

F21 pmtn, tree 1 F. The integrated scheme classifies the same problem in an identical 

manner, i.e; as F2l pmtn,tree 1 F. The minimization of the maximum lateness in a 
two-machine job shop with identical processing times and individual ready times is 
traditionally classified as 121 rj,pj= 1 1 L,nax. We would now classify it as 
121 pjA= 1 1 Lmax· 

Table 1. Correspondence between machine scheduling and resource scheduling 
classification 

Machine scheduling Resource scheduling 

1 1 prec,r 1 Clltax PI 1 cpm,Pi 1 Cmax 
P2Iprec,r,p=11 Cmax P21 cpm,Pi,d=1 I CIIUlX 

F2l pmtn,tree 1 F F21 pmtn,tree 1 F 
J21 r,p= 11 Lmax 121 pj,d= 11 Lmax 

P21 resl..,p=11 Cmax P2,1,lld=llcmax 
P21 res III ,chain,p= 1 1 Cmax P2,l,1,1 1 chain, d= 1,1 1 c',lax 

F2l pmtn,res2 .. ,p=11 F F2,2,1 1 pmtn,d= 1 1 F 
F21 res 111 ,chain,p= 1 1 C,rulX F2,1,1,l Ichain,d=I,1 1 Cmax 

121 reslll,p=11 Cmax 12,l,l,lld=l,ll Cmax 

5.2 Resource scheduling problems 

Let us now turn to resource scheduling problems, i.e. problems involving 
machines and additional resources. Problem P21 res 1..,Pj= 1 1 C,1UIX denotes the problem 
of minimizing the makespan on two parallel identical machines where the operations 
which have identical processing times require an arbitrary number of one additional 
resource type with arbitrary availability. The integrated scheme classifies this problem 
as P2,l, 1 1 dj= 1 Icmax. The P2 in the a-field refers to the two parallel identical 
machines while the two 1 s refer to the one additional renewable resource with 
arbitrary availability. Notice that, contrary to what is done in the machine scheduling 
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scheme, all the resource characteristics are now described in the a-field which now 
captures not only information about the parallel machining process itself, but also the 
information about the additional resource type. The settings in the {3- and y-field are 
self evident. 

The machine scheduling notation P21 res111,chain,pj=11 Cmax refers to the 
problem of minimizing the makespan on two parallel identical machines where the 
operations have identical processing times, are precedence related in a chain structure 
and require at most one unit of one additional resource with unit availability. The 
integrated scheme classifies the problem as P2,1, I, I I chain, dy 1, I I Cmax. The P2 in 
the a-field refers to the two parallel identical machines while the three Is now refer to 
the one additional renewable resource with unit availability. Again, the a-field 
captures all relevant information about the machines and the additional resource used 
in the production process. The first two settings in the {3-field are evident. The third 
setting refers to the activity requirements of at most one additional resource unit. 
Contrary to what is done in the machine scheduling scheme, the specification of 
resource availabilities (a characteristic of the production process) is now clearly 
separated from the specification of the resource requirements (a characteristic of the 
acti vi ties). 

Problem F2I pmtn,res2 .. ,pyll F refers to the minimization of the mean flow 
time in a two-machine flow shop where the unit duration operations may be 
preempted and need an arbitrary amount of two additional resources with arbitrary 
availability. The resource scheduling scheme classifies this problem as 

F2,2,1 Ipmtn,dj=l I F. The prefix F2 in the a-field refers to the two-machine flow 
shop, the 2 refers to the two additional resources, identified to be of the renewable 
resource type by the 1. The setting pmtn in the {3-field denotes the preempt-resume 
case while dj=l specifies the identical processing times. The y-field requires no 
further explanation. 

Problem F21 res111,chain,PFl I Cmax involves the minimization of the 
makespan in a two-machine flow shop in which the operations have identical 
processing times, are subject to precedence relations which are described by a chain 
structure, and require at most one additional unit of an additional resource which is 
available in one unit. The integrated scheme classifies this problem as 
F2,1, 1,1 I chain.d}= 1, 1 I Cmax. The settings in the a-field should be clear. F2 denotes 
the two-machine flow shop; the three Is refer to the unit availability of an additional 
renewable resource. The first two settings in the {3-field are evident; the third setting 
refers to the additional resource requirement of at most one unit. 

The machine scheduling classification J2lreslll,PFllcmax refers to the 
minimization of the makespan in a two-machine job shop where the operations have 
identical processing times and require at most one unit of an additional resource 
which has unit availability. The resource scheduling classification is now specified as 
12,1,1,1 I dy 1,1 I c,nax. The 12 setting in the a-field refers to the two-machine job 
shop structure, while the three Is refer to the additional renewal resource with unit 
availability. The second setting in the {3-field again refers to the maximal resource unit 
resource requirement. 
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6. Conclusions 

Recent machine scheduling research efforts no longer exclusively deal with 
"pure" machine scheduling problems but recognize that resources, other than 
machines may play a dominant role in scheduling. As such, they recognize the 
metaproblem nature of many project scheduling problems. This justified shift of the 
research focus from machine scheduling to resource scheduling justifies the use of an 
integrated scheme for classifying resource scheduling problems. It has been shown in 
this paper how three simple modifications to the project scheduling classification 
scheme of Herroelen et al. (1998abc) turn it into such an integrated scheme. The result 
is a workable scheme which combines flexibility with sufficient rigour and which 
allows for the unique classification of both machine and project scheduling problems. 

We hope that the presented integrated classification scheme is a first step 
towards the unification of research in both the machine scheduling and project 
scheduling area. Pulling down the separating wall between both areas may lead to 
substantial research synergies which brings the scheduling function closer to its goal: 
the allocation of scarce resources to activities. 
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Appendix 

The project scheduling classification scheme of Herroelen et al. (1998abc) 

Field a : resource characteristics 

The resource characteristics of a project scheduling problem are specified by a set a 
containing at most three elements aI, a2 and a}. Let ° denote the empty symbol which 
will be omitted when presenting specific problem types. Parameter a] E {O, 1, m} 

denotes the number of resource types: 
a] = 0: no resource types are considered in the scheduling problem, 
a] = 1: one resource type is considered, 
a, = m: the number of resource types is equal to m. 

Parameter a2 E {O, 1, T, 1 T, v} denotes the specific resource types used: 
a2 = 0: absence of any resource type specification, 
a2 = 1: renewable resources, the availability of which is specified for the unit 

duration period (e.g. hour, shift, day, week, month, ... ), 
a2 = T: non-renewable resources, the availability of which is specified for the entire 

project horizon T, 
a2 = 1 T: both renewable and non-renewable resources (including also doubly

constrained resources, the availability of which is specified on both a 
unit duration period and a total project horizon basis), 

a2 = v: partially (non-)renewable resources the availability of which is renewed in 
specific time periods. 

Parameter a} E {O, va, a, va} describes the resource availability characteristics of 
the project scheduling problem: 

a} = 0: (partially) renewable resources are available in constant amounts, 
a} = va: (partially) renewable resources are available in variable amounts, 
a} = a : a stochastic resource availability which remains constant over time, 
a} = va: a stochastic resource availability which varies over time. 
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Field /3 : activity characteristics 

The second field /3 specifies the actlVlty characteristics of a project scheduling 
problem. It contains at most nine elements /31, /32, /33, /34, /35, /36, /37. /38 and /39. 
Parameter /31 E {O, pmtn, pmtn-rep} indicates the possibility of activity preemption: 

/31 = 0: no preemption is allowed, 
/31 = pmtn: preemptions of the preempt-resume type are allowed, 
/31 = pmtn-rep: preemptions of the preempt-repeat type are allowed. 

The second parameter /32 E {O, cpm, min, gpr, prob) reflects the precedence 
constraints: 

/32 = 0: no precedence constraints (the activities are unordered), 
/32 = cpm: strict finish-start precedence constraints with zero time lag, as used in the 

basic PERT/CPM model, 
/32 = min: precedence diagramming constraints of the type start-start, finish-start, 

start-finish and finish-finish with minimal time lags, 
/32 = gpr: generalized precedence relations of the type start-start, finish-start, start

finish and finish-finish with both minimal and maximal time lags, 
/32 = prob: the activity network is of the probabilistic type where the evolution of 

the corresponding project is not uniquely determined in advance. 
This category encompasses generalized activity networks such as GERT. The 
/3z-parameter can be set to gert to specify a GERT network, to deor to specify 
GERT networks with exclusive-or node entrance and deterministic node exit, to 
steor to specify GERT networks with exclusive-or node entrance and stochastic 
node exit, etc .. 

The third parameter /33 E {O, pj} describes ready times: 
/33 = 0: all ready times are zero, 
/33 = Pj : ready times differ per activity. 

Parameter /34 E {O, cont, dFd, dj } describes the duration of the project activities: 

/34 = 0: activities have arbitrary integer durations, 
/34 = cont: activities have arbitrary continuous durations, 
/34 =(dj=d): all activities have a duration equal to d units, 
/34 = dj : the activity durations are stochastic. 

Parameter /35 E {O, 0, 8n } describes deadlines: 

/35 = 0: no deadlines are assumed in the system, 
/35 = 0: deadlines are imposed on activities, 
/35 = 8n: a project deadline is imposed. 

Parameter /36 E {O, vr, i' , vi' , disc, cont, int} denotes the nature of the resource 
requirements of the project activities: 

/36 = 0: constant discrete resource requirements, 
/36 = vr: variable discrete resource requirements, 
/36 = i' : stochastic constant discrete resource requirement, 
/36 = vi' : stochastic discrete variable resource requirement. 

If the activity durations have to be determined by the solution procedure on the basis 
of a resource requirement function, the following settings are used: 

/36 = disc: the requirements are a discrete function of the activity duration, 
/36 = cont: the requirements are a continuous function of the activity duration, 
/36 = int: the requirements are expressed as an intensity or rate function. 



We leave it up to the user to be more specific in the specification of the resource 
requirement function. 

The type and number of possible execution modes for the project activities is 
described by parameter /37 E {O, mu, id}: 

/37 = 0: activities must be performed in a single execution mode, 
/37 = mu: activities have multiple prespecified execution modes, 
/37 = id: activities are subject to mode identity constraints. 
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Parameter /38 E {O, Cj, Cj' c j, per, sched} is used to describe the financial 

implications of the project activities: 
/38 = 0: no cash flows are specified in the project scheduling problem, 
/38 = c/ activities have an associated arbitrary cash flow, 
/38 = Cj: cash flows are stochastic, 

/38 = cj: activities have an associated positive cash flow, 

/38 = per: periodic cash flows are specified for the project, 
/38 = sched: both the amount and the timing of the cash flows have to be 

determined. 
Parameter /39 E {O, sjd is used to denote change-over times: 

/39 = 0: no change-over (transportation) times, 
/39 = Sjk : sequence-dependent change-over times. 

Field y: performance measures 

The third field y is reserved to denote optimality criteria (performance measures): 
y= reg: the performance measure is any early completion (regular) measure, 
y= nonreg: the performance measure is any free completion (nonregular) measure. 

The user is provided with sufficient degrees of freedom to introduce suitable measures 
through a proper setting of the parameter value or through the specification of the 
mathematical expression of the objective function(s). The following are some 
examples: 

y= c,nax: minimize the project makespan, 

y= F: minimize the average flow time over all subprojects or activities, 
y= LnulX : minimize the project lateness, 
y= TnulX: minimize the project tardiness, 
Y= early/tardy: minimize the weighted earliness-tardiness of the project, 
y= nT: minimize the number of tardy activities, 
y = L.sq.dev.: minimize the sum of the squared deviations of the resource 

requirements from the average, 
Y= av: minimize the resource availabilities in order to meet the project deadline, 
y= rac: minimize the resource availability costs, 
Y= curve: determine the complete time/cost trade-off curve, 
y= npv: maximize the net present value of the project, 
Y= E[.]: optimize the expected value of a performance measure, 
Y= cdf: determine the cumulative density function of the project realization date, 
Y= ci: determine the criticality index of an activity or of a path, 
Y = mci: determine the most critical path(s) or activities based on the criticality 

index, 



Y= multi: different objectives are weighted or combined, 
Y= multicrit: multicriteria functions. 
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For multi-projects it is suggested to combine the different networks into a single 
network. For hybrid multi-project programs, the authors suggest to use the parameter 
setting corresponding to the most general case. 




