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ABSTRACT 

Project is a one-time activity and hence the rectification of the flaws in a project 

such as time and cost overruns is not possible since the experience of the same project is 

not available at hand. The best approach for controlling the time and cost overruns is to 

make perfect planning of the entire project. Accurate planning and effective scheduling 

are critical to the performance of any organization. Even the smallest project with limited 

resources has a huge number of combinations of resources and courses of action. The 

importance of a carefblly considered plan and robust schedule cannot be overstated. In 

the last four decades, many scheduling techniques have come up, with varying fields of 

application. The evolution of the network planning methods and the simulation 

techniques has revolutionized the project planning methods. All the existing methods of 

project planning and scheduling stress up on individual activities in the project and have 

come out with methods for monitoring these individual activities. The application of 

these techniques include areas like space research, logistics, electronic circuit design, 

engineering construction, production shop, queuing, computer networking etc., since 

proper planning and scheduling is necessary in all these fields. 

The existing methods of project scheduling include bar (Gantt) charts , critical 

path method (CPM), decision critical path method (DCPM), program evaluation and 

review technique (PERT), Monte Carlo simulation (MCS) technique, line-of-balance 

(LOB) method, Petri net (PNET), graphical evaluation and review technique (GERT) and 

venture evaluation and review technique (VERT). The theoretical background of all these 



methods is analyzed in detail in this thesis. The advantages and disadvantages of these 

methods are compared with specific examples under different situations. In addition to 

the above common methods, the possibility of application of the methods used in other 

fields like fizzy set theory, fizzy expert system, artificial neural network (ANN) and 

genetic algorithm (GA) applications in project scheduling is explored in this thesis. 

Though the theoretical formulations and applications suggested in these methods are not 

that comprehensive, it will help in hrther research in the field. 

Computer software applications in project scheduling are as old as the computer 

itself Two most popular packages available at present are the Primavera and Microsoft 

j~rojec!. These two packages have been studied thoroughly and their applications with a 

critical analysis and comparison are presented in this thesis. The uses of these packages 

are also demonstrated with examples. 

A new method by name time step char! is introduced here. This charting 

technique has the advantage that all possible information about activities are available 

from the chart itself and correlation of activities are shown without complicated . 

networks. Probabilistic and deterministic activities are easily identified in the chart and 
8 

highly compact nature of chart makes handling easier. This chart incorporates all the 

advantages of Gantt, CPM/PERT and GERT charts. The PERT mathematics can very 

well be applied to this chart also and critical activities are immediately identified from the 

chart itself 
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techniques and the introduction of new techniques”  Thesis. Department of 
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CHAPTER 1 

INTRODUCTION 



1.1 PURPOSE OF THE THESIS 

This thesis presents a comprehensive study of the project scheduling techniques, 

brought out all ovet the world, in the past half a century, since the emergence of such 

techniques and also introduces a new technique. The purposes of the thesis are listed 

below. 

To bring out all available project scheduling techniques with its theoretical 

background, application etc. 

To critically review all available project scheduling techniques, pointing out its 

advantages, disadvantages and suggesting modifications, if any. 

To critically analyze two computer software available for project scheduling 

techniques with an insight into their scope and limitation. 

To demonstrate the project scheduling techniques, by applying them in typical 

situations with examples. 

To suggest new areas of application of existing techniques in project scheduling. 

To present a new project scheduling technique, and bring out its application. 

To present a condensed information on project scheduling techniques. 

To utilize these ideas for application in construction management. 



1.2 STATE OF THE ART 

Practically each project is complex to some extent. In a large, complex project, 

there are hundreds or even thousands of operations and activities. Engineers use several 

techniques, with varying degrees of complexity, to handle project scheduling. 

The object of scheduling process ensures that 

1. A programmed rate of completion is met. 

2. A constant rate of work is maintained. 

3. Labour and plant move through the project in a continuous manner such that a 

balance labour force is maintained and kept klly employed. 

4. The cost benefits of working are achieved. 

5. There is total control over the execution of the project. 

Bar charts or Gantt charts and mile stone charts were some of the early tools for 

project scheduling. While bar charts were improved into sophisticated networks, 

operation research techniques such as linear programming, simulation, time and motion 

studies, work-study methods, value engineering, statistical quality control, and inventory 

control were increasingly used. Essentially, the initial fbnction of operation research was 

the analysis of existing operations to find more efficient performance methods. In 1956, 

the critical path method (CPM) was first formulated to schedule projects. In 1957, a 

technique called the program evaluation and review technique (PERT) was developed 

to integrate and coordinate contractors working on a single project. This method uses 

probability theory, and it is considered a stochastic critical path method. PERT enables 
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managements to plan and control projects by knowing the probabilities of occurrence of 

events. Then, a method called graphical evaluation and review technique was developed. 

GERT is the simplest way of showing the dovetailed operations in a construction project, 

and is useful when performance of all operations is not necessary for the completion of a 

project. Now-a-days, the use of these methods is increasing due to the ease of 

implementing them on computers 

A historical evaluation of construction project scheduling and control in the past 

25 years suggests that after the enthusiastic boom of the early 1960's, the use of network 

technique by construction companies has reached at steady level, &er a slight decline in 

the early 1970's. There is evidence that contractors do not use networks in highly 

repetitive jobs because of their belief that high repetition would reduce the chances of 

successfL1 scheduling and control by networks. The same concern is noticed in the 

literature and is an indication that linear scheduling methods were not, after all, replaced 

by network techniques but only continued to be seldom used, as was the case before the 

advent of networks. 

All these methods can be broadly divided into two groups: deterministic and 

probabilistic. When the information needed for a particular method is assumed to be 

known during the analysis, it can be considered deterministic. Bar chart and CPM may be 

classified as deterministic methods. In reality, however, most of the information used in 

these methods is non-deterministic in nature. In other words, a particular value of a 

parameter, such as the duration of an activity, is not known with certainty. The 



incorporation of uncertainty in the parameter in the project scheduling techniques leads to 

probabilistic methods. In these methods, each parameter is generally expressed in terms 

of mean, standard deviation, coefficient of variation (COV), and appropriate probability 

distribution. The mean value indicates the expected or average value of a parameter, e.g., 

duration. The standard deviation indicates the dispersion or scatter of the data from the 

mean value. The COV is a non-dimensional quantity, which is ratio of mean and standard 

deviation, and is a measure of uncertainty in the parameter. PERT and GERT can be 

classified as probabilistic methods. 

Basically, whether the method is deterministic or probabilistic, all the 

parameters need to be estimated. However, some parameters may not be estimated 

properly, since some of the factors that affect these parameters cannot be quantified. 

Instead, they are qualified. Good or bad weather can be considered as a factor that 

influences the duration of an activity. However, future weather conditions can be at best 

described as good or bad, and there is no standard acceptable numerical value attached to 

this qualitative statement. Consequently, these factors were not properly incorporated in 

the past in the estimation of the parameter. For example, PERT require a subjective data 

interpretation and estimation of the duration of an activity in the form of most probable, 

pessimistic, and optimistic values. This subjective estimation procedure does not properly 

consider the different factors which affect the duration and may result in an inaccurate 

estimate, and, consequently, in project delays and losses. 



Projects are divided into activities. The relationship and sequence of these 

activities are presented in the form of a network. Each activity requires a certain amount 

of resource, which may include time, labour, material, or money. The objective of a 

project manager is to find the combination of resources which will minimize the total cost 

of not only one activity but of all the activities involved in the project, and to finish the 

project on the time. In order to estimate the completion time of a project, the time 

required to finish each activity (duration of activity) need to be estimated. The noniinal 

duration, or the mean value and the standard deviation of the duration or the probability 

distribution and its parameters of the duration of each activity need to be estimated, 

depending on which scheduling method is being used, i.e., CPM, PERT, GERT, VERT or 

simulation techniques. Obtaining reasonable activity duration estimates is important 

because all subsequent calculations and decisions are based on these estimates. There are 

many factors, which affect the duration of an activity, e.g., weather, labour skill (which 

change with time because of the learning effect), superintendent experience, types of 

equipments used, and level of operator's experience. The effect of these factors on the 

durations of an activity depends on the activity being considered. For example, the 

pouring of concrete in an open area is highly sensitive to weather conditions compared to 

other factors. The construction engineer or superintendent estimates the duration of the 

activities using experience and judgment. The level of experience and judgment will 

affect the final outcome and result in uncertainties in the durations; these uncertainties 

need to be modeled mathematically. 



The major problem lies with the factors that are expressed in linguistic, rather 

than mathematical terms. Good or bad weather, long or short experience, etc., fall into 

this category. Even sensitivity of the activity's duration to any of these factors is 

measured in linguistic terms, e.g., highly sensitive, strong influence, etc. Not only are 

hture weather conditions uncertain at the present time, the definition of good or bad 

weather complicates the problem. Uncertainties in future weather conditions can be 

modeled mathematically; however, additional sources of uncertainty due to the 

qualitative assessment of good or bad weather need to be considered. The linguistic 

variables can be translated into mathematical measures by hzzy sets and system theory. 

Conventional procedure like PERT can be used, if updated probabilistic input is used to 

obtain the required information. 



BAR CHARTS

P.R Sreemahadevan Pillai “A comprehensive study of project scheduling 
techniques and the introduction of new techniques”  Thesis. Department of 
Civil Engineering, Regional Engineering College Calicut , University of 
Calicut, 2002 



CHAPTER 2 

BAR CHARTS 



2.1 Introduction to Gantt (bar) charts 

Bar chart or Gantt chart developed by Henry Gantt is the most commonly used 

technique of scheduling for small and medium sized projects. Figs 15.1, 15.8 and 15.9 

show typical Gantt charts. 

2.2 Critical review of the Gantt chart 

2.2.1 Advantages of the Gantt chart 

(i) It gives the pictorial representation of the status of a project at any point of 

time. 

(ii) The overall performance of the activities can be judged from the bar charts 

quickly without going through the status reports. 

2.2.2 Disadvantages of the Gantt chart 

(i) The interaction and nature of dependence of one activity on another is not 

reflected in the Gantt chart. 

(ii) It is not possible to identifL the problem areas, when a project runs behind 

schedule. 

(iii) Gantt charts are very lengthy for a big project and modification becomes 

tedious. 
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CHAPTER 3 

CRITICAL PATH METHOD (CPM) 



3.1 Introduction to critical path method 

Developed in 1956 to aid the planning and development of large projects, CPM is 

now widely used in industry and service. CPM uses two types of network diagrams, viz., 

activity-on-node (AON) and activity-on-arrow (AOA). The meanings of these two 

networks are explained by a simple house construction project (Jerome D. Weist and 

Ferdinand K. Levy, 1985) as given in Table 3.1. 

Table 3.1 House Construction Project 

Job name Description Immediate Time (days) 
Predecessors 

Excavate, pour footers 
Pour concrete foundations 
Erect frame and roof 
Lay brickwork 
Install drains 
Pour basement floor 
Install rough plumbing 
Install rough wiring 
Install air conditioning 
Fasten plaster and plaster board 
Lay finished flooring 
Install kitchen equipment 
Install finished plumbing 
Finish carpentry 
Finish roofing and flashing 
Fasten gutters and downspouts . *l 

Sand and varnish floors 
Paint 
Finish electrical work 
Finish gradins 
Pour walks, and landscape 



Fig 3.1 AON diagram for house constrrtction project in Table 3.1 



Fig 3.2 AOA diagram for Itouse constructio~l project in Table 3.1 

(Note: D,, D2 & D) are dummy activities having no duration, used for connectivity) 



3.2 Assumptions of the CPM model 

1. A project can be divided into a set of predictable, independent activities. 

2. The precedence relationships of project activities can be completely represented 

by a non-cyclical network graph in which each activity connects directly into its 

immediate successors. 

3. Activity times are independent of each other. 

4. The duration of an activity is linearly (and inversely) related to the cost of 

resources applied to the activity. 

3.3 Perceived disadvantages of CPM scheduling 

As seen from the preceding analysis, activities are constructed of tasks with 

continuity using known or devised construction processes. The final network is a plan, 

which can be as good as the amount of effort, which has gone into its formulation. There 

is nothing inherently wrong in eitht; CPM concept or the subsequent schedules resulted 

from its analysis, the fault lies in the way it is applied in practice. 

A number of publications in recent years (Ali Jaafari, 1984; Arnir Tavakoli and 

Roger Riachi, 1990; Hoffmann. T.R and G.D. Scudder, 1983; Hughes. M.W.,1986; Kidd. 

J, 1989; Timothy Ch. U. Kalu, 1990) have advocated that different scheduling techniques 



be developed to replace CPM. Argument put towards vary and following are the 

interpretations of some of these arguments: 

1. CPM has not been developed to satisfy the planning needs in cor~struction projects. 

2.  The basic assumptions of project activities having fixed time and discrete nature are 

unrealistic, especially when repetitive units or linear projects are to be constructed. 

3. Construction planning essentially involves giving equal attention to all, and perhaps 

making most activities or processes critical (cost wise), and not just determining an 

incidental path related to the activity duration 

4. Resource allocation, smoothing or leveling procedures are incapable of ensuring 

full continuity for a production crew or process which is the backbone of 

operational planning in construction processes, especially in repetitive cases. 

5 .  CPM scheduling is expensive to run. Status reports take time to reach managers and 

decision makers, and, by the time they receive the information contained in them, 

tend to be out of date. 

6.  Practical integration of CPM based progress and cost control has been extremely 

difficult, expensive, and non-productive. 

3.4 Factors affecting successful CPM scheduling 

The two main factors are as follows: 

Factor I :  Realistic estimation of the productivity of crews and adoption of a 

representative value for job-management efficiency factor (caution for value off >0.5). 



I~ucfor 2: Inclusion of sufiicicnt time buffers bctwccn dissimilar trades; this, in 

fact, is to simulate actual field conditions, which indicate delay in start up of new 

operations. 

Factor I indicates that the expected average productivity (or output per hour) of a 

given crew is equal to f X q in which y is the ideal productivity. Practical observations 

tend to show that, contrary to common assumptions and theoretical considerations (e.g., 

learning curve), the actual productivity in construction varies considerably at random; 

this is so even when the work is typically repetitive. Productivity shows a gradual build 

up at the start (often associated with unavailability of specific tools or materials at the 

time required, or lack of foreman instruction, or absence of key craftsmen). Steady 

progress in productivity continues unless interrupted externally, then followed by 

unexplained drag at the end, or often unfinished 10 - 15 % for a variety of reasons such 

as urgent start elsewhere, technical problems, or breakdown in tools. 

Despite these variations, one conspicuous result is of interest, i.e., over a 

sufficiently long duration - and provided no major external disturbance is observed - the 

average actual productivity tends to be close to the expected value, f X q. 

Provision of time buffers between principal processes hrther ensures a realistic 

plan. These are practical hints for those who are committed to sound planning and 

scheduling; as every practitioner knows well, decision which are made by planners and 



managers in specific projects affect the schedule. There is no law to predict such patterns 

of decision. Even in an obvious case as the excavation of the pit for the basement in the 

building project, which is normally carried out at the onset of the project, there are 

exceptions. 

A point may be concluded from this review, i.e., the planners induce their own 

critical path through the set of decisions they make at the time of planning, thus the 

critical path is neither irrelevant nor incidental (e.g., they decide to build the structure 

before the pipe work). Some time technological constraints must be followed, e.g., 

columns must be built before floors, but more often preferences are reflected in 

interfacing of activities, some for pure convenience, other for economical reasons. Some 

times dissimilar trades may prefer to move in opposite directions. The movement of 

crews is not necessarily sequential through adjoining sections. 

These facts show that there is sense in designating a stream of operations by the 

same crew within a section or block of construction as a discrete activity interfaced with 

relevant activities in the preferred sequence. 

3.5 Can linear projects be scheduled using CPM 

Some authors (Adel M. Salern and Salah E. Elmaghraby, 1984; Edmund N. 

Chrzanowski Jr. and David W. Johnston, 1986; Hand V.K. and Barcia R.M., 1986; 

Poiaga. L, 1989; Punmia. B.C. and K.K. Kandelwal, 1988; Ragsdale. C, 1989) argue that, 



in the case of linear project (highway and pipelines), it is advantageous to use linear 

scheduling method. Even in these situations, CPM scheduling is not only relevant, but 

also most constructive. This is because these constructions are seldom as uniform in 

cross-section or material composition as they first appear to be. Moreover, there are 

bridges, etc., which, in addition to the usual ground undulations, interrupt the continuity 

of work. These facts mean different work content per unit length, so the linear 

synchronized scheduling is of little practical interest. Is it not more sensible, for the 

purpose of planning their constructions, to divide linear structures into discrete sections at 

these convenient points? Any continuity of work of a crew can be maintained by simply 

linking the end of the work in one section to the start of the crew's work in the next 

(which, depending on the decision made at the time of planning, may or may not be the 

adjoining section). 

As the cross section and material composition in each discrete section tend to 

vary, the speed and duration for each crew can be estimated more realistically in 

considering all the relevant facts in that section and using Faclor I. Implied in this 

procedure is the fact that, even though projects are considered as discrete sections, 

activities are not solely related to individual sections but are designed for continuity of 

the work of a crew passing through sections in what ever sequence one may prefer. What 

is important is that an unrealistic assumption of 'synchronized' processes being planned 

in successive sequences is precluded. 



3.6 Is CPM scheduling capable of fulfilling all required functions? 

The answer is, of course, a qualified yes as seen from the following: 

3.6.1 Offsetting uncertainty and change 

Productivity of each crew fluctuates considerably even in a repetitive operation. 

However, if activities are planned in broad terms, the CPM schedule will be less sensitive 

to variations in daily performance. Major disturbance can be measured easily by this tool 

and the effects expressed in units of time and cost. 

Flexibility in the CPM schedule can be hrther secured by not rescheduling non- 

critical activities to level resource histograms. The total number of activities must, 

however, remain manageable (56-500) and the inter linkage kept to an absolute 

minimum. 

3.6.2 Focusing attention on objectives 

In the present inflationary economic environment, time is often the essence; the 

economic viability of a project is crucially dependcllt on shoi-tenins the engineet-ing phase 

even at the expense of increasing construction cost by a modest percentage. 

As a major emphasis in CPM scheduling is on criticality of the project duration, 

it will naturally concentrate attention on to criticality of principal operations; thus, it 



meets the promoter's objectives. The emphasis on time will also benefit the contractor in 

the following ways: 

1. Work for motivation: If the urgency of the project and the importance of its 

success are communicated to the workforce and site personnel, they tend to improve 

their motivation (sense of mission). 

2. More thorough study of the work by the site management team at the time of 

planning prior to scheduling and, thus, more awareness of the critical items and 

external dependencies in the project. This helps the site managers to 'know' the 

project in detail before the work is actually done. 

3. The emphasis on meeting milestones in the course of a project increases the 

pressure for orderly functioning and sound logistics. These will have economic 

benefit to the contractor. 

4. Financial incentive: this applies to the case of contracts based on target 

completion dates with bonus for early completion and liquidated damages for late 

completion date. This practice is becoming popular 

3.6.3 Gaining economical operation: 

As far as the actual planning is concerned, enough emphasis must be placed on 

continuity of work of the crews when considering the processes and the sequence of 

activities. Site productivity must be monitored subsequently using work-sampling 



techniques to ensure that planned processes are effective, and that no bottlenecks 

interfere with the performance of crews and their associated equipment. 

If a particular process planned beforehand was found to be expensive or 

incapable of meeting the scheduled date, improvement may be sought. For short activities 

of an odd nature, this is unnecessary and impracticable. For activities greater than 4-6 

weeks in duration a simple activity sampling exercise, which is an inexpensive way of 

getting an estimate of the actual value of job-management efficiency factorf, in the field, 

is a good way of monitoring productivity (It does not reflect effectiveness of the work by 

personnel and equipment). 

3.6.4 Facilitating control 

As every project manager in the construction industry well knows, control of the total 

construction process not only involves the control of the actual performance of the crews 

on site, but also items such as provision for material, owner-furnished equipment or 

materials, shop drawings, sample approval and a host of other interrelated activities. As 

has also been confirmed by many authors, there is no alternative method for control of 

the total process but a logical network. 

Perhaps development of more user friendly or interactive system that can be 

operated on a single work - station computer on the site can assist in speedier control of 

the project. . 



3.6.5 Allocating contractual responsibilities 

As the network is an interrelated time - event model of the project, it is the best 

means of allocating, communicating, and controlling contractual responsibilities within 

the engineering phase of the project. 

Obviously, the eventual network must incorporate contractors' preferred sub 

networks because, irrespective of the type of work and locality, different contractors plan 

their operations in different ways. 

3.6.6. Coordinating contributions from various groups during engineering phase 

Many of the projects undertaken today are complex and require input from a 

variety of disciplines. The only formal method of coordinating such an extensive array of 

works and services is through an interrelated network of activities. 

3.6.7 Resolving delay and change order disputes on a predefined, quantifiable, and 

equitable basis 

The very concept of critica! 2ath can be used to resolve claims related to delays. 

Non - critical activities may be exempt from time extension claims up to the time they 

become critical (subject to prior agreement). Any additional cost the contractors incurs, 

as a result of a change order or owner's interference must, however, be compensated. 



Events beyond the control of the owner and contractor qualify for contract time extension 

but with out monetary compensation to either party. 

In all these cases the CPM schedule can be used to resolve both delay and 

change order dispute provided the schedule represents a reasonable and feasible plan, and 

it has been instituted as the control tool throughout the project. No other viable 

alternative is available to owners and contractors for estimation of the delay and change 

order or any other disturbance. (Note that the network allows quantification of time - 

related costs and estimation of claims on a present value basis.) 

It is seen that, despite much criticism, there is nothing inherently wrong with the 

concept of CPM scheduling. Failure to see the project in its entirety, and to plan the 

activities in terms of continued processes, may result in total failure, which may be 

blamed on the scheduling technique. Conditional to the success of CPM scheduling are 

two factors: realistic estimation of productivity of crews in the context of expected job 

management efficiency conditions, and inclusion of sufficient time buffers between 

dissimilar trades or crews. Linear and the other projects are best scheduled using CPM: 

the network may be assumed to comprise a set of activities each of which may comprise a 

chain of repetitive operations performed by a composite crew of known productivity. The 

continuity of work of crews may be secured by interfacing the relevant activities in the 

preferred sequence. Although all crew must be planned to complete their work within 

known dates, it is unrealistic to schedule this in uniform speed since the size and 

composition of a crew relate, primarily, to the process for which it is designed. Site 



control of productivity and conformity with plans is best carried out using work - study 

techniques; for activities of short duration and of an odd nature it is impracticable to do 

so. For major operations over periods greater than 4 weeks, work - study and sampling 

technique may be employed to ensure full productivity of the process selected beforehand 

and removal of all possible bottlenecks. In extremely inefficient processes, a change of 

process may be necessary to meet the target date or lower the costs. For CPM planning 

and scheduling to fulfil1 the functions required in planning and controlling of the 

engineering phase of construction projects, one must pay attention to the organization, 

people, and their attitude. Involvement of people and inadequate knowledge of the hture 

means that planning must be a dynamic process - ready for evaluation of the effects of 

disturbance (and there is a high probability that after initial briefing and definition, the 

redefinition of the project's hnctions and its component parts will continue down to the 

last possible moment). CPM scheduling, if kept in manageable size and operation on 

interactive software using a single work - station computer (and not data bureau), can 

respond well to this need. Resource leveling at the initial stage of planning is usehl, as in 

any other simulation or experimentation. However, if relevant operations are interlinked 

properly, there is very little to gain from such experiments except, perhaps, rescheduling 

of non - critical activities. These activities must be left with float to allow managers to 

utilize them for keeping the usual 'floating' or temporarily unoccupied resources 

engaged. This is an insurance against inelastic state of supply of resources in construction 

projects. 
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CHAPTER 4 

DECISION CPM 



4.1 lntroduction 

Critical path analysis is commonly considered to be a technique for planning and 

scheduling of projects. The planning phase is usually identified with the construction of 

the method of performing jobs as well as their technical ordering. At the same time 

standard times are assigned to these jobs. At the completion of the planning stage it is 

possible, using the conventional CPM calculations, to schedule the starting time of each 

job in the project. Unless several different planes are evaluated in this way, or unless the 

technique of job crashing is used, there is no interaction between the planning and the 

scheduling phase of the usual CPM analysis. 

Thus if there are a number of competing methods of performing some of the 

jobs, each method having a diffe~ciit cost, a different time duration, and different 

technological dependencies, we shall include all these in the project graph rather than 

making the decisions in advance. Then in the scheduling phase we shall consider the 

effect of all alternate methods of performing a task on the total cost of completing the 

project, and choose those alternatives that minimize the cost. We may apply the same 

method to the control of projects being carried out. Thus decisions previously considered 

to be optimal, may be changed after partial completion of the project because of the delay 

in completion of certain jobs. The complete problem is called Decision CPM (DCPM), 

and it can be set up as a formal mathematical probletn to solve using various techniques. 

A project graph is defined as that containing information of all jobs to be 

completed in the projects, alternative methods of performing some of the jobs, and 



precedence relations between the jobs. Integer programming and heuristic techniques can 

be used for solving such graph for the set of jobs that are to be performed and the 

criticality of these jobs. The technique can be applied to dynamic monitoring and control 

of projects during their execution. 

4.2 The mathematical basis of decision CPM 

... Let J = {S,, S2, S3, ....) be a set of job sets that must be done to complete a 

project. Some job sets are unit sets S; = pill and other job sets have several members, 

....... S, = (S,,, SI2, Sj3, ). In order to complete the project, some of the jobs from each job 

set must be completed. Associate with each job set 

sl = { slI, ........ Slk f i ) }  (4.1) 

k (0 variables 

dl . . . . . . . m * .  4 k(,) (4.2) 

having property that 

dij - - 1 if job S;li is to be performed, 

0 otherwise (4.3) 

If exactly one of the jobs in &Si must be performed (this may or may not be the case) then 

Si is said to require the mutually exclusive interdependence condition. Clearly the 

mutually exclusive interdependence condition is expressed by 



Many possibilities also exist. 

If all job sets are unit sets, then the project reduces to the ordinary project of the 

usual CPM variety. If one or more of the job sets have more than one member, then for 

each such set a decision must be made as to which job of the set is to be done. Once such 

a decision is made for each job set, the result is an ordinary CPM project. 

It should be noted that the decisions might be complicated by many other kinds 

of conditions than (4), which may be of the mutually exclusive or contingent kind. For 

instance, the following equations give examples of such interdependencies among 

decisions. 

(a) d,j. + dnttz I - I ,  

(b) dij S dnm, 

(C) dij Sdnm 

(d) dij S d/l/i t- dntt, - d/I/dnl,; 

Finally the design problem may not always be the simple choice of one job from each set. 

For instance, 



Note that (e)  says that we must choose exactly two alternatives; V) says we may 

choose atrnost 5 alternatives; and (g) says that at the two decision nodes i and I we must 

choose exactly 3 alternatives. 

The above discussion illustrates some of the possible richness of problem 

formulation that is possible within the Decision CPM framework. 

In addition to the relations described above there will be precedence relations 

between the jobs of a decision project. Let '<<' denote a relation between pairs ofjobs in 

J such that S, << S,, is defined for some pair of jobs S,, S,,, and is read S, is an 

immediate predecessor of S,,. The interpretation of this statement is that all immediate 

predecessors of a job must be completed before that job can be started. A decision project 

is the set .l together with the specified interdependencies and relation << defined on J. 

The decision project graph of a project, G, is a graph with nodes representing jobs 

and directed line segment, connecting two nodes S,,, S,,ln . if and only if S,,<<S,, holds. A 

path in G is a set of nodes connected by immediate predecessor relations. A cycle in G is 

a closed path of the form 



S..=- v a I < <az<< ... <<a = a l - S .  I f  'J . 

A project graph is acyclic if and only if it has no cycles. 

S,<LS',,l, implies that S,, precedes S,,,, if and only if there is a set of jobs {al, a t ,  ... .. a,,), 

n>2 such that Sii = al<Q2<< ... <<a,, = a1 = S,,, ; 

In other words, S, precedes S,,,, if and only if there is a path from S, to S,,, in the decision 

project graph G. 

The precede-relation is asymmetric, that is if S,< S,tl, then it is false that S,tl,<Sij 

for all S, and S,,,, in J. 

A relation that is transitive and asymmetric is said to be a preference relation. A 

technologically ordered job list J = {a,, az, ..... a,) is obtained from a set of jobs 

J = {a, b, C...) by listing them so that no job appears on the list until all of its 

predecessors have already appeared. 

In addition to these definitions and theorems several additional conventions are 

necessary because of the facts that some jobs may be eliminated fiom the decision project 

graph as the result of decisions that are made. If we decide to do one of the jobs in a job 

set, then all immediate predecessor relations that the job satisfies must hold in the final 

graph. In the decision project graph if we decide not to do a given job, then we must 

remove that job together with all edges that impinge on it from the decision project graph 

to obtain the final project graph. It follows from this that if any job, S,, has a sole 



immediate predecessor, S,,,, and if that predecessor is a member of a job set, it will be 

necessary to create a dummy immediate predecessor relation between S, and a job that is 

a predecessor of S,,,,. If this is not done, then it would be possible for the path containing 

S,, to be broken and S,, would lose its project time ordering. Similarly a dummy 

immediate successor relation must be established for jobs having only one immediate 

successor, if that successor is a member of a job set. In addition it may be necessary to 

create a dummy relation between two jobs even if both have several immediate 

predecessors and successors. If on any path, two jobs are separated by a job that could be 

eliminated, and if it is desired to maintain a technological order of the two jobs, a dummy 

immediate predecessor relation must be established between them. 

For a given project when the jobs are technologically ordered and all planning 

decisions are made designating the jobs to be performed in each set, the normal critical 

path analysis may then be carried out. The usual concepts of early start, late start, critical 

path, etc. will apply to this reduced graph. 

4.3 Decision project graphs 

A graphical representation of the combined planning and scheduling problem is 

shown in the decision project graph or' Fig 4.1 and Fig. 4.5. In these graphs the circular 

nodes represents jobs and the triangular nodes introduce the mutually exclusive job nodes 

of a job set. In Fig 4.1 there is the additional interdependence of a contingent relation 

between the jobs Ss, and S22. We may include job Sz2 if and only if we perform job Ssl. 



Therefore the possible sets of decision are (S21Ssl), (S21S52) or (S22S51). The project 

graphs resulting from each of these sets or decisions are shown in Figs 4.2, 4.3, and 4.4 

respectively. It should be noted in Fig.4.1 that the links are only necessary because jobs 

S21 and Ss1 are members of job sets. 

The total project cost, given any set of decision will vary with the due date established 

because of overtime penalties and early finish premiums. For example if jobs S2,, Ssz are 

selected the cost of performing all jobs would be Rs.1650 thousand. Since it would 

require 97 days to finish the project, a due date of 98 days would give the project a total 

cost of Rs. 1650 thousands. However given a daily penalty and premium of Rs. 150 

thousands and Rs.25 thousands respectively a due date of 97 would cost Rs.1650 

thousands + Rs. 150 thousands = Rs. 1800 thousands and a due date of 101 days would 

cost Rs. 1650 - (3) (25) = Rs. 1575 thousands. Table 4.1 illustrates how total cost changes 

with due date for each set of decisions. It also indicates that the optimal decisions (as 

indicated by the boxes) vary with the given due date. This example demonstrates the 

difficulty of making decisions in this project without the knowledge of scheduling 

information and due date. 



Table 4.1 Decision set - total cost of project with given decision sets and due date 

Due date szlss~ sz~ssz Szzsst 

It is relatively simple matter to solve very small decision project graphs by making 

a complete listing of alternatives. I t  is clear however that the number of possible 

combinations rises rapidly. For example the decision projects graph of Fig 4.5 has a total 

of 864 possible decision patterns. It has therefore been necessary to develop other 

techniques to handle large problems. 

4.4 Decision graph solution by integer programming 

Consider a job set (4.1) and its associated decision variables with constraints 

given by (4.2), (4.3) and (4.4). Besides these, there may be any of the other constraints 

showing various types of complicated interdependencies between jobs in the project. 

As in a graph of Fig. 4.1, we associate with each job, S,, a time, r,, and a cost, Ci,. 

Also we assume a reward payment of 'r '  thousand rupees per day for each day under 11, 

the required due date of the project and a penalty payment 'p' for each day beyond D. we 



can now formulate the integer programming problem o f  selecting the best project graph 

and finding its critical path. 

Fig.4.1. Decision project graph No. 1 

i = h  j = k ( i )  

Min E E d,, c!, - r?V, - t p W,.-+ 
i = l  j = 1  



The first term calculates the costs of all the decision jobs that are to be performed. It is 

governed by the constraints 

Where d, is an integer, the second term is explained by the constraint 

W/.. - r#',:' t W/.; - u 0, (4.8) 

Where WF is the early start time of Finish, the last job in the project. If WF > I1 then the 

project is not to be completed until after the due date so that W; -= WF- L1 and a penalty 

ofpi'r;' is incurred in the objective function. 

We assume that y>r so that not both WF+ and WF- will be in the basis. 

Other constraints must hold because of precedence relations. For instance if S, and S,, are 

unit set jobs and S, << S,,, we have 

W, + 1, 5 W, (4-9) 

Where W, is the early start time of job S,. If S, is a unit job set and S, is from a multi job 

set and S, << S,,, then 

- M  (1 -dv)+  Wv 1 1, S Wttl (4.10) 

Where M is a large enough number so that the inequality is restrictive only if d, = 1. 



Fig. 4.2. Project graph 1 - decisions S21, S51. 



E.S. 

Fig 4.3 Project graph 1- decisions Szl, S52 



1 

Fig 4.4. Project graph 1 - decision S22, SS1 

If S, is not performed (i.e., dj  = 0) the inequality does not constrain the variables. 

all paths through jobs that are not performed will be broken. 

Thus 



4.5 Decision graph solution by heuristic techniques 

The first integer programming formulation of the preceding section requires a 

constraint for each link of the graph (except for the links emanating from the start node or 

a decision preceded only by the start node), one constraint for each multi job set plus a 

final due date constraint. In both cases there may be interdependence constraints as well. 

In very large problems the integer programming solution technique became impractical 

because of the resulting large number of constraints and variables. For that reason it is 

advisable to develop heuristic solution techniques for solving the problem. The heuristic 

methods are designed to handle graphs containing only the mutually exclusive type of 

interdependency. Further more, all jobs in a job set S, are assurned to be bound by the 

same precedence relations, and jobs in a decision set have the following cost and time 

relations. 

til < tiz < ...... .< fik(i), 

Cil > Ci2 > ..... .> 

The heuristic routine contains the following steps. 

(1) Technologically order the jobs. 

(2) Set each decision node to the alternative having the lowest cost. 

(3) Calculate the critical path. 

(4) Reorder by Early start (also a technological ordering). 

( 5 )  Go to (7). 

(6) Recalculate the critical path starting at the position in the ordered job list held by 

the decision node of step (10). 



(7) Identity all decision nodes on the critical path. 

(8) For the all the nodes of step (7) calculate the net reduction in total project cost 

achieved by substituting the more costly alternatives. 

(9) If no alternative reduces overall cost, go to (1 2). 

(10) Find the alternative that gives the maximum cost reduction and switch the 

relevant decision node to that alternative. 

( 1  1) Go to step (6). 

(12) Review all decision nodes that were previously changed to see if sufticient slack 

has been regenerated to allow the reintroduction of a longer but cheaper 

alternative, HALT. 

Some explanation is required for several of the steps. First in (7) it is only 

necessary to examine decision on the critical path since for decision not on the path any 

reduction in the job time would have no effect on the penalty cost. Secondly, the method 

of calculating cost reduction in (8) is as follows. The additional cost of switching to a 

more expensive alternative is simply the difference in costs. The saving to be made from 

reduced over time penalty on increased premium is not straightforward. The total length 

of the critical path is not necessarily reduced by the same number of days as the job 

length is reduced since a parallel chain might become critical if the job is reduced in 

length by one or more days. It is therefore necessary to check the slack available in all 

parallel chains and calculate the reduction as the smallest value of slack found. 

In the method, the maximum 'shrink' or minimum 'total slack' is calculated as 

follows. Given the decision node S, find the slack of all jobs S,,,, such that EARLY 



STARTi 5 EARLY START, 5 LATE FINISHi. Given these conditions no job selected 

could be a successor or predecessor of S, and from all chains not containing S, at least one 

job will be selected. 

Due Date: Day 70 
Early Premium: 250 thousandJday 

Late Penalty: 475 thousand/day 
I'ossible Solutions: 864 

Fig 4.5. Decision project graph No.2. 



Fig 4.6 
b 

Decision project graph No. 2 - optinium solution 



--- ORIGINAL CRITICAL PATH - FINAL CRITICAL PATH 

Fig. 4.7 State of project graph at the begir~rli~lg of dny 31 in Fig 4.5 



--- ORIGINAL CRITICAL PATH 
PRESENT CRITICAL PATH 

Fig 4.8 Effect of incremental job cost on completion cost 

Also, given that the length of the project is long cornpared to the length of the longest job 

in a multi job set, and that the jobs are ordered by early start time it is only necessary to 

examine a small fraction of the jobs in the search for parallel jobs. 



4.6 Application of Decision CPM to dynamic monitoring and control of 
projects 

In  the previous sections Decision CI'M has been presented as a technique to solve 

combined planning and scheduling problems for construction type projects, as originally 

stated. However it is clear that such things as project crashing can be handled by the 

technique if the assumption is made that there are several discrete levels of performance 

possible, rather than a continuous linear relation between job cost and job time. The 

assumption of discreteness is particularly fitting in construction projects where there is a 

choice such as one or two-shifi operation and the use of regular or quick drying cement, 

etc. 

Further more the potential of the technique for project design arid job crashing has 

important implications for the dynamic monitoring control of the project as we carry out 

the plan. Suppose that daily information is collected concerning the status of jobs in a 

project being worked on. At any given time some jobs would have been finished on time 

or early and others will have been delayed. Given this information it is possible to solve 

again for a new optimum in the decision project graph of the remaining problem. It is true 

that some earlier decision may be unchangeable; perhaps because of the purchase of 

material, but some decision sets and many possibilities for crashing of jobs will usually 

remain. Given the actual status of the project, new decisions may now be better than 

those previously accepted. 

An example of such a situation is given in Fig. 4.7, which shows the state of the 

project graph of Fig 4.5 at beginning of day 3 1. According to the original schedule jobs 



S7 and S27 should have been started. However S26.2, an immediate predecessor of S27 with 

a job time of five days, has been in progress only two days. 

An examination of the original schedules showed that S27 had one day of slack. 

Therefore the three-day delay will lengthen the completion date by two days and incur a 

penalty of 900 thousand. If the graph is solved with the new information a switch from 

S31,1 to S31,2 is shown to be desirable. For an incremental job cost of 130 thousand one 

day can be removed fiom the completion cost' (Fig 4.8). The total cost of the delay is 

therefore reduced to 900-450+130 = 580 thousands. Thus specifying alternatives, as is 

done in the decision project graph, allows continual adjustment of decision in response to 

operating experience. 

In summary, the dynamic design and control processes will operate as follows. 

(1) Collect information on 

(a) tasks to be performed and alternative methods of performing them (jobs), 

(b) technological relations between jobs, 

(c) interdependences anlong decisions, 

(d) job times, 

(e) job costs, 

(f) job crashing methods and costs, 

(g) project due date, penalty, and premium. 

(2) Solve problems using Decision CPM for original plan. 

(3) Begin project. . 

(4) At regular intervals collect information on project progress. 



( 5 )  Update job cost and job time data. 

(6) Replace decision nodes by single jobs as decisions become irrevocable over time. 

(7) At regular intervals resolve the remaining decision project graph to see if savings 

are possible by the implementation of a new plan. Go to 4 

(8) Halt when project is complete. 
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CHAPTER 5 

PROGRAM EVALUATION AND REVIEW TECHNlQUE (PERT) 



5.1 Basic PERT theory 

The PERT model utilizes 3 durations for an activity viz., optimistic, most likely 

and pessimistic. The expected duration of an activity te and the standard deviation are 

defined as 

and 

0 = (tp - to) 
d 

where b - optimistic duration 

- t m - most likely duration 

- 
t P 

- pessimistic duration 

0 
- standard deviation 

and d - scaling factor. - 

This is conveniently taken as 

Subject to the assumption that the density distribution of the activity time is 

~ ( t )  = r (a+ p) (t - tJ (tz- tI P' 

r(a) I- (P) (tp - to) U'p-' , to < t < t,, a, P>o. (5.4) 



Though a scaling factor of 6 is commonly used, a scaling factor of 3.2 is most 

suitable for the statistical distribution as applicable to construction projects (Dimitri. G. 

G., 1988, 1989; Dodin. B., 1985; Keefer. D. L. and Verditli. W. A, 1993; Kulkarni. V. G, 

1984, 1986; Monhor. D, 1983; Sculli. D, 1989). PERT uses the central limit theorem 

(CLT) to find the expected project duration. The central limit theorem indicates that for 

independent random variables. 

E(t) = t l  + f2  + t3+ ----------- + tn (5.5) 

and s2 - - 2 2 2 
01 + 0 2  + 0 3  +---------- + on2 (5.6) 

where E(t) = expected duration 

t i 
- - expected duration of i th  activity 

S - - standard deviation of the project and 

0 i 
- - standard deviation of the ith activity 

PERT assumes that the network F(t) follows a normal distribution with expected 

duration E(t) and standard deviation S. Values for F(t) can be taken from the standardized 

normal distribution table. F(t) of the network is determined exclusively by the expected 

duration and the standard deviation of the critical path. If this is programmed, the 

scheduler has to find the probability S(t) that the network duration will be longer than a 

duration t. 

F (t) = 

l + exp [ - 1.5957691 (X) (1 + 0.444715 (X'))] 



where S (t) = l - F (t) 

and X = [ E ( t ) - t ] / S  

S (t) can be calculated for as much durations, t, as the scheduler feels necessary. 

5.2 Probabilistic PERT 

PERT networks are referred to by some researchers as "probabilistic activity 

networks" (PAN) because the duration of some or all of the arcs are independent random 

variables with known probability distribution functions, and have finite ranges. 

PERT networks are fiequently used as models for the management and control of 

real life projects in many areas such as research and development, production, 

construction, maintenance, and others. In the PERT network of a project, the arcs 

represent the precedence among the activities. . 

One of the main purposes of using rletwork analysis for project planning and 

control stems from the need to identifL the paths and activities that are critical to the 

achievement of the project objectives. In deterministic activity networks (DANs), in 

which the activity duration is a constant, it is relatively easy to answer questions such as: 

which is the critical path(s)? Which are the most the critical activities? Which is the 

critical list (CL) of activities? 



In PANS, such as the PERT model, one must phrase these questions in probabilistic 

terms, such as: which path (or paths) is (are) the most probable to be critical? Which 

activities are the most probable to be critical? Which activities are the most critical 

activities? Can the activities be ranked in decreasing order of their relative criticalities? 

5.3 Criticality indices for the activities in PERT rletworks 

A stochastic PERT network is a directed, connected, acyclic graph, G(N,A), 

composed of N nodes and A arcs (in which the symbol indicates the set and its 

cardinality). The network must have only one starting and one ending node; dummy 

activities can be used if necessary to insure that. The node can be numbered ascending so 

that an arrow leads from a smaller to a larger numbered node. Henceforth, take start node 

to be node 1 and the terminal node to be node N. 

If we let P denote the set of all paths in the PERT network, and Z(ni) denote the 

duration of path nj GP, then: 

where Y,, is the duration of arc O J ) ~  A .  We measure the criticality of a path nj G P  by the 

probability that its duration Z ( 4  is greater than or equal to the duration of any other path. 

This probability is called the criticality index of the path, and is denoted by CP. There 

fore, for any path ~r, €1': 

Cl'(nJ -- l'r [ Z (4 2 Z (nJ for all n, €1'; m#n, / (5.8) 
! 



The criticality index of an activity, denoted by ('A, is defined by the sum of the 

criticality indices of the paths containing it; therefore, for any activity (Q) EA; 

Evidently, the larger the value of CA(ij) the more critical is the activity; and conversely. 

The CA appears to be an exceedingly usehl measure of the degree of attention an activity 

should receive by management, since it carries more pointed information than the critical 

path concept now used. Specifically, the ( 'As indicate which activities are the bottleneck 

activities and should be expedited if the entire project is to be expedited. The CA is the 

basis for project scheduling, resource leveling, project compression, and project 

monitoring. 

The evaluation of (5.8) and (5.9) above may be achieved by complete enumeration, 

which is practical only for small size ANs, or can be estimated by the using general 

Monte Carlo Simulation (MCS). In fact, the issue of determining the Cl's and the CAs 

has received little attention in the literature. This is due to the difficulty in evaluating both 

expressions (5.8) and (5.9). The evaluation of the CAs requires the enumeration of all the 

paths in the AN, the approximation of the corresponding C'l's, and the identification of 

the paths passing through each activity, all of which are burdensome, time consuming 

tasks. Theoretical results are developed which lead to the first analytical approximating 

procedure to estimate the CAs with out either using MCS or identifLing the paths and 

their CPs. Such a procedure is a direct application of the approximation of the 

distribution hnction (df) of the project completion time. 



The procedure starts at nodc N, approximate thc (.As of thc arcs ending in node N, 

then proceeds recursively to nodes N - 1, N - 2 and so on until it finally reaches node 2 

where the CA of arc (1,2) is estimated. 
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CHAPTER 6 

MONTE CARLO SIMULATION TECHNIQUE 



6.1 Introduction 

Monte Carlo Simulation method is a probabilistic method, which uses 

randomness in its calculations. This method is suitable for computer applications only, 

since it requires a large number, of calculations. The model involves a computer 

simulation procedure and before running a simulation of the duration of a construction 

network, the cumulative density hnction (CDF) of each activity is determined. During 

each replication in the simulation, random values in the range 0 to 1 are assigned to the 

probability of completion of the activities. Once the CDF and the probability of 

completion of the activities are known, their durations can be determined by solving 

equation (5.5) for the given random probability. Thereafter, the duration of each path can 

be found by summing up the duration of all activities in the path. The whole process is 

repeated as many times as necessary. A large number of replications, say 10,000 is 

needed to obtain very accurate results. A simulation with 1000 replications gives only 

satisfactory results for construction networking purposes. 

To perform an MCS, t h ~  activities in the network are assumed to be 

independent. This means that the duration of any activity will not affect the duration of 

another. Triangular approximations for the distributions as shown in Figs. 6.1 (a) and 

6.l(b) can be suitably used for construction activities. 'I'he optimistic, most likely and 

pessimistic durations as used in PERT can be determined the same way in K S  also, since these 

valuesareindepndent ofthe method used. 



After the desired number of replications has been run, the rictwork durations are 

ranked in the order of the shortest to the largest duration. Since the MCS result is based 

on a number of replications, equation (6.1) gives a good approximation for the 

probability, P, that the project will be completed in time, t, or longer. 

P =  I - ( n / N )  (6.1) 

where n = number of replications with project duration equal or smaller than T 

and N = total number of replications 

A large number of valucs for P fbr dili'iit vrJues of t will bwntce a s n ~ ~ ) t l i  survival 

functioncurve. 

In this method, every cost component with high potential for variability is 

modeled as a random variable. A computer program is used to generate random numbers 

based on the assumed statistical distributions for various cost components. The generated 

numbers and the constant cost 

t", 
Duration 

Fig. 6.l(a) Symmetric distribution 



Density fknction 

of duration 

to t,,, tp 
Duration -b 

Fig. 6.1 (b) Asymmetric distribution 

figures (those cost items believed to be estimated fairly accurately and not expected to 

show large variations) are added up, and value for the total cost is computed. This 

procedure is repeated hundreds of times, and cumulative distribution is obtained for the 

total project cost. This cumulative distribution is then used to compute the probability of 

finishing the project at or below various costs. 

The Monte Carlo technique seems easy to use because it does not require the 

user to compute the total project cost analytically. As long as the user has reasonably 

accurate data for various cost components and has access to the necessary software, h e  or 

she can get a risk profile for the iota1 project cost. This cumulative distribution is 

obtained for the total project cost. The problem is that first some reasonable statistical 

distribution should be specified for any cost component subject to variation. Second, cost 

correlations between individual components should be known and accounted for. This 



second requirement is the one usually neglected partly because it is difficult to measure 

correlations. 

6.2 Monte Carlo approach 

In probabilistic estimating, it is understood that because of the inherent random 

nature of costs, the total project cost should be modeled as a random number rather than 

the fixed sum. Each project cost component can be represented by the suitable 

distribution or at least with a mean and variance. The total project cost will be a random 

variable that is the sum of several random numbers. 

where Cta = the total project cost and Ci = various project cost components. 

Obviously, If one want to consider cost variation in every small cost component 

that goes into a detailed estimate, the approach would be impartial. Because of this, the 

considered Ci includes major items that generally appear on the estimate summary sheets 

and the recap sheets. Also, it is understood that most of the total cost variation is due to 

the variability of a limited number of components. So only those items with high 

potential for variations are considered to be random variables, and the rest of the items 

are assumed to be fixed. in (6.2) is then composed of one fixed and one random 

component. As various Ci can have various distributions, accurate computation of the 



probability distribution of Go( involves computing of a number of convolution integrals 

and becomes very lengthy. 

Monte Carlo simulation can sirliplify the process if a computer and relevant 

software are available. It consists of generating random numbers according to Ci 

distributions, adding these items, and adding the fixed costs, thereby computing the total 

project cost. This procedure is repeated for several hundreds to several thousands times 

and every time a value for Got is computed. A histogram and later a cumulative 

distribution fbnction (CDF) can be constructed with the value of The CDF can then 

be used to estimate the probability of computing a project at or below a certain budget. 

6.3 Problems with Monte Carlo approach 

Although the Monte Carlo approach provides a straightforward means of 

probabilistic estimating, there are major limitations in its applications. First, one needs to 

establish statistical distribution for various cost components. Second, if the random 

numbers are not independent, their correlations should be accounted for in the correct 

application of the Monte Carlo technique. 

6.4 Statistical distribution of cost items 

Specifjing parameters of the distribution such as mean, variance, and even the 

range is generally not sufficient for generating a random number. Specification of the 



underlying distributions for various cost components is a necessary ingredient of the 

Monte Carlo technique. Normal, lognormal, triangular, beta and uniform distributions 

have been suggested by various authors (A. I'ouran and E.P. Wiser, 1992; F. M. Martin, 

1968; F. J. Maryanski, 1980; J. Reitman, 1971). 

One general approach when there are insufficient data regarding the mode of the 

distribution, or where the range is relatively small, has been to assume a uniform 

distribution. When some information regarding the most likely cost value is available, the 

next simplest distribution would be triangular distribution. It has also been argued that 

individual cost components (cost components that are not the sum of a large number of 

sub components) are unimodal and skewed. In addition the cost values have to be 

positive numbers. Because of these assumptions, the beta family of the distributions and 

the lognormal distribution has been suggested to represent cost variations. The beta 

distribution is particularly attractive because it is confined between two definite limits. 

Also it is used extensively in the PERT. Because of this, a good number of cost 

estimators are familiar with the method of three ti~nes estimates for modeling the duration 

distribution. One logical method for investigating the distribution type is to collect data 

from similar projects, assume a distribution, and perform a proper test of goodness of fit 

to evaluate the hypothesis. 



6.5 Correlation between project cost components 

One of the more common sources of error in Monte Carlo simulation is that cost 

components are assumed to be independent, so change in one cost component does not 

affect any other component. This is clearly inaccurate in typical construction project. 

However, if the correlation between variables is sufficiently small, the assumption of 

independence does not create large errors. Generally, disregarding the correlation 

between variables in a Monte Carlo simulation results in an underestimation of total cost 

variance. It is important to emphasize that an accurate estimate of cost variance and even 

cost distribution is all important in probabilistic estimating because the cost estimator is 

interested in deviations fiom the mean estimate for computing the probability of cost 

overrun or under-run. 

6.6 Approximate method for incorporating correlation 

Exact methods of incorporating correlations are time-consuming and require a 

great deal of data that are not always available. In some cases, depending on the 

underlying distributions, it is not possible to make an exact analysis. For less detailed 

studies, one suggested method involves combining highly correlated cost items into a 

single cost item such that all remaining items (some of which may be combination of 

several other correlated cost items) can be considered independent. For example, assume 

that a project cost consists of 10 cost items C1 to CIO. So we have 



Further, assume that we have reason to believe that CJ, CS, and C6 are highly 

correlated and that C9 is correlated with Clo. Define C' and CUsuch that: 

C' = c q + c s =  
c6 (6.4) 

C"=  c s + c , o  (6.5) 

If the estimator can specify underlying distribution and parameters of C' and C" 

and if the rest of the cost components can be assumed to be independent, then by 

rewriting (6.2) as the following, a Monte Carlo simulation can be conducted; 

Gd = C1+C2+C3+C1+CI'  @a 

6.7 Exact methods for incorporating correlntions in simulation 

To conduct an exact simulation analysis for the total cost distribution when cost 

components are correlated, one need the joint density hnction of the correlated cost 

components. Without the joint density function, properly correlated random numbers 

cannot be generated for Monte Carlo simulation. The probability density function (PDF) 

that the cost estimator or risk analyst specifies for a certain cost component is actually the 

marginal distribution of that component. The marginal distribution of a cost component 

gives the probability distribution of that component with out reference to other correlated 

components. 

When cost components are independent, the product of their marginal 

distributions gives their joint density function. I f  different cost components are not 



independent, knowing the marginal of this randonl variable is tiot suficient to obtain 

their joint density hnction. The case of the multivariate normal distribution is special in 

that the only information needed besides the marginal distribution of each random 

variable is the values of covariance between the variables. If the various cost components 

in the construction project are assumed to follow a normal distribution, one can use a 

multivariate normal distribution for generating correlated cost components, given that 

covariance between variables are known. The multivariate normal assumption implies 

that the individual cost components are normally distributed. Multivariate normal 

distribution can be transformed into multivariate lognormal. Also in special case one can 

use approximations to analyze the correlated random variates at the cost of reduced 

accuracy. 

6.8 Multivariate normal distribution 

8 
The n-dimensional multivariate normal distribution with mean p = oil, p2, 

....p,lT (T denotes transpose of a vector) and covariance matrix Z, where aij (the 

covariance between variable i and variable j) is the (i, j)th entry in the matrix, has the 

joint density hnction as given by 

fc (C) = (2n) " 2 IZl exp [[ - ( c -p)" Z -' ( c-p)] 121 

where c = ( cl, c2 ,. . . . . .)' are random variables (cost components ); and I Z I is the 

determinant of Z. Note that C = (CI, C2 . . . .jl' is normal @ , Z ) ,  cov (C1, C2) = a;j , and Z 

is symmetric (i.e., oi, = gji ) and is positive definite. Lognormal distribution is a good 

choice of distribution for representing construction costs for commercial buildings. 



As Z is the covariance matrix, it has to be symmetric and positive definite. And it 

can be written as Z = XX' . where X is an n X n lower triangular matrix. C can be 

represented as 

C = X . N + p  (6.8) 

Where N = (NI, NZ, . .. . .. .. ., N,) ' , where NI  is an independently identically normally 

distributed random variable with mean 0 and variance 1. Ci can be generated from (6.8). 

For every cost component Ci, one can write; 

So the X matrix is computed first. Then a number of independently and 

identically distributed normal variates with means 0 and variances 1 are generated (Ni); 

then by using (6.9), Ci can be computed. The described procedure assumes that data are 

normally distributed. 

6.9 Multivariable lognormal Distribution 

If we assume that the cost data are log normally distributed; the data are first 

transformed to normal distributions using 



2 where pi , a i and rij = means , variances and correlation coefficients, respectively, of the 

multivariate normal distribution ; and p'; , d: and rIij = means , vahances and correlation 

coefficients, respectively , of the multivariate lognormal distribution . After the cost data 

are transformed to normal, compute matrix X, and (6.9) is used to generate random 

variable Ci. 

If there were three correlated random variable C4, C5 and C6, instead of modeling 

their sum C', an exact method for incorporating correlation in the analysis were to be 

used. One would be consider the joint density function of these three variables and 

generate C.4, C5 and C6 as a hnction of their means, variances and covariance. By 

considering covariance between random variables, the impact of correlations on the total 

can be evaluated by using the procedure already described. This can be done if C4, C5 and 

C6 can be assumed to be normally or log-normally distributed. The same procedure 

would be followed regarding C9 and Clo. Ctot can be computed by adding up Ci in every 

simulation run. By repeating the process several times a CDF for can be obtained. If 

the data cannot be assumed normally or log-normally distributed, the process of 

generating correlated random variables becomes more complicated and availability of a 

methodology is not guaranteed. However, approximation usually can be used to arrive at 

acceptable results. 
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6.10 Simplified Monte Carlo Simulation (SMCS) method 

Frorn the MCS method, SMCS simplifies the scheduling rietwork to those 

activities and paths that are more likely to cause delay of the project completion. Though 

the SMCS method is similar to the MCS method, the elimination of path(s) and activities 

in the network is performed prior to the first replication. Each replication involves the 

calculation of the duration of each activity and each path in the simplified network. The 

project duration for a particular replication is the duration of the longest path. Although 

with the SMCS method the number of calculations is considerably reduced, the use of a 

computer is recommended. 

The first step in SMCS is the calculation of the expected duration of each 

activity. Equation ( 5 . 5 )  can be used to calculate the expected duration E (t) of the 

network. Those paths with an expected duration of less than t,h are not considered in 

fbrther calculations. Equation (6.13) gives the formula to determine t,,,i,, 

- tmin - K X E (t) (6.13) 

where K = a coefficient that indicates how close a path must be to the critical 

path if it is to cause the delay of the project , and can range from zero to one. The 

selection of K for a particular network is left to the scheduler's judgment. An 

approximation of K as 213 result in considerable reduction of the computing time and 

unnoticeable changes in accuracy compared to MCS. 



After t,h is used to filter the network paths, the network activities can be 

reduced. Those activities that are absent from any of the remaining paths need not be 

considered in the rest of the calculations. The result of these two refinements is a 

simplified network, which only includes activities that are likely to cause delay of the 

project. The simulation process and the procedures used to develop the network survival 

fbnction curve are similar to those of the MCS method. The only difference in the SMCS 

method is that the calculations are performed using the simplified network. 
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LINE OF BALANCE (LOB) SCHEDULING TECHNIQUE 



Methods for planning and controlling highly repetitive projects have been 

investigated in the last two decades. The techniques that were developed are grouped 

under the generic term of "Linear Scheduling Methods". Their origins are not clear; there 

may actually have been multiple origins, possible in different countries. They have been 

originally devised to solve industrial production problems and their considerations for use 

in the construction industries is rather a recent event. They include a multitude of 

variations that are based on the same resource oriented principles. They are named 

differently: Line of Balance Schedules, Vertical Production Method (VPM), Time-Space 

Scheduling, Cascade Networks, Velocity Diagrams, Fenced Bar-Charts, chain Bar- 

Charts, Construction Management Systems, and combined PERT1 LOB; but they have 

common features. Some others make use of process interaction simulation techniques, 

stochastic approaches, and dynamic or linear programming. 

The literature indicates (Dumond. J and V. A. Mabert, 1988; Edmund. N. C. Jr. 

and D. W. Johnston, 1986; Handa. V. K. and Barcia. R. M, 1986; Li. K. Y. and Wills. R. 

J., 1992; Mario. I. N. and M. G. Smith, 1986) that linear scheduling methods could be 

used in projects such as multiple housing schemes, bridge, high-rise and low-rise 

buildings, pipelines and highway constructions. The general consensus is that linear 

scheduling methods are well suited to projects that are composed of activities of 

repetitive nature. But, their use is believed by some to have faded into obscurity with the 

advent of network techniques. 



In order to meet the objectives of scheduling, a network diagram for one of the 

many units to be produced is prepared as a first step. Then, the man-hours necessary, as 

well as the optimum crew sizes are estimated for each activity. This information yields a 

natural rhythm for each activity (i.e., number of unitslday) defined as the optimum rate of 

output that differ from a multiple of the natural rhythm is bound to yield some idle time 

for labor and equipment. That is why the number of crew necessary for the entire project 

is so arranged that the rate of output, a multiple of the natural rhythm, is as close to the 

target rate as possible. 

Once the number of crews, and the actual rate of output have been computed for 

each activity, the LOB diagram can be drawn. The number of units to be produced is 

plotted against time. Two oblique and parallel lines, whose slope is equal to the actual 

rate of the output, will denote the start and finish time respectively of each activity in all 

the units, fiom first to last . An example of an activity that has duration of 0.5 days and a 

natural rhythm of 2 units of production per day is given in Fig. 7.1. In first case only one 

crew of optimum size is used and an actual rate of the production of 4 units per day is 

achieved. The vertical arrows show the movement of the crews in either of the cases. The 

actual rate of production is the slope of the line of balance joining the start times of the 

repetitive activity in each unit, and is calculated as 



where M= rate of production (units of production per units of time ); Qi , Q, =' number of 

units started (i and j )  ; and t,, G. = time elapsed between the start of the project and the 

start of the ith and j th units, respectively. 

The slope of the line of balance joining the finish time of the repetitive activity 

in each unit is also equal to  m. If the duration of the activity is known and if the actual 

rate of output is limited to  a multiple of the natural rhythm, then the foregoing equation is 

effectively reduced to 

where p = number of crews used in the activity and d = duration of the activity in one unit 

The time ordinate t of the start of an activity is calculated by the following relationship 

where ti = time ordinate of start of activity in the ith unit; 11 = time ordinate of start of 

activity in first unit; m = rate of production; and Qi = number of units produced, i. The 

value of 11, the start time of the activity in the first unit can be obtained from the time 

calculation performed for the unit network. The finish time of the activity in the ith unit 

can be calculated by adding the duration of the activity (d) to its start time on unit i (tl). 
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Fig.7.1. Line-of-Balance diagram for activity (activity duration = 0.5 days; natural 
rhythm = 2 unitdday) 

Fig 7.l.(a). Number of crew used = 1; actual rate of production = 2 unitdday 

Fig 7. l .(b). Number of crew used = 2; actual rate of production = 4 unitslday 
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CHAPTER 8 

PETRI NETS IN SCHEDULWG 



8.1 Introduction 

Petri nets (PNs), are a- formal graphical modeling tool to model communication 

systems, computer software and hardware, manufacturing, safety analysis, queuing 

system and can also be used effectively for modeling construction systems. When 

compared with other modeling schemes, such as queuing theory and discrete events 

simulation, PNs are generally considered to be superior for system with concurrency, 

where several state changes happen simultaneously and where events-driven 

characteristics are present. Both of these phenomena are present in construction systems. 

PNs can be converted into algebraic representation that can be analyzed to ensure that 

logic requirements are met. 

8.2 Petri net approach 

C.A. Petri introduced his network in 1962. Since then many advances have been 

developed by simulation researchers for general simulation applications. Fig.8.1 (a) is a 

graphical PN model of crane-hoisting materials from the ground to the work face. This 

network is made up of a number of connected symbols, each with the following 

attributes: 

1. Circle (places) represents states of being. In construction, these are often states 

of readiness. The crane moves through the followir~g states of readiness: crane ready to 

attach, ready to lift, ready to detach, and ready to return. 

2. Squares (transitions) are actions that change the state of the system. Attach the 

load, lift and swing, detach the load, and crane return are transitions. 
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Fig 8.1 PN model of crane hoisting materials 



3. Black dots (tokens) are the resources of the operation. In this case the tokens are 

the materials being hoisted and the crane doing the hoisting. 

4. Arrows (directed arcs) indicates the directions the resources (tokens) move when 

an action (transition) takes place. In Yetri net jargon, transitions are said to "fire" as their 

action takes place. 

The location of the materials and crane (tokens) in the network at any point in 

time is referred to as the "marking" of the net at that instant. Let us start an example with 

two tokens, the crane and the materials to be lifted, both in their respective circles 

(places). At this point the transition "attach the load" is enabled and ready to fire. The 

firing of the transition moves the token from "crane ready" and "material to be lifted" 

(the input places), and puts a single token in the place "ready to liW(the output place). 

The result of this first transition firing is shown in Fig. 8.l(b). Transitions continue to fire 

when enabled until the supply of tokens is exhausted. 

8.3 Mathematical definition 

A Petri net, in its most basic form, can be defined as: 

PN = (P, T, IN, OU1) where (8.1) 

I' = U),. 112, 113. ... ... .., p,, 1 the sct of tr placcs (8.2) 

T = { t , ,  12, 13, ... ... ... , tm ) the set of n~ transitions (8.3) 

IN = ( P  X 7) -b N is an input function that defines directed arcs from 

places to transitions. (8.4) 



0 - P X 7 N is an output hnction of directed arcs from 

transitions to places. ( 8 .5 )  

The directed arcs can be weighted to indicate the number of tokens that are 

transferred to or from a place on the firing of a transition. 

8.4 Properties of Petri nets 

PNs exhibit a number of important properties that are useh1 in determining the 

behavior of the modeled system. These properties may also prove usehl in analyzing 

construction systems at the planning stage. A list of the properties, along with the 

descriptions, are given as follows 

1. Safeness - a place is safe if the number of tokens in that place never exceeds one. 

A PN is safe if all its places are safe. The crane places in the forgoing example must be 

safe as there is only one crane. Safeness can be used to check the logic of the net. 

2. Botrrided tress - a place is k-bounded if the number of tokens in it cannot exceed 

k. For example, if a storage area on site can only store three pre cast units, it would be 

necessary for the place representing the storage area to be three bounded. 

3. Conservativeness - a net is strictly conservative if the number of tokens within it 

remains constant. This concept is useh1 when tokens represent resources. Some times, 

however, tokens represent counters or other non-resource items. Under these 

circumstances it might not matter if tokens are created or destroyed. To provide the 



benefit of conservativeness with out this problem, one can consider the net conservative 

only for token representing resources. This problem can also be overcome by using 

colored tokens. 

4. L,iveness - a transition is live if it is able to fire and is not dead locked. If a 

transition is live it is not necessarily enabled, but is potentially enabled under some 

attainable marking. This property can be used as a check on the logic of the system. If all 

transitions are live, given the correct conditions, they can fire and the stage change 

represented by the transition can occur. 

, , 

5.  l<eachahilify- under the marking p,  if it is possible to obtain the marking p ,  p is 

said to be reachable. Ln Fig.8.1, the fact that marking of one token in "ready to lift" is 

reachable from the initial marking means the logic of the transition is correct. 

These properties are not all applicable to all forms of PNs. Basic PNs are usefbl in 

investigating qualitative or logical properties of dynamic systems, such as borr~~dedness 

and liveness. 

8.5 Petri net constructs useful in project modeling 

Several PN constructs that represent particular characteristics of activities are 

illustrated in Fig. 8.2. as follows 



Fig 8.2. Typical PN cortstructs useful in consiructior~ project scheduling 

(a) Sequential execution (c) Concurrency (e) Merging 
(b) Conflict (d) Synchronization (f) Confusion 



Fig. 8.2(a). Sequential exectition-transition tz can fire only &er the firing of t l .  This 

imposes a precedence constraint that is typical of some construction activities. The 

construct can also be used to model causal relationships between activities. For example, 

concrete cannot be placed until the reinforcement is fixed and the framework is 

co~npleted. 

Fig. 8.2(b). Conflict-transitions tl, t2, and t3 are in conflict. All are enabled but firing of 

any leads to the others being disabled. Such situations arise when a resources is being 

shared between a number of activities. The conflict can be resolved by assigning 

probabilities or priorities to the transitions. An example of such a conflict occurs when a 

single tower crane is needed to carry out two separate tasks simultaneously. Performance 

of one-task stops the other task being under taken at that time. 

Fig. 8.2 (c). Cotlczirret~cy-transitions t,, r2, and t3 are concurrent. This construct allows us 

to represent construction activities that proceed in parallel. 

Fig. 8.2(d). Sy~~chro~iizatioti-when several resources and pieces of equipments need to be 

available for an activity to proceed; this' type of construct can be used. The activity can 

proceed only when a token arrives in the place with out a token, there by synchronizing 

the fire of tl to the token arrival. An example of synchronization occurs in Fig. 8.1 where 

the places "material to be lifted " and "crane ready to attach" each have a token and 

therefore enable the transition "attach the load" to occur. 



Fig. 8.2(e). hfergitlg-this structure arises whcn sevcral materials arrive for use at the sanie 

activity. For example, the constituent materials of concrete arrive at the concrete mixer. 

Fig.8.2(f). Cottfusiotl-this is the situation when conflict and concurrency exist together. In 

a project this some times occurs when resources are shared. It can be resolved by 

associating priorities or probabilities with the relevant transitions. 

It is possible to build a logic model of most project systenls using a combination 

of these basic PN constructs. However, for quantitative modeling and analysis of 

construction system the concepts of time and decision branching need to be added to 

basic PNs. 

8.6 Time Petri nets (TPN) 

To effectively model project systems, we need to be able to associate tirncs with 

transitions (activities). This means that trarlsitioti will, whcn all the input conditions are 

met, take r time units for the firing process to deposit tokens in the output places. The 

time delay can be deterministic or represented by any distribution function. It is also 

possible to associate times with other PN elements, but here we will consider time to be 

associated only with transitions. 



8.7 Extended transitions 

Extended transitions allow the modeler to put decision branches into the net. 

When token pass an extended transition, a decision must be made according to a given 

condition within the transition. ?'he extensions to basic transitions that we use in 

construction modeling are probabilistic transitions and priority transitions. These 

extensions are necessary when two or more transitions are in conflict, that is, they both 

are enabled. 

Priority 2 

Priority 1 

Fig 8.3 Example of use of extended transitions 

It is possible to give transitions a priority order for firing in such situations. For 

example, in Fig. 8.3 transitions tl and t2 are in conflict. If we associate a higher priority 

with t2 and lower one with tl,  and assuming there is an adequate number of tokens in the 

places (as shown in figure), the transitions will fire in priority order. If there are an 



inadequate number of tokens in the places the firing of the higher priority transitions may 

preclude the firing of a lower priority transition. 

When several transitions have the same priority and are in conflict it is possible 

to associate a probability with each that will determine which transition will fire first. For 

example, in Fig. 8.3, tl and t2 are in conflict. We can associate a probability of 0.3 with tl 

and probability of 0.7 with t2; t2 will then fire first on 70% of the occasions that the two 

transitions are in conflict. 

8.8 Coloured Petri Nets(CPNs) 

CPN are extensions of PNs with indentical modeling power but with increased 

graphical conciseness. CPNs allow different attributes (colour) to be associated with 

tokens and for different coloured tokens to be handled differently by the PN elements. 

For many modeling problems in construction it is necessary to distinguish between 

different information, materials, and resource flows. CPNs allow us to do this. Coloured 

tokens are usehl when several tasks need to share a scarce resource. For example, a 

crane lifting different materials on a construction site: each material can be represented 

by different colour tokens and handled differently by the crane. Materials, based on their 

colour, could be delivered to different processes or locations on the site. CPNs are also 

usefbl for modeling heterogeneous queuing situations in projects, in cases where 

equipment fleets are made up ol' different types of equipment. In this situation non- 

deterministic timed transitions can, if required, have different time distributions 

associated with different coloured tokens. 



Coloured PNs are defined formally as a quintuple 

C'I'N = @', 7; C', IN, O(J77 (8.6) 

Where P = JP,, p2, p3, ... ... ... , p,,) the set of 11 places (8-7) 

T - 
{!l, 12, t3, ... ... ... ., ! m )  the set of m transitions (8.8) 

Where C@) and C(!) = set of colours associated with place p E P and t G T 

C(pJ = {U,,, ail, au ,  ... ... ... , a d  where i = I ,  2, 3, ... ... , n 

and q = I C@,r;ll (8.9) 

e(rj = {h,,, a,~, U,J, ... ... h,,.) wherej = 1,2,3 ,....., m 

and r = I ~( tJ1  (8.10) 

Where a and b = associated colours. 

IN (p, 0: C@) X C(r) -+ N (8.1 1) 

is an input fbnction and 

OUT (p, t): C@) X C(r) -+ N (8.12) 

is an output function where N = set of all nonnegative integers. The input arc from 

a placep,, with respect to the colour n,h, to a transition tj, with respect to the colour bjk, is 

denoted by the scalar I N  (ah,bjk) for some hand k. similarly, an out put arc is denoted by 

the scalar OUT(ajh, b,$. 

The firing rules for a CPN are as follows 

1. A transition fires if and only if the token colours marking the input places are 

members of the colour set associated with the transition. 



2. When a transition fires, the token colours defined by the input hnctions, IN(p, l )  

are removed from the input places. 

3. Similarly the colour sets of the output places as defined by the output fbnction, 

OUir'(p, t )  are marked. 

4. Colours associated with knctions are allowed to change across transitions. 

8.9 Queuing disciplines for places 

This extension to basic PNs allows queues of tokens that form at places to be 

governed by a queuing discipline. Such a facility is important in modeling some 

construction systems when resources are shared or where it is necessary to distinguish 

between queue members (if the queue members have different attributes) and process 

them accordingly. An example occurs in many earthmoving systems when first-in-first- 

out queues are used for loading and different capacity trucks take different times to be 

loaded. 
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CHAPTER 9 

GRAPHICAL EVALUATION AND REVIEW TECHNIQUE (GERT). 



9.1 Introduction 

GERT is mostly concerned with the generalizations of the basic CPM/PERT 

type of network to permit probabilistic activities and nodes. The components of GERT 

networks are directed branches (arcs, edges, transmittances) and logical nodes (vertices). 

Two parameters are associated with the branch: 

1 .  The probability that a branch is taken, p, given that the node from which it 

emanated is realized. 

2. A time, t, required, if the branch is taken, to accomplish the activity, which the 

branch represents. 

The time, 1, can be a random variable. If the branch is not part of the realization of the 

network then the time for the activity represented by the branch is zero. 

A node in a GERT network consists of an input (emitting, distributive) hnction 

and an output (emitting, distributing) function. Three logical relations on the input side 

and two types of relations on the output side will be considered. This yields six types of 

nodes, which are described in Table 9.1. 

First, consider the AND node as depicted by Node.3 in Fig.9.1. This is the 

standard node type in PERT networks. By definition Node.3 will be realized only if both 

a and b are realized. The probability and time associated with the realization of Node.3 

are p,pb and max (l,, tb)assuming activities a and h are independent. 



TABLE 9.1 

Node Characteristics and Symbols 

Exclusive-or: The realization of any branch leading into the node causes the node to be 

realized; however, one and only one of the forward branches leading into this node can 

be realized at a given time. 

input Exclusive-or 

K1 
Deterrni nistic D 

- l9 
Probabilistic D K> . 

Inclusive-or: the realization of any branch leading into the node causes the node to be 

realized. The time of the realization is the smallest of the completion times of the 

activities leading into the inclusive-or node. 

And: The node will be realized only if all the branches leading into the node are realized. 

The time of the realization is the largest of the completion times of the activities leading 

into the and node. 

Inclusive -or 

a 
0 
0 

and 

a 
0 
0 



1)eterministic: All branches emanating from the node are taken if the node is realized, 

that is, all branches emanating from this node have a /)-parameter equal to one. 

Fig 9.1 A simple network with an AND node Fig 9.2. A simple network with an 

inclusive-or node. 

Prohabilistic: At most one branch emanating from the node is taken if the node is 

realized. For the inclusive-or relation, the analysis proceeds as in the AND case. 

it~clusive-or node is shown in Fig.9.2. 

The reduction process involves the enumeration of all mutually exclusive 

alternative methods of realizing node 3 from node S. These are listed in Table 9.2. For 

the fichsive-or relation, the probability and time parameter can be combined into a 

single parameter as shown in Equation 9.1. 



TABLE 9.2 

Possible Events for inclusive- or Nodes 

where M&) is the moment generating fbnction (or other exponential transform) of the 

time parameter. For net work consisting of excltisive-or nodes, w(s) can be calculated 

using (9.2), the topology equation or Mason's rule of signal flow graph theory 

Z (path i )  [ l +  X(- l)" ( loops of order m not touching path i )  ] 
wg (S) = i m (9.2) 

[ l +  C(-  l)" ( loops of order m) ] 
m 

Equivalent time 

ta 

t b  

W in(ta; tb) 

Branch occurrence 

a but not b 

b but not a 

a and b 

Equation (9.2) defines the equivalent W-function, wg (S) for any net work consisting 

Probability 

P a  - P a  nb 

p b - ~ a n b  

Pan6 

only of excltisive-ur node: 

In Equation (9.2), a loop is defined as a sequence of branches such that every node 

is common to two and only two branches of the loop, one terminating at the node and the 

other emanating from that node. In a first-order loop every node can be reached fiom 



every other node. A loop of order rt is set of 11 disjoint first-order loops. Disjoint loops are 

loops, which have no nodes in common. The parameter of the loop is the product of the 

parameters of the branches of the loop. A forward path is a sequence of branches from 

one node to the other such that every node except the two specified is common to two 

and only two branches of the forward path. The difference between a forward path and a 

loop is that the start node of a path has no input branch and the terminal node of a path 

Graphical 
function 

Network 
Paths Loops W 

type representation E 

Paral let W w w  -- W + W  
a a b  a b  

W 
b W 

Self -loop. W 
a 

W 
W 

a b 1 - W  
b 

has no out put branch. 

Fig. 9.3 Calculation of the equivalent W - function 

In Fig. 9.3, the equivalent w - hnction is calculated for three basic network types. 

From the definition of w(s) we have 

and M(s) = wt (7) 

P 
since M(o) = 1. 



Thus, the probability of realizing a node or the moment generating hnction of the time to 

realize a node can be obtained from knowledge of W($). An example of how GERT is 

used for analyzing the research and development expenditures is given in the following 

example (Alan B. Pritsker, 1968). 

9.2 Analysis of research and development expenditures 

An example of the analysis of research and development expenditure using the 

network is shown in Fig.9.4. 

Fig 9.4. G1 

/ 
/ ( t o ,  0) 

4 s  l, 1.5) 
/ 

VI -/ 

ERT network of a research and development process 



The definitions of events and outcomes (nodes) and the activities (branches) are given in 

Table 9.3. 

TABLE 9.3 

Definitions for research and development Network 

Even ts 

l .  Feasibility study indicc;.tzs electrical control of high temperature 
is/is not feasible. 

2. AC control found suitable /unsuitable. 
3. DC control found suitable /unsuitable 
4. Optimum integration of AC/DC circuits achieved. 
5. Unit found to be within/outside potential market price. 
6. Pneumatic control found to be feasible/ unfeasible. 
7. Unit found to be within/ outside potential market price. 

Outcomes 

i. Project dropped. 
ii. Project dropped. 
iii. Project dropped. 
iv. Project put into production and marketed. 
v. Project dropped. 
vi. Project dropped. 
vii .Project put into production and marketed. 

Activities 

A. Pneumatic feasibility study, 
B. AC control investigatiotr: 
C. DC control investigation. 
D. Report writing. 
E. lnvestigation of optimum AC/DC integration. 
F. Report writing. 
G. Investigation of optimum AC/DC integration. 
H. Economic analysis of system. 
I. Report writing. 
J. Report writing. 
K. Report writing. 
L. Economic analysis of system. 
M. Report writing. 
N. Report writing. 



lL~yz Yes 0 m 

Fig 9.5 Decision box network 

Fig 9.6 Detailed segment of the network 



IN WT ACTIVITY 0t.Sm.m 

(Stales) (States) 

. . 
No undiscowc*d No undiscovered 

malfunction -0 malfunction . . . . . 
Undiscovered . 

Undiscovrrcd 
malfunction matfunction 

. . 
......................... 

Fig 9.7. A two-port description of an activity 

For each branch of the network, it gives the probability that the branch is 

realized given that the preceding node is realized, and the time and cost associated with 

the activity represented by the branch if the activity is performed. These values are 

inserted on the GERT network given in Fig.9.4 by an ordered triple of probability, time 

(weeks) and cost in Rs. 1,000 units, olmely, @,t,c). Time in this example is not a duration 

but the amount of effort required to perform the activities measured in weeks. 

While constructing the GERT network first the AC and DC control 

investigations (Activities B and C) are performed simultaneously and this should be 

indicated on the network without the aid of the bracket. Second nodes I and I1 do not 

result in the project being dropped as implied in Fig.9.5. Also, the decision nodes 



represent specific events, not eifher-or types of events. For ease of reference between 

Figs. 9.4 and 9.5, nodes have been labeled with two numbers (2 and 3) and the 

complements of these numbers (Fandi) .  Thus, node 23 represents the event AC control 

has been found to be suitable and DC control has been found to be unsuitable. The 

detailed segments of the network between node l and combination of nodes 2,?, 3 and 7 

is given in Fig.9.6. 

Third, three terminal nodes, U, S and T, have been added in Fig 9.4. Node U 

represents the event "project dropped, S represents "project successfbl", and node T 

represents the event "project terminated" whether it was successfbl or not. 

The GERT analysis for the network presented in Fig.9.4 requires the extension 

of the W-function to handle two additive parameters. If t and c are independent or 

information is only desired about them separately, the W-fbnction for a branch becomes 

For an event of interest, say Event IV, one has 

The performance measure associated with event IV are computed by 



PI-II~ = ~ 1 - 1 1 ~ ( 0 , 0 ) - - ( . 7 ) ( . 8 4 ) ( . 7 )  0.4116, 

E {ti - a-] = (d /ds~[( l /p i  -11) IVI - I IJ  (S, , o)],, = a = 14.90 weeks, 

E {Cl. 11.) = (d /ds  ~ [ ( l / p ~  -1,) lO.p~- (0, ~ 3 1 . ~ ~  - 0 = Rs. 76,643 (thousands) 

9.3 Queuing analysis using GERT 

An example of a machine- spare - repairman problem is considered here for 

analysis. A plant consists of one machine and a spare machine. The time between failures 

for the machine is exponential with mean rate h. A single repairman is employed and his 

service time is exponential with mean rate p. The GERT network describing this queuing 

system is given in Fig.9.8 where the node represents the number of failed machines. 

. 
Fig 9.8. GERT represerriation of machine - spare - repairman problem 

The branch from node 1 to node 2 represents the activity that the spare fails 

before the machine is fixed which has a probability equal to h /(h+p) and the time to fail, 

given failure occurs before service, is exponential with mean rate (h+jr). A similar 

analysis is required for the activity between node 1 and node 0. 



The information obtainable from the GERT analysis is given in Table 9.4. 

In addition to the information presented in Table 9.4, the steady-state 

probabilities can be obtained from the following equation: 

pi = Expected time in state i during a cycle 
Expected cycle time 

TABLE 9.4 
GERT Analysis of a Queuing problem 

I t  can be said that GERT is a general procedure for the formulation and 

evaluation of systenls using a graphical approach. The GERT approach to problem 

solving utilizes the following steps: 

1. Convert a qualitative description of a system or problem to a model in stochastic 

network form. 

2. Collect the necessary data to describe the branches of the network. 

Moment Generating Function 

MO, I(S) = [ h l (h+/()]([l- ~/(h+/O]-l 
l -W (A+p)J [l -sl(A+p)]-'(I -s/A)-' 

A42.1 (S) = ( 1 - s/jO 

M~.o(s) = [j~/~l+h)lr 1 - s/(h+jc)l-' 
l- [h l Q1+A)][l- S/ (h+kt)]‘l(l-slCc)-l 

MO, ,(S) = ( l -  SIX)-' 

MO, o (S) = MO, I(S) M1, O(S) 

Description 

Time to plant failure 

Duration of plant 
failure 

Busy period 

Idle time 

State 0 renewal 
time 

Network 
Modification 

Delete Branch 
2- 1 

Delete Branch 
0- 1 

Split node 0 
into node 0 
and node 0' 



3. Determine the equivalent function or functions of the network. 

4. Convert the equivalent fbnction into the following two performance measures of 

the network: 

The probability that a specific node is realized. 

The moment generating function of the time associated with an equivalent 

network 

5. Make inferences concerning the system under study from the information 

obtained in 4 above 
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CHAPTER 10 

VENTURE EVALUATION AND REVIEW TECHNIQUE (VERT) 



10.1 Introduction 

The strategic analysis of projects requires that the modeling process captures 

high degree of verisimilitude. The Venture Evaluation and Review Technique, as 

presently portrayed by the VERT pi-ogram, offers the user a wide range of options: the 

ability to specify one of 14 probability distributions, any one of which may be used to 

describe one, two or three measures on each arc. Typically these measures are called 

'time', 'cost' and 'performance', in many project environments - but these measures 

could be any description important for the analysis. Furthermore, the user may specify 

several logical node descriptions: AND, PARTIAL AND. OR and MONTE CARLO. There 

are also COMPARE and FILTER nodes, which may be used to 'terminate' or allow 

further processing of the network according to present managerial criteria. These 

facilities are described as the flexible rules for aggregating data within the network based 

on 50 pre-set arithmetic operations. As much of the use of VERT has been in the area of 

US national defense, there has been little published work. 

VERT builds up its results via simulation. In each pass through the project, 

sample data are taken fiom the specified distribution on each arc. These are aggregated, 

compared and /or filtered, following the logic of the network. Whatever the outcome of 

each pass through the network, the dat? therein are merged with all past data to build up 

probability distributions of success and /or (sources) of failures. VERT will not provide a 

direct basis for resource allocation as would PERTICPM, but it will offer management a 

flexible tool for the strategic analysis of a project. Once managements are sure that the 



sources of uncertainty have been hlly researched using VERT it is a simple, though 

potentially a time consuming task, to translate the network to a CPM or a PERT net 

within the mini or main-frame computer to explore the resource allocations that would 

ensure project completion according to the VERT-derived characteristics. Equally, it is 

simple to transfer the data to a .  PC-based program to undertake the generation of 

appropriate graphs of work and cash flow allocations for project control. Some PC-based 

software allows direct exchange of data between a PC and a mini or mainframe; but none 

of these packages allow for the very flexible analysis of uncertainty and the realistic input 

of various data distributions as in the VERT package. 

10.2 An example network 

As an example, a simple 12-activity network is used to indicate the network 

output that may be obtained from many PC-based project analysis program. Note 

however, that all the entered data refer to tasks with a fixed duration; so one may become 

too confident that the overall project duration will be 39 days exactly, as suggested by the 

result of the critical path calculation. 



Table 10.1. Critical path (and PERT) data 

ID. Task 

l MJcl 

2 M/c2 

3 MakeA 

4 MakeB 

5 Make final tester 

6 Test A 

7 Test B 

8 Make 1' assembly 

9 Test final assembly 

10 Make C 

l l Test C 

12 Make final assembly 



Figure 10.1 shows the VERT network when the sane data was run through the 

VERT-4 program (Kidd. J, 1989) mounted on a computer. It has been assumed that task 

durations vary according to a befa distribution. 

Fig 10.1 The VERT network 

Allowance was made for variations that may be typical of real projects. The data of Table 

10.1 depict the 'optimistic', 'usual' and the 'pessimistic' estimates of durations. The beta 

distributions used with in the VERT package was bounded just outside these estimated 

times to enforce the reality of a ' 1  00%' distribution range for the sampling of times. The 

parameters of the beta distribution were 4,8 in all cases - so the skew ness was not too 

wild: although personal, subjective experience of real tasks would indicate the 

appropriate parameters to use in a 'real' analysis. The rnathernatical functions within 



VERT were used to link the sampled durations of each activity in each simulation to the 

cost structures as indicated in Table 10.2. 

Table 10.2. Cost data on each task 

ID Task 
Duration Variable Fixed 

in days cost cost 

M/c l 

M/c2 

Make A 

Make B 

Make final tester 

Test A 

Test B 

Make 1' assembly 

Test final assembly 

Make C 

Test C 

Make final assembly 

Note-All variable costs are per hour for an eight-hour day, and tasks 1, 2 and 5 have no 

directly attributable costs for this example. 



Table 10.3. Times and costs at terminal node 10 under differing model assumptions. 

(From the VERT-4 program) ( Kidd. J., 1989) 

Model Time se .Cost se 

CPM 39.00 - 18,949 - 

PERT 40.12 3.11 19,091 307 

VERT* 40.41 3.23 19,115 332 

* with only 68% success rate given each test activity has a 10% chance of failure. 

Table 10.4. Detail of the failure instances 

Node Probability Time se Cost se 

Test A 0.094 7.1 0.8 7880 68 

Test B 0.096 9.3 0.9 3515 69 

Test C 0.069 32.7 3.6 57 17 362 

Final Test 0.064 41.2 3.3 19,175 334 

Total 32.3% failure rate overall 

Here a failure rate of 10% has been assumed at each test activity, which results in the 

overall probability of a successfL1 completion of the project to be reduced to two thirds. 

The outcome data in terms of times and costs, and the detailed derivations of the sources 

of the failures to complete the project are shown in Tables 10.3 and 10.4. 



10.3 General comment on VERT 

The use of a simulation package, like VERT, will allow the manager to explore 

the strategic aspect of the project management. Naturally this will seem to absorb more 

precious time - but this will be well spent, if through realistic analyses of uncertainties, 

more vagaries of the project could be resolved. In a slightly different context this topic 

can be explored with respect to managerial and organizational effectiveness when related 

to information management. They inform us that the management of complexity is the 

corner stone of managerial activity- that is, the variety in the managers' environment has, 

through the application of cybernetic principles, to be matched by the variety absorption 

of the available managerial tools. The managers have to be able and willing to absorb and 

analyze the uncertainties inherent in the projects under their control. 

The example network given above was intended to illustrate the dilemma of the 

PC - based manager; the so-called end-user, at whom more and more versatile software 

is aimed. In addition to Microsofr project, there are also available software packages 

based on a database structure such as Panorama (with Oracle, a relational database); and 

there is a wealth of packages based on a complied language, such as C. In this category 

there are for example, project ntatlager workbetrch, Pert master advatlce and lolal 

project manager to name but three well-known packages. All will offer, as mentioned 

above, good input facilities, easy manipulation of data and task logic, resource smoothing 

and scheduling and many graphical displays and outputs. 



The example project, Fig. 10. l ,  exhibits few difficulties for a PC-based analysis- 

except perhaps there may be conflicts in the timing of the tests depending on the multiple 

or singular availability of inspectors. The task durations and their associated costs are 

fixed, thus the project will be completed on day 39 at a cost of 18,949. The cash-flow 

graph, Fig. 10.2., shows a potential problem as there is a high early demand for cash, but, 

given warning, no doubt the firm will cope up with. Many outputs are available from the 

package, for instance, based on Gantt charts with associated cost structures; there are 

prints of the network to clearly illustrate dependencies. 

Adding one stage of complexity to analysis we may utilize the uncertainties of 

the task durations. In the second VERT analysis allowed the tasks to be described by their 

various beta distributions, and each sampled time was used to derive the cost for that 

activity according to the data given in Table 10.2. Table 10.3 shows that the mean 

duration for the project has increased to 40.12 days with a standard error of 3.1 1 days 

about this mean. 

The PERT and VERT project durations are expected to be longer than a CPM 

duration simply because of the effect of the pessimistic estimates of the durations of 

individual tasks. Table 10.1 indicates the task duration variations that classically in PERT 

yield a project mean time of 41.77 days and a project variation of 15.48, given the critical 

path passes through the arcs: Obtain d c 2 ,  Make C, test C, Make Final Assembly and 

Final Test. It is unusual to find the calculated project duration exceeding that found by 

simulation, as from VERT for example, since the classical calculation ignores all effects 



of non-critical path interactions with the progression along the critical path. The usual 

underestimate of the duration of a typical "fat" real network by the classical PERT 

calculation is of the order of 15% against other methods. VERT will estimate the 

probable duration of a real project with some exactitude. And incidentally, the partial 

path durations and their associated costs and or performance indices will be similarly 

well estimated. 

If we take another viewpoint we may recognize that any activity has a finite 

probability of completion. Normally, for most tasks we say this is loo%, but for some 

tasks there is a discernibly lower probability of completion. In the example, the success 

of the tests is taken to be only 90%. We have to ascertain the effect this will have on the 

overall success of the project, and what effect this may have on the project, and what 

effect this may have on the cash -flows. In VERT this form of description is both normal 

and easy to input to the program. 

In this example the path costs have been computed by VERT, as well as the 

overall average, median and modal costs of the project. Since all costs up to the instant of 

failure will have to be borne by the firm there is merit in reviewing the magnitude of the 

path cost at the various failure points relative to the overall cost: see Table 10.4. 

In VERT it is possible to place I;/I,'IIIiIl or COMI'AIZ node that will divert the 

progress to the simulation, possibly to a failure node, or to some other route according to 

the achievement of the simulation up to that point of the project. In other words, the 

management may consider that certain time, cost or performance indices should have 



been met by, let us say mid-way through the project. These may be entered, as a 

'questioning' node so forcing results to be derived that should enable a usehl strategic 

analysis to be undertaken. 

If there is only uncertainty in the durations of tasks (perhaps the project is a 

regular activity) we would suggest using PERT to note the probabilities of cost and time 

distributions, which may interact with the tactical and /or strategic issues of the firm. 

Finally, once the network has been well researched, it would be reasonable to use the 

(instantaneous) power of a PC to obtain lists and schedules of work through one of the 

many package that are on offer. Thus there has to be a well-managed link between the 

users of the PC system and, say, the powefil VERT system if one is working within a 

project management environment that is inherently uncertain - and what R&D system can 

predict with certainty, its timings and cash flow needs? 
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CHAPTER l l 

FUZZY SETS THEORY 



11.1 Introduction 

Construction projects are normally executed in an environment characterized by 

varying degrees of uncertainties. The presence of these uncertainties, in the scheduling 

process, can have a significant impact not only on estimating the duration of construction 

activities, but also on network calculations. Historical data, if available, may prove usefbl 

in estimating activity durations. In practice however, the majority of construction 

companies do not systematically record the duration of project activities for improving 

their estimate on new projects. In addition, it is commonly known that no two- 

construction projects are alike. The conditions for executing those projects at the activity 

level may also vary from one project to another. Accordingly, the duration of 

construction activities are usually estimated by scheduling experts on a case-by-case 

basis, using their own judgment, experience, and project information that is available to 

them. With the presence of uncertainties, it is some times difficult for experts to give a 

definitive estimate of activity duration. In practice, linguistic terms such as 

"approximately", "more or less", or "about" are commonly found in the statements used 

by these experts. These terms clearly exhibit some sort of imprecision that naturally leads 

to a range of position values, rather than a definitive estimate using a single value (e.g. 

five days). In addition, an expert's expression such as " plausibly between five and ten 

days, but most likely between seven and eights days" indicates not only that the expert is 

not certain about his two estimates, but also that he or she has a different degree of belief 

in each estimate. This range of possible values together with their associated degree of 



belief, if acquired in a non-statistical manner, should be modeled using the fUzzy sets 

theory, which is specifically developed for this type of uncertainty. 

11.2 Fuzzy sets theory 

Fuzzy sets theory was developed specifically to deal with uncertainties that are 

not statistical in nature. The concept of fuzzy sets theory differs from that of the 

conventional crisp sets mainly in the degree by which an object belongs to a set. In crisp 

set theory, objects are either included or excluded form a set. In fhzzy sets theory, on the 

other hand, objects are described in such a way so as to permit a gradual transition from 

being a member of a set to a non-member. Each object contains a degree of membership 

ranging from zero to one, where zero signifies non-membership, one indicates full 

membership, and values in between describe the degrees of partial membership. A Fuzzy 

set, A, is defined as a set of pairs, [t, pA(r)], where t is &I object or an element in the 

universe of discourse, and ,LA(() is the degree of the membership associated with the 

element t. In the situation where r is a continuous variable, the degree of membership can 

be represented by a fhnction, commonly known as a membership function. Membership 

functions can take various shapes and forms. One of the most widely used forms is called 

hzzy numbers. 



11.3 Fuzzy number 
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Fig 11.1 Fuzzy numbers (a) Trapezoidal fuzzy number;(b) Triangular fuzzy number 

A fuzzy number is a continuous fuzzy set that contains two properties: (1) 

convexity and; (2) normality. The convexity indicates that the membership function has 

only one distinct peak, while the normality ensures that at least one element in the set has 

a degree of membership equal to 1.0 [i.e. definitely possible value (S)]. These two 

properties make the concept of fuzzy numbers attractive and naturally suitable for 

modeling imprecise quantities such as " approximately one week," or "more or less than 

five days." Theoretically, fuzzy numbers can take various shapes. In modeling real-life 

problems, however, linear approximations such as the trapezoidal and triangular fuzzy 



numbers are frequently used. A trapezoidal fizzy number (TFN) can be represented by a 

quadruple (a, b, c, 4 [see Fig. 1 I .  l(a)], where a grid d are the lower and upper bounds, b 

and c are the lower and upper modal values, respectively, and t is an element between a 

and h. A triangular hzzy number can be viewed as a special case of the TFN with b=c 

[see Fig. I l .  l (b)]. 

The generic membership function of the TFN can be expressed as 

h - n  

l 

c<t <d 

olher wise 

The magnitudes of the left spread, the middle plateau, and the right spread signify, 

collectively, the degrees of uncertainties associated with each TFN. 

11.3.1 Operation of TFNs 

There are a number of operations that can be performed on TFNs. Following are 

operations employed in the development of a method for project network analysis: 

Let M = (al, bl , cl,  dl) and 

N = (a2, h2,  C I ,  Lj3 be any two TFNs, then: 



M @  N = (a1 + a2, bl + 62, cl + c2, dl + d j  

M I N  = (a , -&,  h] - c 2 ,  C I  -- b2, dl - a d  

M m  6% N )  = [ V ( ~ I ,  ad,  V @ I ,  b j ,  V ( C I ,  c j, V(d1, d j ]  

Where CB = hzzy addition; I = hzzy subtraction; V = maximum; and = minimum 

11.4 Time representation 

In scheduling, knowledge about time is usually expressed in terms of dates and 

durations. Dates are used to specifL or indicate when an event or milestone should be 

accomplished in a project, and durations are estimates of the time required to perform the 

project activities to overall projects activities. The overall project uncertainties may result 

collectively from various degrees of imprecision associated with delivery dates andfor 

activity durations, which impact the start and finish times of the project activities. 

Imprecision in estimates of time, as commonly encountered in construction, can be 

represented in this method using TFNs. How TFNs are used to describe a wide range of 

imprecise estimates is discussed hereafter. 



11.4.1 Crisp time and Interval 

Crisp time can be regarded as a single time or a set of time elements (i.e., 

interval) where the degree of membership of those included in the set assume a unit value 

and zero other wise. 
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Fig 1 1.3 Fuzzy times (a) Approximately tz  (b) Approximately between t4 and t7 

(c) Approximately after t* but definitely before t9 

(d) Approximately before t9, but definitely after tg 

Fig. 11.2 illustrates four possible crisp times and interval with varying degrees of 

imprecision. The most definite form of time in which a single value of time, r,, is 

certainly known (e.g., the duration of activity A is 15 days) is shown in Fig 1 1 .2(a). This 

form of representation is used in deterministic scheduling . In a situation where an exact 

variable is not representative, a range or an interval of possible values can be specified. A 

closed interval, (12, 23) as shown in Fig.1 l .2(b) is suitable for representing this type of 

variable. By using a closed interval, it is assumed that each time element between (t2 ,t3), 

has an equal possibility of occurrence (i.e., the possibility =l .0). In many circumstances, 

the scheduler only knows that a particular event will occur after or before a certain date. 

Intervals which are bounded only from one side, such as those in Fig. 11.2 (c) and 11.2 

(d), are suitable for representing the case in which the scheduler knows for certain that 

the time in question will definitely occur after tr [i.e,(tr, m)]. Fig. 2(d), on the other hand, 

indicates that the time in question will certainly be prior to t4 [i.e (-m, tr)]. 

11.4.2 Fuzzy Time 

In the crisp state, the degree of membership of a time element in a set can be 

either 1 or 0. In real operations, however schedulers might not have ,or, in some cases, 

might not want to specify a sharp boundary between the possible and impossible 

durations. This phenomena can be regarded as vague or fuzzy. Mathematically, hzziness 

can be modeled by assigning the degrees of membership of a variable to take decreasing 



value from 1 to 0, allowing a transition from membership to non-membership. This 

transition naturally represents the way schedulers approximate the values assigned to 

scheduling variables. 

Fuzzy time can be generated by imposing fuzzy boundaries on each of the 

situations described previously. This results in four different imprecisely known times as 

in Fig. l  l  .3 (a) - 1 1.3 (d). The triangular distribution shown in Fig. 1 1.3 (a) represents the 

situations in which the time in question can assume the value any were between t, and t3, 

with the most plausible value being t2. Fig1 1.3 (b) depicts the trapezoidal distribution, 

which represents a more imprecise situation. The most plausible values in this case fall 

between 15 and 16. The degrees of possibility of those elements located outside this 

interval gradually reduce on both sides to zero at tr and t7, respectively. All time elements 

smaller than 14 or greater than t7, are not possible. Fig. 11.3 (c) depicts the time that 

occurs certainly after t8 and, most plausibly, after tg. Fig. 11.3 (d), on the other hand, 

represents the time that occurs most plausibly before ta, but certainly before t9. The 

distributions shown in Figs. 3 (c) and 3 (d) are called hzzy bounds, where lower 

bound represents the "after" case, and hzzy upper bound represents the 'before" case. 

The aforementioned time representation will be used as input in the proposed scheduling 

method. 

Fuzzy operations introduced earlier are used in the following equations to 

compute f i z q  early times. 



FEF, = FES, I FD, (1 1.9) 

Ybrcy. - fi7{Fe (11.10) 

Where FELTX = Fuzzy early start time of activity X; p = a predecessor activity; P = set of 

predecessors; FEF = FUZZY early finish time; FD = Fuzzy activity duration; Tproj = 

Fuzzy project duration and e = last activity in the project. 

The Mm operation performs pair wise comparisons for each and every element 

in the two quadruples, and accordingly selects the maximum value of each pair to present 

their respective elements in the new quadruple. This procedure is different from that used 

in the PERT, where only the expected time values are compared, with no regard or 

consideration for the standard deviation. 

Backward pass calculations using the traditional hzzy subtraction (11.4) 

produce unrealistically large uncertainties associated with hzzy late times (start and 

finish) of project activities. These uncertainties accumulate rapidly as the back ward pass 

calculation continues to progress. On the completion of the back ward pass calculations; 

some of the earlier activities could end up having a negative hzzy late time, which, 

practically, has no meaning. To circumvent this shortcoming, a new technique for 

backward pass calculations has been developed. This technique is based on the 

assumption that the right spread of fbzzy late times are at least as uncertain as their 

respective fizzy early times. The reason for using only the right spread is explained later. 



This assumption stems from the fact that in a CPM network, the uncertainty associated 

with activity duration directly influence the degree of uncertainties associated with the 

calculation of start and finish times. For example, the magnitude of the uncertainty 

associated with the fuzzy start times of an activity is simply the accumulation of the 

uncertainty associated with the durations of its predecessors. The uncertainty associated 

with the finish times of those activities, however, can be assumed equal to that of its start 

plus the uncertainty associated with its own duration. This assumption can be justified by 

considering, for example, a linear type project network. Since the network has only one 

path, the early and late start times of any activity obtained from forward and backward 

pass calculations must be identical, (i.e., equally uncertain). This is true also for the finish 

times of that network. In most cases, however project network has only one path. In the 

backward pass calculations, higher uncertainties may be accumulated from the different 

path (S) than those obtained in the forward pass calculations. This assumption, therefore, 

allows activity late times to be more uncertain than its respective early times. This adds 

more flexibility and accuracy for calculating fuzzy late start and finish times of project 

activities 

To ensure that the results obtained are correct and meaningful, the following 

three conditions must be met: (1) scheduling constraints resulting for forward and 

backward pass calculations must be satisfied; (2) all four elements in the quadruple must 

have a positive value; and (3) each element should not exceed its successor [e.g. for the 

quadruple (a, b, c, d); a 5 h 5 c 5 4. These conditions can be satisfied simultaneously 

through the use of fuzzy bounds such as those shown in Figs. 1 1.3 (c) and 1 1.3 (d). This is 



mainly due to the ample time window given by each fuzzy bound. This adds more 

flexibility in calculating the fivlzy late times without violating the constraints produced 

from the forward and backward pass calculations. Consider a fuzzy late time expressed 

by a closed TFN indicating the latest possible time period by which an activity must be 

finished. All time elements generated fiom the backward pass calculations having value 

beyond the upper bound of that TFN [i.e., element d in the quadruple (a, b, c, 41 are not 

possible. Modifjring the f izzy late finish by extending its lower boundary (i.e., the left 

spread) to infinity physically means that all the time that occur before its lower bound 

[i.e., element a in the quadruple (a, b. c, 41 are possible. The degree of possibilities for 

the time elements located after d remains unchanged. As a result, the original fuzzy-late- 

finish constraint is not violated, and calculated fuzzy duration is still valid. The extended 

f k y  late time is called the fuzzy upper bound. An example of the hzzy upper bound is 

shown in Fig. 1 1.3 (d). 

The conversion of a TFN to its upper bound is simple and direct. Let A be the 

TFN characterized by the quadruple (a, b, c, 4. Its upper bound denoted by A *  can be 

obtained by subtracting an interval (0, m), cxpresscd in ttie lbrrn of the quadruple (O,O,m, 

m) fiom A as follows: 

The computation of fuzzy late times of each activity begin with the 

determination of its preliminary late finish (PLF). The definition of PLF is analogous to 

the late finish time used in CPM. The PLF can be calculated for any activity X as 



where FLS = hzzy late start time of its immediate successor (S); and S= set of immediate 

successors of X. 

The PLF is then converted to the upper bound for the late finish (m*) using 

(1 1.1 1). Based on the calculated FLF* and FEF, and the assumption about the 

propagation of uncertainty stated earlier, it is possible to compute the hzzy late finish 

time (FLF). Suppose that the FEF is characterized by (a, b, c, (I) and the FLF* is 

represented by (4, -a, e, j), a procedure to calculate fuzzy late times for project activities 

is described as follows: 

(1). Determine which of the two f k z y  has a greater right spread by comparing 

the results of Cf- e) and (d- c). 

(2). Calculate Y, the largest fUzzy number that satisfies the following condition. 

FEF 1 Y GFI,F* (1 1.13) 

If the right spread of I*lilf' is more uncertain [i.e., (d -c) 2 V- e)] ,  the right spread of F D '  

is set equal to that of FEF. In this case, all the quadruple elements of Y are equal to the 

difference between the elements of the upper bounds of the two fUzzy quantities 

Y=(f-d, f-d, f-d. f-d) (1 1.14) 

On the other hand, if the right spread of FLF* is greater, the right spread of FLF assumes 

its value from that of MF*. The left spread and plateau of FLF, on the other hand, take 

their respective values from those of EEF. In this case, Y is calculated as 



Y = (L' c, e c, e c, J dj ( 1  1.15) . 

The comparison of uncertainties is made using the right spreads of the two TFNs being 

considered. The right spread is the only information available at this time for both F . F  

and F W * .  The plateau and left spread of FLP* are assumed to extend to the infinity. 

3.  The of the project activities can be calculated as follows: 

FLF = I;LF @ Y (11.16) 

4. Fuzzy late start (FLS) can then be computed by substituting (.%I;' and I;n into the 

following: 

FI,S @ FD = FLF (1 1.17) 

The foregoing procedure is repeated for all project activities. 

11.5 Compatibility between fuzzy events 

In addition to the common scheduling results of start and finish times for each 

activity, information such as: (1) expected project completion time; (2) degree of 

criticality for project activities; (3) possibilities of meeting specific intermediate 

milestones; and (4) possibility of violating project constraints, are also of interest to the 

project team. This information can be used in conjunction with the calculated start and 

finish times of project activities to provide the project team with the necessary 

information for assessing the acceptability of the generated schedule. In this regard, two 

concepts, namely (1) the possibility measure and (2) the agreement index are used to 



perform such assessments. Description of these two concepts is given in the following 

paragraph. 

The possibility measure (PM) is used for evaluating the degree of belonging of a 

fuzzy number to another. In the scheduling context, these two numbers are the calculated 

and the expected events' times. In hzzy network calculations, the calculated scheduling 

event time is usually fUzzy. The expected event time, on the other hand, could either be 

hzzy or crisp. Fig., 1 1.4 (a) and 1 1.4 (b) show two hzzy events A and H described by 

continuous piecewise linear hnctions. The PM of these two events takes a value equal in 

magnitude to the maximum membership function of the elements that are comrnon to A 

to H. Graphically, PM is the highest point in the intersection area produced by the two 

events being examined [see Figs. 11.4 (a) and 11.4(b)]. Analytically, PM can be 

calculated using the following steps: 

Degrees of M ~ I I I U ~ S I I ~  - -L- -~: -  Degrees of Membership 

Fig 11.4 Demonstration of possibility measure and agreement index 
(a) Less agreement scenario (b) More agreenierlt scenario 



1. IdentifL all points of the intersection generated by the two events using their 

membership fictions [e.g., points tlX and ox in Fig. 11.4 (a)]. For example, nx can 

be calculated using the membership functions HL and AR [see Fig. 11.4 (a)] to be 

65.6. Similarly, ox can be computed using HR and AR [see Fig. 11.4 (a) ] to be 

66.5 

2. Substitute these points into their respective membership functions to obtain the 

membership value associated with each intersection point. For example, (t =tlx 

=65.6) can be calculated, by substituting t = 65.6 into HI-, to be 0.63. Similarly, 

/c~~(t  = ox = 66.5) is calculated to be 0.50 [see Fig. 11.4 (a)]. 

3. PM takes the greatest (t) generated in the previous step. For the situation 

depicted in Fig. 11.4 (a), PM is set equal to 0.63. 

The possibility measure gives only the highest point in the intersection area. No 

consideration, however, has been given to size of the intersection area. Fig. 11.4(a) and 

11.4(b) illustrate an example in which PM alone is inadequate. It can be observed that 

PM for the two scenarios is identical (i.e., PM = 0.63). The events depicted in Fig. 11.4 

(b) are, however, more in an agreetr~ent with each other than those shown in Fig. 11.4 (a). 

The possibility measure, in this circumstance, does not provide an insightfbl assessment 

of the compatibility between the two fuzzy events. The agreement index measures the 

ratio of the intersection area between two hzzy events (i.e., the calculated and expected 

events) and the entire area of the calculated events. Accordingly, if A and H are two 

events being considered, the agreement index of A with respect to H, A I  (A, H) is defined 

as 



[area AfEO 
AI (A, H) = area A 

The intersection area can be determined first by identifying the corner points or 

the limits [e.g., points m, 11, o, andp in Fig. 11.4 (a) and points g, r, and s in Fig. 11.4 (b)] 

and the equations of the boundary lines [e.g., AR, HL, HR in Fig. 11.4 (a)] for the 

intersection area. The intersection area can then be calculated using partial integration, 

considering the hnction of the boundary lines and their respective limits. For example, 

the intersection area for the case shown in Fig. 11.4(b) can be calculated as follows: 

the area of the base or reference event(i.e., event A in this case) is simply calculated 

considering its trapezoidal shape, as 7.0. The AI of the two events shows in Fig. 11.4 (b) 

is calculated using (1 1.18) to be 0.32. Similarly, the RI of the events shown in Fig. 1 1.4 

(a) is calculated to be 0.12. Therefore, it can be said that the events shown in Fig. 11.4 (b) 

are more compatible with each other than those shown in Fig. 11.4 (a). However, the 

agreement index is not applicable when any of the two being evaluated is an exact event 

(i.e., the area of an exact event is zero). 

11.6 Criticality measurement 

When the durations of project activities are estimated with uncertainty, the 

determination of their respective degree of criticality is not as obvious as in the case 



where the durations are estimated with certainty. The concepts of possibility measure and 

the agreement index can be used to measure the criticality of project activities as follows: 

1. Calculate the duration for each and every path in the network. 

where X = an activity that belongs to path X. 

2. Determine the possibility measure between the duration of each path and that of 

the project (PMt) 

3. Calculate the agreement index (AI,) for each path duration and that of the project. 

AIx (7'' TproJ = farea 
area Tx 

4. Activities that belong only tc? one path assume their criticality from that path. But 

in activities that are common to more than one path, criticality takes the largest 

possibility measure and agreement index of those paths. 

In addition to the' degree of criticality, it is also possible to calculate an 

approximate total float ( Y F )  for each activity. The approximate total float signifies the 

possible slack time for an activity. The geometric centroid (C) of a TFN (a, b, C, 6) can 

be calculated as follows: 

The TF of activity X can then be computed as 
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CHAPTER 12 

FUZZY EXPERT SYSTEM FOR NETWORK RESOURCE ALLOCATION 



Resource allocation has been a major concern of research and actual application 

development since the advent of the CPM / PERT network scheduling techniques. Many 

algorithms have been developed, including theoretical optimization and heuristic rules 

since 1960. The theoretical approaches generate too many combinations and are, 

therefore quite expensive to use. 

The use of heuristic rules [for example, the eight different rules - minimum 

activity slack, minimum late finish time, resource scheduling method, greatest resource 

demand, greatest resource utilization, shortest imminent operations, most jobs possible, 

and random activity relation - provide a reasonable solution to the "too expensive" 

problem. To date, however none of these algorithms has the capacity to resolve the 

impact of the variety of external forces (with weather conditions, change orders, changed 

conditions, resources delays, and resource availability as typical of these forces) that are 

unavoidable in any real-life project. This might be due to the difficulty in applying the 

traditional analytical methods, mathematical models, probability theory, or statistical 

analysis procedure for evaluating the impact of external forces 

For a practical algorithm, neither the effect of internal forces (i.e., network 

related factors, such as fiee or total float, down stream resource usage, etc.) nor the 

impact of the external forces should be ignored. Internal forces are usually available fiom 

the data output of a network analysis system using CPM / PERT procedure or else can be 

derived from the network data. 



12.2 Fuzzy set application in measuring external impact 

In the process of resource allocation, one important issue is the determination of 

a priority ranking for all activity that are candidates at that instant for resource 

assignment. This section reviews the basic concept of resource allocation and shows how 

fuzzy set theory can be used to establish the priority ranking. 

12.2.1 Basic concept of resource allocation 

The basic concept of resource allocation can be easily explained with the help of 

Fig. 12.1, where a is the candidate set of activities that have all their logical precedence 

constraints met, and therefore are candidates for resource assignment and initiation of 

physical work; S is the set of activities scheduled during a time interval; and C is the set 

of completed activities. 

Assume that a list of criteria has been established for allocating limited resource 

in a specified time frame. Then, the arrow between a and S indicates that each candidate 

(activity) in a is checked against the list of criteria to see if the criteria are met. If the 

criteria are met, it is scheduled according to its network constraints. If not, a check is 

made of the next candidate in set a. In cases where two or more candidates meet the 

criteria and they require the same resource that are insufficient to start all of them at the 

same time, priorities must be set before any one of them can be started. Then, each 

candidate in a will be eventually scheduled according to the priorities. Determining these 

priorities thus can be a key issue in the process of resource allocation. 



Ettteritlg logic followers to a 

1 (or termi~zate when all activities are schedlrled) 

criteria completiorl of activities 
a b. S b C 

(consunre resources) 

.yp/il activities to free necessn? resources 

Fig 12.1 Basic concept of resource allocation 

The criteria can be categorized into two groups; (1) external criteria (project 

related), such as weather conditions, resource availabilities, changes, and changed 

conditions; and (2) internal criteria (schedule related), such as total float, impact of losing 

float, and the impact of down stream resource requirements. 

Assume that n external criteria exist. Let C, ( I  = I ,  2 ,......, H) denote them. The 

importance of these criteria depends on time, project location, project characteristics, 

project manager's preferences, and similar factors. The importance does not simply mean 

that Ci is either important or not important (what is known as a crisp-set concept). Rather, 

it can be better treated as a linguistic variable, or as the degree of importance or the 

weight of importance (hzzy set concept). Symbolically, let K denote the measure of the 

weight for the importance of criterion C',. For example, if there exist three criteria Cl, C2, 

and C3, they may be described with criterion Cl as very important (wl = very high), C2 

as more or less important ( \ t p 2  = more or less high), and C73 as less important (W, = low). 



The possibility theory, which is the extension of kzzy set theory, can be used here to 

measure these weights W,. 

From the basic concept of resource allocation, each candidate in a should be 

checked against the list of criteria to see if the criteria are met. More specifically, this 

checking determines the susceptibility of each candidate to each criterion. Let sg  denote 

the susceptibility of activity j to criterion C, and, let sq range between zero and one for 

convenience. So when s!, = 0, activity j is not susceptible to C,. When sii = any other 

intermediate value, activity j has some degree of susceptibility to C,. The susceptibility s,j 

can be determined using the approximate reasoning concept. 

Knowing W ,  and S, , the priority rank P, for activity j in the candidate set a can be 

defined as follows: 

The term ( I  - s,,.w,) can be interpreted as a measure of activity j's priority against 

criterion C,. For example, assume that a criterion C,, severity of rain, has been 

established, and an activity j, placing concrete, will be done in an open area with no 

protection from rain. Also, assume that there is period during which it rains a lot in the 

area. Therefore the activity is highly susceptible to rain (su is large or close to one) 

because it is exposed to rain. During the rainy period, the weight of the criterion severity 



of rain is high (W, is high or close to one). Thus, priority to schedule the activity under the 

probability of impact by rain should be low (W, is close to zero) during a sunny period. 

Table 12. 1. If rain is F; then it is G:. recommended to consider rain as criterion 

Thus, during the sunny period, the priority to schedule the activity should be high. The 

term ( I  - sii.w,) reflects these situations and is defined as a relative value to measure the 

priority against each criterion. Each criterion has its own weight of existence W,. So, the 

susceptibility sv would be diluted by its weights in relation to other criteria. The product 

of si, andwi gives the measure of the dilution and represents the weight susceptibility of 

activity j to criterion (I,. If there exist 11 criteria, then the summation of all ( l  - s,,.w,) for i 

- - 1, 2,. .. ., n yields a relative value for the priority rank of activity j when all available 

criteria are taken into account . The priority rank is then normalized by the total number 

of criteria n to yield a value that is in the range of 0-1. 

12.3 Relative weights of criteria 

In equation (12.1) W, can be derived from a set of fuzzy propositions. For 

example, considering the criteria of rain, temperature, and impact of changed conditions 

Rule 

(1) 

1 

2 

3 

4 

E; 

(2) 

Heavy 

Moderate 

Small 

None 

Gi 

(3) 

Very strongly 

Strongly 

Moderately 

Not 



and changed order, it is not difficult to establish a set of fuzzy production rules as 

follows: 

1. If it is currently raining, then the severity of rain is a very appropriate 

criterion. 

2. If the temperature is low, then the temperature is an appropriate criterion. 

3.  If the impact of changed conditions is not too serious, then the use of changed 

conditions as a criterion is somehow appropriate. 

4. If the impact of changed order is not too serious, then the use of changed 

orders as a criterion is somehow appropriate. 

Usually, these rules are heuristic and are based on the experience of experts (project team 

members). A knowledge-based approach is hence a logical extension. The rules listed 

here can be refined to more detail. For example, the rule regarding severity of rain can be 

detailed as shown in Table 12.1 or in general, the form of the rules is as follows: 

Table 12.2 Probability of rain in specific period 

Fuzzy production rule = ifx is F, then Y is G, (12.2) 

Where X = the name of a criterion, such as rain, temperature, changed conditions, and 

changed order; Y = a statement in the consequence, such as "the recommendation of 

Severity of rain 
(1) 

Rain is heavy 

Rain is moderate 

Rain is small 

Rain is none 

Probability 
(2)  

Not likely 

Likely 

Ve~y  unlikely 

Unlikely 



using rain as a criterion": and I;, and Gi = linguistic terms such as low, moderate, high, 

heavy, very strotlg, strotlg, that can be consistently manipulated using all hzzy set 

theory. These rules can be specified generally for all projects and calibrated specifically 

for individual projects according to each project's characteristics. 

For many external criteria, the probabilities of their occurrence are inherent 

with their severity. For example, it makes more sense to say that very heavy rain will not 

be likely next week than to say that rain will not be very heavy next week. So, for the 

example of the severity of rain, the proposition in Table 12.2 may be established by 

cxpcricncc or wcathcr forccast data. Or, it1 gcncral, this typc of propositioti has tlic 

following form: 

Probabilistic Fuzzy proposition = ( X is F, ) is >i (12.3) 

Where > i  = linguistic probabilities, such as likely, not likely, zinlikely, very likely: and X 

can be the criteria for the resource allocation or anything else with inherent probabilities. 

Equation (12.3) or Table (12.2) becomes the input to the rule in equation (12.2) or the 

rules in Table 1 when inferences are performed. 

Equations (12.2) and (12.3) form a body of evidence I:' called type I1 evidence that 

is a collection of fuzzy propositions, i.e, 

E =  (g1,g2, ........, gn,g,,g2, ...... g,J (12.4) 

where g:, and i:, (I = 1'2, . . .,'I) are defined by equations (1 2.2) and ( 1  2.3), respectively. 

From E, the following can be inferred: what is the degree of possibility that Y is Q? For 

example, from the type I1 evidence of the severity of rain given previously, the following 

can be inferred: what is the degree of possibility that the recommendation of using the 



severity of rain as a criterion is very strong? In this example, Y is the recommendation of 

using the severity of rain as a criterion, and Q is very strong. For other criteria, such as 

temperature, changed conditions, change orders, cash shortage, and morale, the same type 

of inference as previously conveyed can be made. A set of possibilities then can be 

obtained if we have a knowledge base that consists of the type 11 evidence regarding 

these criteria. The set of possibilities can be defined as the relative weight, W, in equation 

(12. l), as follows: 

For list of external criteria C, (i = 1, 2,. . . ., ,I), the weight W, is defined as 

the degree of possibility when the desired level C) is set to an absolute level. 

Table 12.3 

If activity j tends to be A affected by rain then susceptibility (S,,) o f j  

under criterion of severity of rain is H 

Rule 
(1) 

' l  Greatly 

3 I Slightly I Low 

A 
( 2 )  

High 

1 Moderately 

For the purpose of solving the construction resource allocation problem, the 

absolute level in this definition can bf; set to absolutely strong. 

B 
(3) 

Moderate 



& 12.4 Susceptibility of activity 

Susceptibility, S,- in equation (12.1) is a measure of the sensitivity of an activity j 

to some external criterion C.?,. It can be measured using the concept of hzzy logic and 

expert system. 

If an activity j tends to be greatly affected by the external criterion C,, then it is 

reasonable to believe that the activity is susceptible to the criterion to high degree. For 

example, assume that a criterion called severity of rain exists, and that an activity j (say, 

placing concrete) tends to be greatly affected by the rain. Then, by one's judgment or 

expert advice it is reasonable to believe that activity j is very susceptible to rain. More 

specifically, this is a type of reasoning based on the following rule: 

For activity j, if the degree of impact by C,', is A,  

then the susceptibility (S,,) of the activity j 

under the criterion of C, is B 

Where A and H can be linguistic terms, such as Itigh, nrodernle, and low. This type of rule 

will be referred to as a fuzzy production rule to reflect its unique characteristic of 

fuuiness. For the example of severity of rain (C, = rain ), the rules may be established by 

experts as shown in Table 12.3. Note that A in Table 12.3 is the value of degree of impact 

by rain as defined earlier. 

In general, to facilitate the ,easoning process it is necessary to translate the 

expert's knowledge to hzzy production rules of the following form: 



Expert's rules 

If X is A ,  then Y is B, 

If X is A2 then Y is 112 

If X is A, then Y is B, 

User's input (known): X is A' 

Reasoning conclusion: Y is R' 

Where X can be, for example, the degree of impact due to rain; Y can be the susceptibility 

S,, of activity j under the criterion of severity of rain; A, and R, (i = 1, 2,. . . ., r i )  are fuzzy 

sets defined to interpret linguistic terms, such as high, moderate, and low; A' is also a 

fuzzy set, which can be the user's subjective judgment or can be conclusion drawn from 

other evidence. It need not be equal to any one of the A,. In theory, it can be any 

qualitative measurement. H is the conclusion that is expected from the evidence of 

expert's rules and user's input. The inference mechanism to conclude that Y is B' will be 

referred to as fitzzy modzrs ponera, which is an inference logic generalized from the 

classic modus ponens logic rule. 

Table 12.4 I f  activity j is Ai exposed to rain then degree of impact due rain is Bi 

Bi 
(3 

Rule 
(1) 

1 
2 
3 

A; 
(2) 

Almost entirely 
Partially 
Slightly 

Very high 
High 
Moderate 



A. can be a conclusion drawn from other evidence. More specifically, this means 

that the value of linguistic variable X in the expert's rules can be obtained from another 

set of rules having the same form. For example, the degree of impact by rain for activity j 

can be concluded from the set of rules in Table 12.4, assuming this set of rules also 

exists. Consider that activity j, say placing concrete, is entirely exposed to rain. Applying 

fizzy m&s pollens on the knowledge organized in Table 12.4, the degree of impact due 

to rain can be concluded to be very high. Now, very high become an input A' to the rules 

organized in Table 12.3. fiizzy modrrs punens can be applied again to conclude that the 

susceptibility S,, of activity j (placing concrete) under the criterion of impact due to rain is 

very high. This gives the users more options to select the input information. 

In equation (12. l ) ,  S,, is a single number (integer or real), not a hzq set or 

linguistic term. However, the firzzy mod~rs yotlerls always concludes a hzzy set. 

Therefore, there is a need to interpret the hzzy set to produce a plausible number that can 

represent the fuzzy set and can be used in equation (12.1). 
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CHAPTER 13 

ARI'IFICIAL, NEURAL, NE'I'WOKK 



13.1 History of artificial neural networks 

Computer scientists were always aware of the fact that in conventional (Von 

Neumon) computer most of the silicon lies inactive for most of the time and only the 

CPU and a very small part of the memory is active. The consequence of this state of 

affairs is that while the digital computer can easily outperform the human beings in 

computation, it is not able to compete even with a one-year-old boy in recognizing 

objects, faces, sounds etc. Computer scientists recognized the need for architecture 

inspired by human brain and hence the recent increased attention on artificial neural 

network. 

The basis of neural modeling in the form considered now may be traced back to 

the work of McCulloch and Pitts in 1943 (Behnam. M and Y. Q. Zhou, 1994; Chia-Yiu. 

M and M. A. Shanblatt, 1992; Chinnam. R. B. and Kolarik. W. J., 1997). In 1949, Hebb 

suggested that the connection between cells which are activated at the same time tend 'to 

get strengthened while those which are not activated tend to get weakened - a proposal 

which had a great impact on learning theory (Jason. P. and Siman. A. R, 1997; Mustafa. 

K. M. A. and F. Kamoun; Ransing. R. S. and Lewis. R. W, 1997). Rossenblatt introduced 

a major approach to pattern recognition in his perceptron which could be trained to 

classifL certain patterns as sinlilar or distinct. In 1969, in a book called 'Perceptron' 

Minsky and Pappert criticized the neural network of the day and fhnding for the area 

dwindled (lo5. 'l0'. In the next 20 years very little work was done in this area. In the early 

1980s, researchers began to take up the study of perception again, perhaps due to 



disillusionment with the symbolic processing model of artificial intelligence. The 

renewed work culminated in the discovery of a learning algorithm for the multi-layer 

perceptron in 1985 by Rumelhart and others (Shouhong. W, 1997; Yinzhen. L, Kenichi. 

I, M. Gen and R. Kobuchi, 1997; Zhou. D. N. et. al., 1991). The new approach was to use 

multiple layer of hidden units to overcome the limitations of earlier perceptrons. In 

addition, they used nonlinear, continuous and differentiable threshold fbnctions for 

neuron activations. Over the past few years the interest in ANN has grown rapidly. 

Professionals from various fields like engineering, philosophy, psychology etc. are 

intrigued by the great potential offered by this technique and seeking applications in their 

fields. This interest has been fired by both theoretical and application success. 

13.2 Basic concepts 

Formally, an artificial neural network can be defined by three elements: a set of 

processing elements called neurons, a specific topology of weighted interconnections 

between these elements and a learning law which provides for updating the connection 

weights. 

Neuron:A typical neuron is shown in Fig. 13.1. In this type of neuron, called a 

perceptron, the output is a nonlinear function of weighted sums of its inputs. The 

inputloutput relation is often described as the neuron's transfer hnction. Some of the 

commonly used transfer functions are depicted in Fig. 13.2 



In Fig. 13.1 X I ,  x 2  ,... ... ... ... ... .. .  ....., X,, are the illputs 

W], w z , .  . . . . . . .. . . . .. . . . . ..., W, are the connection weights. 

y is the out put. 

Fig 13.1 Typical model of a neuron 

Inter connection topology: there are mainly two classes of network topologies, namely, 

feed forward and recursive topologies. A typical feed forward network is shown in 

Fig.13.3. This network has an input layer, two hidden layers and an out put layer. Each 

out put in a layer is connected to each input in the succeeding layer. A typical set of 

equations for such architecture may be given by the following equations: 

m 
qi = f C bij Pj 

j = 1  



where f (X) = 1/(1+e-") 

(a) Hard Limiter (b) Threshold 

t 

(d) Tan sigrnoid (e) Linear 

Fig 13.2 Certain transfer furictio~~s 



Hidden Layer 1 Hidden Layer 2 

Fig.13.3 Typical feed forward network 

For the present case only two hidden layers are considered. In general, the 

number of hidden layers in the network and the number of neurons in each hidden layer 

may vary. Also the transfer hnction of each neuron may change. The effect of feed 

forward network is to produce a nonlinear mapping between the inputs and outputs. As 

long as the weights are unchanged this mapping is completely determined. In recursive 

network topology, each neuron receives as input a weighted output from every other 

neuron in the network, possibly including itself. Typical recursive architecture is shown 

in Fig13.4. This system receives an input pattern of xi S and then interacts according to 

the equation ( 1  3.2). The non-linearity can be a hard limiter or threshold logic hnction. 



Fig 13.4 Recursive neural network 

Learning laws: ANNs are usually used in two ways; operational mode and learning 

mode. In the operational mode the neural network is used to compute an output in 

response to a given input. This mode assumes that the interconnection weights have been 

fixed to some desired values. In the learning mode the objective is to determine the 

connection weight so that the network output has the desired property. The ANN is first 

used in the learning mode, with training proceeding until the weights are correctly 

adjusted for the particular application. Then the network is used in the operation mode. 

Learning algorithm for weight adjustments can be described either as supervised learning, 

unsupervised learning or reinforced learning techniques. In supervised learning, it is 



assumed that the desired output is known. This is then used to form an error signal, which 

is used to update the weights. In unsupervised learning the desired output is not known, 

but learning is based on input/output values. In  reinforced learning, weights associated 

with neurons are not changed proportional to the output error of that particular neuron, 

but instead are changed in proportion to some type of global reinforcement signal. 

13.3 Back-propagation algorithm 

The algorithm used for training the multi layered neural network is known as 

back-propagation. The back propagation (BP) method is at the moment the most effective 

and widely used learning methods for training multi-layer network. Back-propagation is 

an approach to adjust the weight associated with the hidden layers, based on the error of 

the output neurons. To derive the algorithm an error hnction is defined for the network. 

Then the partial derivative of the error function is computed. The weight change is then 

made in the negative direction of the partial derivative. To illustrative this, consider the 

network shown in Fig 13.3 

Let the error hnctions be defined as 

E = K X ( y,d - y,)' (13.3) 

Where y,d is the element t of the desired output vector yp and y, is the th element of the 

actual output vector. 



Normally the hidden neurons and output neurons are provided with bias nodes 

whose output is unity. The steps to be followed in training are given below: 

1 .  Select training pair from the training set and apply the input vector to the network 

input. 

2. Compute the outputs of the network. 

3 .  Determine the error between the desired and actual outputs. 

4. Adjust the weights of connections to minimize the error. 

5. Select the next training pair and go to step 2. 

6. Continue the steps 1 through 5 until the error for entire set falls below an 

acceptable value. 

13.4 Cost optimization model for a construction project using ANNs 

The neural network topology for the neural dynamics construction cost 

optimization model is shown in Fig. 13.5. The nodes in the network represent the 

variables and constraints of the problem. The variable layer has N nodes corresponding to 

the total number of decision variables. The constraint nodes are divided into NNI' layers 

corresponding to non-repetitive tasks, NN* layers corresponding to repetitive tasks, and an 

initial constraint node. Nodes are grouped within each layer into the constraint categories 

described in a previous section. Variable and constraint nodes are filly interconnected 

(interlayer connections). In addition, recurrent and intra-layer connections are also used. 

Associated with each connection is a weight whose magnitude and sign affect the 

impulse the connected node will receive. Both excitatory (positive connection weights) 

and inhibitory (negative connection weights) connections are used in the model. The 



coefficients of the constraint fhnctions are assigned to the excitatory connections from 

variable layer to the constraint nodes. The gradients of the constraint functions are 

............-- Inhibitory connection 

l'\cirnttn-y co~it:ccti~*n 

the 

Fig 13.5 Neural network topology for neural d y ~ ~ a ~ n i c s  cost optimizatiorl model 



assigned to the inhibitory connections from the constraint nodes to the variable layer. 

The gradients of the objective function are assigned to the recurrent inhibitory 

connections of the variable layer. A weight of one is assigned to the intra-layer 

connections. This allows the outputs of nodes in competition to be compared. 

The output of the variable layer is the current state vector X. Because the 

coefficients of the constraint functions are encoded in the excitatory connections from the 

variable layer to the constraint nodes, the input to a constraint node is the magnitude of 

the constraint at any given state, that is, g, (X) for an inequality constraint j, and hk (X) for 

an inequality constraint k. The output of a constraint node will depend on the type of the 

constraint it represents. For an inequality constraint./, the output is 

when &(X) L 0 

when g, (X) 1 0 

and for an equality constraint k the output is 

O,k= 0 when hk(X) - 0 

= rnhk(X) whenhk(X)f 0 

Equations (13.4) and (1 3.5)  represent the activation functions. They are chosen such that 

the output of a constraint node is the penalized constraint violation. When more than one 

equation is specified for a particular category of constraint, such as external logic 

constraint, a competition is created between the outputs of the nodes in that group. 



For a group of n nodes with outputs O,, , Oc2. . ()L., . , O,, such that 

0 ,  m m  / 0 c 1 ,  0 c 2 .  . Oc, .  , o c n /  (13.8) 

the outputs after competition arc as follows: 

o c j  = OcJ and OCI , O c 2 ,  .Oo = 0 (13.9) 

Let wji and Wki be the connection weight from the j~ and kh inequality and equality 

constraint node, respectively to the jh variable node, and Y, be the weight of the recurrent 

connection to a node i in the variable layer. Then, the input to the variable node is 

given by 

The new value of the P' decision variable is obtained by the integration 

x i n e w  = 1 I ,  dt (13.1 1 )  

This integration is done by the Euler or the Runge-Kutta methods. In the construction 

cost optimization problem, the simple Fourier method also yields accurate results. The 

network operates until no change in the decision variables occur within a given tolerance, 

that is, when X' = 0, X is the solution to the minimum direct cost construction scheduling 

problem. 



13.5 Applicatiori of ANN for predictiorr of constructiori labour productivity 

During the process of estimating new projects, construction labour productivity 

is to be predicted in most of the cases. The first step here is to analyze the variety of 

construction projects and determine which factors that affect the labour productivity 

should be incorporated in the study. Many factors are to be collected, because it is very 

difficult to ascertain which of the factors are significant and which are not. The sources of 

the factors are literature, existing data of participating companies and a survey of the 

project team. Factors are to be defined as belonging to one of the two categories: 

quantitative and qualitative. Quantitative data comprise of actual numerical values and 

qualitative information is mainly ratings and descriptions. Secondly the study is to be 

conducted to investigate whether there are strong relationship between these factors and 

productivity. Standard statistical measures scatter plots and correlation statistics are to be 

compiled. The development of a neural network model for this case is to be done as 

follows. 

1. Selectiotl of a r~etrral rletwork model- A number of models are available, 

including back-propagation, modular, generalized regression, classification and others. 

This process depends on experience with neural networks and involves trial and error. 

2. Determit~atio~z of tlte factors that l~ave .sip~~Jicarzt efSect or1 lahotrr prmf~rclivity- 

These factors form the input to the network.. Obvious ones include the type of work, re- 

sources utilized, weather etc. 



3.  L)etermit~a/iotl of the otrtptrt layer strtictrrre- This determines what the network 

predict once the input of step 2 is fed into it. 

4 .  Atialysis atld scalirig oJall irpzrt ntld otrfptrt da/a to a szli/ahle form-In general terms, 

most network structures work best with scaled data. 

5.  L)etermitritlg proced~tresjbr mnitlter~atlce of the experirnetltatior~ process- which tends 

to be data intensive- This step helps in trying various scenarios while keeping track of 

network performance. 

The primary neural network structure is a feed-forward, back-propagation 

network. Input is to be provided using standard neural network input structures, and the 

output is a single point estimate of labour ~)roductivity. Other nctwork structures 

included are "modular", "probabilistic" "generalized regression" and "learning vector 

quantization (LVQ)". In many cases the network structure severely restrict what can be 

inputted and outputted. In others (e.g., generalized regression) the training requires more 

data than could be possibly collected. 

Although estimates from the preliminary neural networks are reasonable, they 

are deficient in two ways. 

1. Failure of predictions are serious and this is unacceptable. In other words, when 

predictions are wrong, they are significantly wrong. For example, the network could 



predict a productivity value of 0.2 m-hrs1sq.m when the actual productivity is 0.7 m- 

hrs/sq.m (for a range of 0.1 5 - 1.2) 

2. The "one value" estimate (i.e., single point estimate) of labour productivity is not 

acceptable to estimators, given the fuzzy nature of the problem. In addition, the objective 

is to improve. 

To address these problems a solution is derived based on a network structure 

with a fUuy output layer. The suitahlc neural network is a three-layer back-propagation, 

feed-forward neural network. The network can use a signioid transfer function with a 

normal cumulative learning rule. There are 55 input nodes representing 30 factors, 30 

hidden nodes in one hidden layer, and 13 output nodes. The output formulation of the 

model is an output scheme that predicts labor productivity on a fuzzy scale (i.e., the 

productivity is predicted as a set of scores that represent certainty of occurrence 

corresponding to subset ranges of productivity values). This output is displayed as a 

fiequency distribution, providing a measure of uncertainty associated with the 

predictions. 

13.5.1 Network structure with focus on output layer 

The first proposed solution to the problem of determining an output structure is 

to split the labor productivity values into zones and then allow the network to predict a 

zone of values rather than a prior estimate, as illustrated in Table 13.1. The zone would 

contain a sample of productivity values and could be represented by calculated statistics 

or a fitted distribution. The assumption is that sirrlilar productivity values (with in  a zone) 



would result from similar circumstances. The zone would be predicted and the statistics 

for the empirical data for the zone would represent the range of possible values. The 

concept of fuzziness could also be included in the zones, allowing the boundaries of 

adjacent zones to overlap due to uncertainty. Decisions to be made includes how many 

zones are to be used (this af'f'ects the accuracy of predictions) and, where the zone 

boundaries would be located. 

This model evolved into a "binary zone pattern recognition" method where 

records are mapped into binary output zones, which represent a small range of 

productivity values. The first step in the model is to determine the likely range of values. 

In Fig. 13.6 (a) likely range of value is scaled fiom 0 to 1. The goal of the model is to 

predict a subset of the overall range. For example, the subset range could be from a value 

of 0.10 to 0.40, as shown in Fig. 13.6 (a). 

Table 13.1 Productivity values for different zones 

Productivity values 
0.10 
0.12 
0.15 
0.20 
0.2 1 
0.23 
0.25 
0.27 
- 
- 
- 
- 
0.85 
0.89 
0.90 

Zones 

Zone 1 

Zone 2 

Zone 



The second step is to determine the number of zones for the analysis, as shown 

in Fig. 13.6 (b) where the range of all possible values is divided into predefined zone; 

each zone represents a range of productivity. Tlie third step is to determine the 

boundaries of the zones and to add an extra zone on the top and bottom of the range of 

values to ensure that the entire range of possible values is modeled. The fourth step is to 

mark the records into the productivity zones. 

0.0 Labour productivity range 1.0 

Labour productivity zones 

Fig 13.6 Goals o f  output structure 
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GENETIC ALGORITHM (GA) APPLICATIONS IN SCHEDULING 



14.1 Basic concepts 

GAS are inspired by the process of natural evolution and the principle of "survival 

of the fittest" 

A typical optimization problem involving GA is 

Begin 

Generate a new population of solutions 

While terminating condition not met do { 

Evaluate the solutions 

Select the better solutions 

Recombine solutions using genetic operators 

End 

As the fragment of pseudo-code shows, the procedure begins with the generation of an 

initial collection of random solutions. GAS typically works with a collection or 

population of solutions rather than with a single solution. Each individual solution in a 

population undergoes the steps of evaluation, selection, and recombination in cycles 

called generations. An individual may persist across many generations or be replaced in 

the very next generation depending on its fitness and the generation-gap policy effected 

by the GA modeler. The GA evolves the population over many generations until a 

terminating criterion is met. A single string like entity called a chromosome represents 

each individual solution. A chromosome typically consists of a number of genes, which 

may be visualized as boxes arranged in. a linear fashion. Two attributes are associated 



with each gene; its position and its contents, which code for a solution. GAS evolves their 

populations by recombining partial solutions present in the population. A schema, 

somewhat analogous to a partial solution, is a singularity template describing a subset of 

(chromosome) strings with similarity at corresponding gene positions. 

Legend: 

X 0- Gene position 

Fig 14.1 Chromosomal rep-esentation 

Y 

For example, 01 1**001 is an example of a schema that includes all eight place strings 

having a "01 1" sequence in the beginning and ending with a "00 I" sequence. The * is a 

meta-symbol denoting that the gene can take any value of the (binary) alphabet. Every 

schema is associated with two properties: its order and length. The order of a schema is 

defined as the number of string positions that are similar (fixed), and the length is the 

distance between the first and the last similar (fixed) position. Referring to the foregoing 

example, the order of this schema is 6 while its length is 7 (8 - 1). Individuals are 

evaluated quantitatively by applying an objective function on the solution encoded by 

their chromosomal representation; this is a direct indication of the worth of the solution in 

-E Gene value 



the task environment. The progress of a GA search is often monitored through two 

performance measures; the best and the average generational performances. Best 

performance denotes the average of the set of best solutions of each generation while the 

average generational performance is an aggregate measure of the performance of the 

population in each generation. Generally, the best performance is a better indicator than 

the average general performance, and is the measure used in the results presented in 

literature. Both these measures clearly indicate whether the population is converging to a 

solution and the degree of diversity that is still present in each generation. Selection is the 

procedure by which better-than-average solutions are determined for recombination. 

Among the methods studied in the literature, roulette wheel and ranking are widely used. 

Essentially, selection places these better chromosomes in an intermediate mating pool 

wherein the chromosomes are paired randomly. The individuals performing the 

recombination do not have apriori knowledge of whether the recombination will benefit 

them individually or collectively, but a famous result known as the schema theorem says 

that the expected number of a particular partial solution is directly proportional to the 

ratio of the average performance of individual that contain the particular partial solution 

to the average of the population as a whole; thus, above-average chance of passing on 

these schemas to the next generation. An operator called crossover effects recombination; 

it is the principal mechanism by which the CA arranges for good schemas present on 

different chromosomes to aggregate on a single individual. Single point crossover 

involves exchange of a part of each chromosome in a pair across a randomly chosen 

point. Although crossover is principally thought of as a mechanism that improves the 

quality of solutions, it is also possible that cross over will disrupt a good sclicma alrcady 



present, especially the long ones. Besides crossover, GAS often applies another operator 

called mutation. It involves raridornly changing the values of certain gene positions, the 

position and the new value being decided by chance. Mutation is performed at the gene 

level but not every gene should be mutated. The frequency of mutation is often kept very 

low to avoid disruption of good solutions; the principal use of mutation is to reintroduce 

genetic diversity to avoid getting trapped in local optima. It is evident that GAS are 

probabiiistic in nature, from the generatior. of the initial population to the many 

operations within the algorithm, which are dependent on chance (implemented through 

the use of a random number generator). 'I'herefore, several runs of a GA (each called an 

experiment) should be niade to minimize the chance that the results obtained are merely 

due to the "luck of the draw". This is especially important when evaluating the 

effectiveness of a particular GA imple~nentation, be it the representation, the GA 

operators, or the settings of the operatiorial parameters. GAS are not random "generate- 

and-test" procedures, but incorporate a very effective, though implicit learning element in 

the algoritlun through selection and recombination 

14.2 Scheduling with GAS 

In applying GAS to scheduling problems, the issue of the treatment of illegal 

schedules introduced by the GA operations ofien comes up. Schedules consisting of 

ordered lists of activities often produces new schedules with activities duplicated andlor 

missirig or violating precedence constraints as a result of crossover. This can be solved by 

using a schedule builder (incorporating domain-specific heuristics) to repair the illegal 



schedules. This adds a considerable amount of work outside the main G A  algorithm and 

the efficiency of the G-A search is reduced. 

m\;ml parent I 

A B C D E F G Parent 2 

Child 2 

Child 1 

Fig 14.2 Crossover mechanism 

Some times, a different chromosome representation can avoid this problem. The 

concept of sorting random keys can be used to avoid illegal schedules. The keys could be 

used to represent relative priorities between choices remaining after domain constraints 

are satisfied. The advantage of using random numbers is that even afier recombination, 

the numbers can be sorted to produce a legal schedule each time. Existing G A  theory 

does not address the problem of infeasible solutions, so ad-hoc work-around that are 

based on intuitive appeal will distort the feedback to the G A  from evaluating its 

solutions, and the connection between good schema and positive feedback is considerably 

weakened. The decision variable represented by the genes in the chromosome causes the 

delay in the starting time of each activity; a binary representation can be used to code the 

gene values. 



14.3 The GA-scheduler 

14.3.1 Structure of CA-scheduler 

By hybridizing the GA with existing problem solving algorithms, the domain 

expertise embodied in the encoding used by the current algorithm can be preserved. This 

is reflected in the design of the GA-scheduler. Fig 14.3 depicts the main components of 

the GA-scheduler implemented, comprising the basic GA engine, a schedule builder, and 

an evaluation function. The GA engine performs the basic GA processes of selection, 

recombination and mutation on succeeding populations of solutions. Genesis is a 

commercially available GA package, which can be used to provide the routines of the GA 

engine. Generally, Genesis users only have to provide an application-specific evaluation 

function and link the evaluation function with the GA routines supplied in the package to 

make a complete application-specific GA program. However, for the scheduling problem, 

the evaluation hnction in equation (14.2 (c)) has to be supplemented with a schedule 

builder. Various aspects of the GA-scheduler are discussed under the appropriate 

headings. 

14.3.2 Schedule builder 

The schedule builder contains the logic to construct a valid schedule from the 

decoded chromosome according to the constraints of the application, namely; 



1. Hard cotatraints: these constraints can never be violated or relaxed at any cost. 

Precedence relationships between project activities are prime examples of hard 

constraints. It is advantageous to code the logic to maintain hard constraints directly into 

the schedule builder for efficiency reasons. 

2. Soft cor~straints: these constraints can be relaxed to a certain extent but with a 

penalty on performance. The model treats project duration and resource availability as 

soft constraints. Project durations can be extended or resources borrowed indicating that, 

at least at the planning stages, these should be treated as decision variables. However, 

these decision variables are situated at a level higher than those encoded at the gene level, 

which involve activity - level decisions such as the start of activities. Soft constraints are 

incorporated into the evaluation hnction 

14.3.3 Chromosome representation 

These issues are involved in choosing a suitable chromosome representation; the 

choice of the decision variable being coded, the mapping from activity to gene position 

on the chromosome, and the form of coding to be used for gene values. An improper 

choice of the decision variable causes a lot of ad-hoc rework and weakens the link 

between good schema and positive feedback 
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In construction scheduling, two alternatives suggest themselves: the genes could 

represent either the start times of activities or the priority with which to schedule 

activities. If the first alternative is chosen, the precedence relation is often violated, thus 

requiring extensive external repair. This is because, in this alternative, the precedence 

relationship between the activities is not encoded in the chromosome and the GA has to 

learn through exploration with the start times (which is clearly inefficient). Instead, the 

concept of random keys can be adopted. Accordingly, the gene values are real numbers, 

which code for two decisions; the scheduling priority of an activity, and the percentage of 

current float to be utilized before the start of the activity. 

Evaluation 
fbnction 

The need to consider the activity-to-gene mapping arises because a chromosome 

is a linear string of genes, whereas a project network, arguably, has some form of 



structure, principally induced by the precedence relationships between the activities. It 

would be straight forward to ignore the precedence structure and use a simple (and 

arbitrary) mapping of activity to gene position, in such a simple mapping, the first 

activity would occupy the first gene position and so on. However, such a simple mapping 

would not perform as well as a mapping based on topological sorting of the activities. In 

this case, activities are first stored using precedence relationships as the criterion; 

activities of the same topological rank are then mapped to a contiguous segment of the 

chromosome. This means that an activity's gene position no longer corresponds to its 

activity number. This scheme performs better than the simple linear mapping since, in the 

latter; activity schema (which are expected to be associated with topological rank) would 

have longer defining lengths and thus become more susceptible to disruption by 

crossover. 

Two widely used forms of coding for gene values are the binary and floating- 

point representations. GA traditionalists prefer binary coding, arguing that the binary 

representation explores the most number of schema per trial. With binary alphabets, the 

parameter range is discretized with enough resolution to enable the output to be affected 

to the desired level of precision. The discretized value is then represented as a bit string 

consisting of an appropriate number of 1 and 0 bits. However, coding becomes more 

difficult when the number of values is not a power of 2. For example, if only 25 values of 

a parameter are allowed, at least 5 bits are required to cover this range; but this gives a 

total of 32 slots, of which seven may not have any evaluation. It is problematic to decide 

how to handle these extra slots since any assignment of them to valid values will bias the 



search in an unpredictable way. The use of floating point representation has been a more 

recent development without much theoretical underpinning, but it has gained increasing 

acceptance among GA practitioners as it has been shown to work just as effectively as 

binary coding, and sometimes makes the coding more natural to the application. 

14.3.4 Interpretation of the chromosome 

In the GA-scheduler, each gene in the chromosome codes for the scheduling priority and 

delay in the start time of an activity. The precedence constraints are maintained by 

constructing the schedule rank-wise. An activity with a higher gene value will be put in 

the scheduling queue ahead of others with lower gene values in the same rank. The actual 

start time of an activity is not its earliest start, but is determined by adding a fraction of 

the current float to the earliest start of the activity. The current float (CF) of an activity is 

defined as 

CIC" = LFT- Clr  d (14.1) 

where LFT= late finish time of an activity; CT= current time; and d= remaining duration 

of an activity. CT, in this model, is defined as the minimum of the finish times of the 

activities of the previous rank. The start time, ST, of an activity is then calculated as 

ST = FTp + random number X C l )  (14.2) 

where FT = maximum of the finish time of the predecessors of the activity. 



The use of random keys and a floating point representation enabled solutions to be found 

for several difficult representations and coding issues. However, their use is not without 

its cost, since they impose an overhead during the search of schema by the GA to 

understand why it is necessary to distinguish between genotypes (the list of real numbers 

encoding priority rankings and current float usage produced by the GA) and phenotypes 

(the activity schedule instances produced by the schedule builder after interpreting the list 

of real numbers). When the scheduler uses the real numbers to determine priority, it is 

only interested in their ordinal, not absolute, values; hence many combinations of real 

numbers could lead to the same ranking. More significantly, the scheduling delay, 

calculated as a percentage of current floats, is a multiple of the basic scheduling unit. 

Some rounding of the result of the multiplication between the gene value and the current 

float is necessary when determining the delay; depending on the magnitude of the float, 

several real numbers could map to the same amount of delay. Furthermore, a set of 

activity schedules could produce the same resource utilization profile, which is evaluated 

by the objective function. Thus, several genotypes may correspond to one schedule 

(phenotype), and several schedules may yield the same profile. 

14.4 Resource scheduling with genetic algorithms 

Early attempts to solve resource-scheduling problems used mathematical 

models, but their primary disadvantage was that they could not solve the bigger and more 

complicated problems encountered in practice. Later attempts used heuristic rules to 

overcome the problem of combinatorial explosion, but the rules themselves proved to be 



very much problem dependent. Furthermore, algorithms designed for resource allocation 

may not perform well on resource leveling problems. A new approach, employing the use 

of genetic algorithms (GAS) can overcome these drawbacks and provide the basis for a 

general method of resource scheduling in construction projects. The nature of the solution 

discovery process used in the GA approach reconimends itself to actual everyday 

application since several good (not necessarily optimum) solutions will be returned by the 

GA, oflen under strict time pressure. 

Traditionally resource-scheduling problems in construction project networks 

have been solved either as a resource leveling or as a resource allocation problem. The 

objective in the resource-leveling problem is to reduce peak resource requirements and 

smooth out period-to-period assignments with in the required project duration, with the 

premise of unlimited resource availability. The resource allocation problem starts off with 

the assumption that resource availability is constrained to some maximum value and the 

objective is to allocate the available resources to project activities in an attempt to find 

the shortest project duration. Each class of solution has its own specialized solution 

algorithm that takes into account the objectives, constraints and premises of the problem. 

The division is to facilitate ease of solution of what would otherwise be a difficult 

combinatorial optimization problem. In practice, the distinction between the two problem 

types is not so clear since a decision maker is likely to desire both objectives of resource 

leveling and minimum project duration, and will certainly consider a trade-off between 

increasing resource availability and the prospect of shorter project durations. Early 

attempts to solve these problems used mathematical models such as linear programming 



and dynamic programming to obtain an optimal solution. The efficiency of the algorithms 

in searching for solutions depended on making strong assumptions about the objective 

hnctions and constraints employed in the model, which may depart from real-world 

situations. Furthermore, this approach scaled poorly on larger problems required in 

practical application due to a phenomenon called "combinatorial explosions". Other 

attempts used heuristic rules to overcome the problem of combinatorial explosion. A 

single rule or a hierarchy of rules (to break ties) is used to decide the order of resource 

allocation among competing activities. These rules have been shown to perform well over 

a variety of problems and are widely used in actual practice because of their simplicity 

and efficiency in application. However, some studies (47) have indicated that it is not 

possible to determine apriori the best set of heuristic rules for a particular problem. 

Further, a significant implication of the use of heuristic rules is that the optimality of the 

solutions obtained is not guaranteed, although certain heuristic rules produce very good 

feasible solutions. It has been reported that the minimum slack heuristic performed well 

over a wide range of problems. Computationally, this method has the drawback that the 

network has to be recalculated ever). time an activity is delayed. 

In the ensuing discussions a new approach using GAS to overcome some of the 

previously mentioned difficulties associated with mathematical and heuristic methods are 

incorporated. The GA model schedules the starts of activities in a single project (and 

hence performs resource allocation) using a serial model of allocation, with the objective 

of minimizing the difference between resource availability and utilization. An ancillary 

objective is to minimize the project duration under limited resource constraints. By taking 



the view that the objective is minimization of the deviation of that required from 

available resources, the model is able to handle both resource allocation and leveling as 

well as "due-date" problems without extensive modifications. The key to success in the 

GA application will lie in the design of the problem representation, good interfacing with 

the task environment, and determining suitable GA operating parameters. These should 

be followed by the implementation of an actual GA scheduler and comparison of the 

results of the scheduler with that of heuristic methods. 

Problem de3nition 

The case in view is a multi-resource scheduling problem whose objective is to minimize 

the deviation of required resources from the available resource profiles subjected to the 

precedence relationship among project activities 

subject to 

where E and Rdk = deviations of required resources from the available resource for all n 

resources and the k th resource respectively; wk= weightage factor for the k th resource; 

Sx and Sy = start times of activities X and y respectively; dy = duration of activity; and 



l', = set of activities which must precede activity X. 

The deviation for any one resource (dropping subscript k) is given by 

where 

in which Rdi = difference between available and required resource on day i, Raj = 

resource available on day i, Rr,. = resource required on day I; Rr,l = resource required on 

day i by the j th activity and j + A = set of all the activities scheduled on day I. The 

objective function of (14.3) can be further extended to consider the underutilization and 

over-utilization of resources and extension of project duration. Thus, if T, is the 

target project duration for which the resource is planned and T is the actual project 

duration, the contribution of any one resource to the objective is 



where kl, k2, k3 = penalty factors (in which kl and k2 are meant to apply to mutually 

exclusive situations of underutilization and over-utilization, respectively). Resource 

leveiing and limited resource allocation problems can be modeled by setting appropriate 

coefficients for the first two terms of the equation, while due date problems would be 

modeled by penalizing resource scheduling beyond the target date [as represented by the 

last term of [14.4(c)]. 
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COMPUTER SOFTWARE IN PROJECT SCHEDULlNG 



15.1 Introduction 

The project scheduling techniques have gained momentum in the fields of 

application after the advent of the personal computers. A good number of computer 

software emerged, but only a few of them could withstand the test of time. Primavera 

(with project planner) and Microsoft Project are two such software packages, widely 

used now - a - days. It is attempted here to bring forth the facilities of these packages, 

with their advantages and disadvantages and a critical analysis of the hture potential for 

software packages 

15.2 Primavera project planner 

The version studied by the author is the Primavera 3 (P3), release 2 of 1997. (P3 

2.0 release). The major features and facilities available in this package are discussed 

hereafter. 

15.2.1 Features available in the P3 2. Ob release. 

The major utilities available are, customizing standard reports and graphics for 

new projects (including Gantt/PERT charts), using Microsoft Access 2.0 with P3 for 

Windows, using Lotus 1-2-3 with P3 for Windows, Creating Custom P3 for Windows 

Reports Using IQ for Windows, using Excel 5.0 and Word 6.0 with P3, using Lotus 

Approach with P3 for Windows, creating custom P3 for Windows reports using crystal 

reports, customizing curves, custom data items and specifications, total float calculations 

with multiple calendars, showing expected finish constraints on bars, creating free float 

bars, copying activities from one project to another, printing bar chart layouts and graphic 

reports to a file, displaying start/finish triangles on bar chart graphics and converting 



Microsoft Project data. In addition to these facilities, the following special features are 

also available in the latest Primavera package. 

Nori-excltrsive schecitrli~tg: Exclusive access to schedule a project is no longer needed, 

whether it is a stand-alone project, a project group, or a member project. When we initiate 

scheduling, if another user is working in the same project, or a member project of the 

same project group, P3 displays an advisory message. We can continue scheduling. When 

scheduling completes, P3 stores new schedule dates for activities that are not locked by 

other users. 

Updated RA Primavera filgine arid (31JE Airfoniafior~ Server: P3 2.0b includes the most 

recent versions of the RA Primavera Engine and OLE Automation Server. These updates 

enhance the interoperability of Primavera products that use RA. 

New RA scripts: The update also includes the following new RA scripts that provide 

additional ways to work with P3 using Excel spreadsheets as the working environment. 

ACTIVITY.XLS: Run ACTIVITY.XLS to add or modifi P3 activity data in Excel 

spreadsheets rather than the P3 Activity form. All fields available with the Activity form 

are available in the spreadsheet. 

CUS?'OM.XLS: Run CUSTOM.XLS to create a P3 resource or cost control report in an 

Excel spreadsheet. 

PREDSUCC.XLS: Run PREDSUCC.XLS to produce a filtered or unfiltered 

predecessor/successor report in an Excel spreadsheet. 



PROJECT.XLS: Run PROJECT.XLS to produce a project's Activity Code, Resource, 

WBS, andlor Custom Data Item dictionaries in Excel spreadsheet format. Editing a 

spreadsheet has the same effect as making edits directly to the matching P3 project 

dictionary. We can also use this macro to transfer dictionaries between projects. 

SPREAD.XLS: Run SPREAD.XLS to produce an Excel histogram showing resource 

spread. Depict the use of one or all resources in a project. 

A ~rtility for ~~pdatitlg progre.7.y: Use this new Visual Basic script to automatically 

progress or remove progress from activities. Open a project and spec@ a new data date, 

either before or afier the current data date. Update Progress adds or removes progress for 

activities scheduled to work during that timefgame and updates both driving and non- 

driving resources (This script provides the tktctionality of Sure Trak's Tools). 

Project check-idcheck-out: Team members can check member projects in and out of 

project groups. This utility enables to manage version control. 

Open Project Check-irvCheck-out by choosirtg Ibols, Project Check-itKheck-otrt. 

1)i.spluy 1'IClU' contlec!or activities 0.7 ovals or uclivity boxes: A new option appears in 

the PERT activity box configuration dialog box. I f  we show connectors to excluded 

activities, mark the display connectors as ovals checkbox to display connector activities 

as ovals containing the activity ID only. Clear this checkbox to display connector 

activities as activity boxes with circular endpoints. 

Imf~or! attd export ac!i~yity lugs with M M  Cutlvert: MPX Convert, the utility program 

that converts P3 project data to and from Microsoft Project format, exports the first 10 



log lines of P3 activities to the Microsoft Project notes field, and irliports the first 10 lines 

of the Microsoft Project notes field to P3 as the first 10 log lines. 

Srrmmarizir~g projects with different plarttiirlg ~rtiits: P3 enables to summarize projects 

with mixed planning units. P3 uses the planning unit for the summary project to 

determine the overall planning unit. For example, if we want to summarize a daily and a 

weekly project into a daily project, the activity durations from the daily project remain in 

units of days. P3 calculates the activity durations from the weekly project in days as the 

numbers of work periods bctwccn the sumniary early start date and the sunimary early 

finish date. P3 uses the calendar assigned to the summary activity to determine the 

available work periods. For example, an activity that has duration of 4 weeks in a weekly 

project has duration of 20 days if it is summarized in a daily project, based on a project- 

group calendar of 5 workdays per week. If we summarize a daily and a weekly project 

into a weekly summary project, P3 uses units of weeks for all durations. All start dates 

are pushed back to the nearest start day of the week, and all finish dates are moved to the 

nearest end day of the week. For example, a summary activity with an actual start date of 

Tuesday in a daily project has an actual start date of the previous Monday if summarized 

into a weekly project, assuming that Monday is the specified start day of the week in the 

project-group calendar. P3 uses the summary early start dates and the summary early 

finish dates to determine the duration of a summary activity. Because P3 moves start 

dates to the beginning of the week and finish dates to the end of the week, activities from 

a daily project that are summarized into a weekly project can never have durations of less 

than one week. P3 always expresses data for a resource in terms of the project-planning 

unit for the resource. If we summarize projects with different planning units and then 

load detailed resources, the summarized resource quantities still reflect the planning unit 

of the source-project resource. If we consolidate, resource use reflects the planning unit 

of the summary activity. 



Cotlsolidatitlg by resource, cost accolrtlt, or cost category: We can summarize projects to 

consolidate resource and cost data while leaving the source projects intact. 

Cotisolidate by resotrrce: P3 consolidates resources for a summary activity by analyzing 

all the detailed activities in the summary group and totaling the quantities for all 

matching resources. Matching resources are any resources that have the same name, even 

if their resource designators, cost accounts, or cost-account categories differ. P3 adds the 

values for the budget, the quantity at completion, the actual quantity to date, and the 

actual quantity in this period. The new units per time period and quantity to complete are 

calculated as 

Quantity to complete = Summary quantity at completion - summary actual to date 

Units per time period = Summary quantity to complete, summary remaining duration 

P3 assigns the resources from all the detailed activities in a summary group to 

the summary activity with the appropriate quantities. P3 assumes that the summary 

resource requirements start when the summary activity starts and that they finish on the 

finish date of the summary activity. P3 does not consider resource lags and durations 

fiom the source project. P3 does not assign resource designators, cost accounts, and cost- 

account categories to the summary activity when we consolidate by resource. During the 

summary process, P3 adds resources to the resource dictionary for the summary project 

as needed. If a resource that is used in a source project does not exist in the summary 

project, P3 adds the new resource to the summary project, together with its availability 

limits and unit prices. Not consolidating by resource may result in a large number of 

resource assignments for each summary activity. For example, suppose a summary 

activity is compiled fiom 10 detailed activities and each uses the same resource 



(distinguished in each activity by a resource designator). A detailed analysis results in a 

summary activity with 10 resource assignments, RESOURCE 1, RESOURCE 2, ... 

RESOURCE 10. A resource consolidation shows that the summary activity has only one 

resource (RESOURCE), which represents the total use for all 10 resources. 

Cortsolidate by cost accorirlt: A summary of costs by resource is the same as a summary 

of quantities by resource except that it shows accumulated values of currency instead of 

units. A cost consolidation by cost account shows only cost accounts and their associated 

costs. Resources or cost-account categories are not shown. A consolidation by cost 

account for resource data shows only cost accounts (and not resource names or cost- 

account categories); resource data are not loaded because P3 requires a resource name to 

show quantities. 

Corrsolidate by cost category: A summary consolidated by cost category accumulates 

costs for each category encountered in the group of detailed activities for a summary 

activity. P3 does not show resources or cost accounts in the summary activities. In place 

of the resource name in the summary activity, P3 shows the cost-category title. Cost 

estimates from the source-project activities are also added. 

If we update a summary project by summarizing again, and load resources or 

costs, P3 bases resource/cost data 011 the current source project(s). P3 replaces existing 

resource/cost data in the summary project that are not updated with zeros. 

15.2.2 Using the Primavera project planner 

Primavera supplies a default layout, the classic schedule layout, which is 

displayed when we open a project the first time, add a new project, or create a new 

layout. The classic schedule layout for the bar char-t view includes the activity colun~ns 



and bar chart. The activity columns show the activity ID, activity description, original 

and remaining duration, percent complete, early dates, resources, and budgeted cost. The 

bar chart contains activity bars for early dates and float, and the timescale spans about 

four months of the project. Activities are organized by early start dates and total float. 

The layout for the PERT view shows all activities in the project, starting with the first 

activity that has no predecessors and ending with the last activity that has no successors. 

Activities are represented as boxes that show the ID, description, early start and finish 

dates, original and remaining durations, and total float. 

Creatitlg a new layo~it: We can create an unlimited number of layouts for each project. 

P3 displays the default layout when we create a new layout. Tailor the layout to our 

liking, then save it with a unique ID and name. A project group and its projects share one 

set of layouts. 

Savitlg a laytit: P 3  automatically saves changes to project data such as adding, deleting, 

editing, copying, and updating activities in a project. To save changes to the appearance 

of a layout, such as displaying the Activity form, changing column data, tnodibng bar 

sizes and colors, and modi5ing PERT activities, choose View, Layout, Save. We can 

also save the layout as the default, which P3 uses each time we add a new project or 

create a new layout. 

The followitrg can be saved in a Iayotit: bar chart view, PERT view, common elements, 

activity table data and settings, attached and embedded objects, bar and endpoint 

configurations, bar colors, column titles, font, font definitions, hard page breaks, 

organization and grouping options, print options, progress bar, progress definition, 

relationships display, resource/cost profile or table display and settings, rolling dates, row 

height, screen colors, separation lines between groups and column data, sight lines, Split- 



bar positions, summarization settings, timescale settings, trace logic displayed, trace logic 

settings, WBS outline options, activity box configuration and templates, activity 

positions, activity shape and color settings, activity shape and color settings for new 

activities, arrange options, connector block settings, cosmic view displayed, cosmic view 

position, critical color for activity boxes, end width percentage for activity boxes, print 

options, progress displayed, relationship format, split bar positions, trace logic options, 

zoom levels for PERT and trace logic, activity form and detail windows displayed, 

critical float definition, date format, filter assignment, layout options and toolbar 

displayed. 

To opett a layozct: P3 opens only one layout at a time for each project. If we share projects 

with other users, P3 can copy a layout if two or more users need to access it at one time. 

We must save the copied layout as a unique layout to save our changes. P3 remembers 

the last layout we opened for the last 25 projects. We can change the current layout while 

we have a project open. P3 displays the layout in the Bar chart or PERT view, depending 

on the view opened when we last saved the layout. P3 also runs the layout's associated 

filter and, if displaying the bar chart view, organizes activities based on the bar chart 

group and sort criteria. If P3 displays the I'ER'I' view, P3 arranges activities based on 

their relationships and places activities without relationships at the bottom of the 

network. 

Xeplaci~lg the defardt layorit: Instead of using the classic schedule layout as the default 

layout, we can create our own default by using the View, Layout, Make Default 

commands. Once we assign a new default layout, P3 displays this layout each time we 

create a new layout or add a project. 



Stlapshor activity list: This layout option is available only from the bar chart view and 

enables to save the order and grouping of activities in a layout. When we save the layout 

as a snapshot activity list, P3 creates a list of the activities in the layout. The next time 

when opening the layout, P3 displays the activities in the snapshot activity list and does 

not run a filter or reorganize the project. Using a snapshot activity list enables P3 to open 

projects faster. 

Switchirtg to the PERT view whert working with a strapshot activity list: The snapshot 

activity list applies only to the bar chart view. If we switch to the PERT view, P3 displays 

a message warning that we will lose the snapshot activity list and prompts to continue. If 

yes is chosen, P3 changes the layout options to run the filter and replace the current set of 

activities. P3 displays the PERT view and runs the layout's associated filter. Since 

running the filter also reorganizes activities, we lose the snapshot activity list. If we 

switch back to the bar chart view, we can see activities based on the layout's associated 

filter and the current grouping and sorting options. Click No if we want to continue 

working in the bar chart view with the snapshot activity list. 

M~rlti-lrser cor~sideralior~s: A snapshot activity list is available only to the user who 

creates the list; however, we can still open a layout with the layout options set to snapshot 

activity list. If P3 cannot locate or access the snapshot activity list when we open a 

layout, P3 reorganizes the layout using the current filter. After we open the layout, keep 

the layout options set to snapshot activity list and P3 will create a new list when we save 

the layout; or change the layout options to organize and P3 will open the project 

accordingly. 

Adding acfivities: When adding activities, P3 automatically assigns an activity ID. P3 

assigns a duration of one planning unit, which we can change. P3 automatically sets the 



remaining duration equal to the original duration. P3 calculates activity duration based on 

the type of activity. For some types of activities, we can enter a duration; for other types 

of activities, P3 calculates a duration. If the layout is grouped and we add an activity to a 

group, P3 automatically applies the group values to the new activity. 

Assigrrir~g activity Ills: Activity IDs can consist of up to 10 characters: letters, numbers, 

or a combination of both. Each activity ID must be unique. 

Fragr~ets overview: Fragnets are sections of a network that can be used to build new 

projects quickly. Fragnets can be created using data from our own projects or retrieve 

sample fiagnets provided with P3. P3 stores the following data for activities in a fragnet: 

Activity ID and description, durations, percent complete, float, relationships for activities 

within the fragnet, logs, resources and costs (and associated dictionary information), 

constraints, WBS values, custom data items, activity code values and activity type. 

Activity atrd resotrrce calet~ciars: P 3  provides base calendars, resource calendars, and a 

global calendar. Each project has a global calendar and at least one base calendar, 

calendar 1. The global calendar enables to specifjl non-work periods, exceptions to non- 

work periods, and holidays for the entire project and all its resources. Each resource has a 

calendar that defines when the resource is available without regard to the quantity of the 

resource. Resource calendars can be used to indicate personnel information, such as 

vacations, and equipment information like lease dates. Each resource calendar uses a base 

calendar as a template. Tailor the calendar to the resource by making exceptions to the 

base calendar, or adding non-work periods to it. These changes become part of the 

resource's calendar, but they do not affect the base calendar. Calendar 1 is the default 

base calendar to which P3 assigns all activities and resources unless we add other 

calendars and specifically assign activities or rcsourccs to tlicni. Whcn we dcfinc a 



calendar for each resource and assign resources to activities, we should also designate the 

resource as driving and the activity type as independent or meeting. Driving resources 

determine the remaining duration for activities to which they are assigned. P3 schedules 

the remaining work of meeting and independent activities using the calendars of their 

driving resources. P3 schedules work for activities of other types using the base calendar 

of the activity. P3 ignores resource calendars for non-driving resources. 

I<esot~rce levelzng: this is a process that helps us assitre there are sufficient resources 

available to perform the activities in the project as they are planned. While computerized 

resource leveling provides with a valid resolution of resource conflicts, it may not 

necessarily be the optimal solution. Through analysis, it may be able to find alternate 

solutions, such as changing the project logic to avoid resource conflicts, or reallocating 

resources. During resource leveling P3 only schedules an activity to occur when its 

resource demands can be met. To accomplish this, P3 may delay or advance activities to 

resolve resource availability conflicts. Typically, Ieveling is done on the forward pass 

through the project. P3 determines the earliest dates it can schedule an activity when 

sufficient resources will be available to perform the task. The method P3 uses to forward 

level a project involves several steps. 

1. P3 sorts the entire network into a logical sequence of activities to find the first 

activity or activities without unsatisfied predecessor relationships. These activities are 

ready for leveling. In the event of a tie, P3 uses the priority specification as the 

tiebreaker. In the event that prioritization values are also tied, P3 sorts by activity ID. 

2 P3 initially assumes the normal resource limits. P3 deducts from the available 

resource pool any resources that activities in progress are using. 



3 P3 checks that there will be sufficient resources available to satis@ the activity's 

demands for its entire duration. If so, P3 schedules the activity and returns to step 1. If 

not, the leveling process continues with step 4. Resource requirements are not always 

constant and continuous during every work period of an activity's duration. We can split, 

stretch, or crunch certain types of activities during forward leveling. 

4 If the activity has no positive total float, P3 goes to step 5; otherwise, it delays 

the activity's start by one work period and re-examines the resource availability during 

each work period of the activity. If there are always sufficient resources available, P3 

schedules the activity and goes back to step 1. If not, it repeats step 4 until the total float 

is exhausted. 

5 If P3 previously reached step 5 with this activity, it skips this step and goes 

directly to step 6. When P3 reaches step 5 for the first time, the positive float of the 

activity has been exhausted without finding sufficient resources to schedule the activity 

under the normal resource limits. P3 tries to schedule the activity again, using the 

activity's original, early scheduled date, but this time assuming a higher resource 

availability depending on whether or not resource smoothing is in effect, and if it is, 

which smoothing option is selected in the smoothing section of the resource leveling 

dialog box. There are three smoothing options: None, Non-time coirstraitled, arid Z'ime 

coiatrained. All three options lead back to step 3. Choose Nor~e and P3 assumes the 

maximum resource availability. Choose Noir-time co~istrairred and P3 assumes an 

increase in resource availability of ten percent of the difference between the normal and 

maximum limits. Choose lime corrstrairred and P3 assumes double the maximum 

resource availability. 



6 If the leveling process reaches step 6, 1'3 could not schedule the activity within 

its total float, even assuming the maximum resource availability. As a result, P3 delays 

the activity beyond its total float. This means that the activity will delay the project's 

completion. P3 continues to assume the maximum resource availability, and delays the 

activity one work period at a time, each time checking to see if sufficient resources are 

available during each work period of the activity. If P3 never finds enough resources, 

looking as far into the future as available memory allows, P3 schedules the activity on its 

original, early schedule dates, and issues a warning message in the leveling analysis 

report advising that the activity could not be leveled. If forward leveling delays the 

project's early finish date, P3 performs a backward pass to recalculate late dates. P3 does 

not recalculate late dates if there is an imposed project finish date, or if the project's early 

finish date is unchanged by leveling. P3 also enables to backward level. Backward 

leveling is the opposite of forward leveling; it schedules activities as late as possible, 

rather than as early as possible, without exceeding resource availability. P3 performs 

backward leveling during the backward pass, beginning at the project's latest late finish 

and working backwards toward the start of the project. P3 calculates late dates for the 

activities; early dates are not involved in backward leveling. P3 does not perform 

backward leveling if any activity being considered is an independent or meeting activity. 

If P3 detects an independent or meeting activity, the leveling run stops and P3 provides 

an explanation onscreen and in the output file, P3.0UT.  Backward leveling can schedule 

activities to start earlier than their early start dates, resulting in ncgative total float. P3 

searches as far back as the project's calendar start date to attempt to schedule an activity. 

If available resources are still insufficient, P3 schedules the activity on its late schedule 

dates and includes a warning message in the leveling analysis report. 

Set optiota for resoilrce splittirig, sfretchitl, nild crlitichitig: There are activity-level and 

projcct-lcvcl options rclatcd to spli~ting, slrctclling, arid cr-uncliitig activities and tllcir 



resources. The leveling options available for splitting, stretching, or crunching an activity 

and its resources depend on the activity type. 

Project Groups: P3's project group and project capabilities enable to manage more than 

one project simultaneously and handle large projects efficiently. A project group contains 

all activities in the project and provides a comprehensive look at all projects. A project is 

a portion of a project group that is usually independently controlled. All changes that 

occur in a project are automatically reflected in its project group, and changes to a project 

group are reflected in the projects it contains. We can add relationships between projects 

from the project group to show dependencies. Using the project grouplproject feature 

brings data from many projects under one plan. Design an unlimited number of layouts to 

communicate project status from different viewpoints. For example, one layout can show 

a summary of schedule dates across all projects, and another can display detailed budget 

information, display resource profiles and tables to see exactly when and where resources 

are used. All users of the project share layouts and standard report specifications. 

Managing multiple projects requires coordination among all project participants. 

Therefore, before we add project groups and projects, we should develop standard 

procedures and conventions for the following: Work schedules, coding structures, 

resources, and unit prices. 

15.2.3 A planning example with Primavera 

The most important facilities and features of Primavera have been discussed in a 

nutshell above. A typical highway-widening project is worked out here to bring forth the 

lucid example of application of the Primavera software. The detailed activities list, 

analysis and results are given in the Tables 15.1 and 15.2. Figs 15.1 to 15.6 give the 

different graphical output from the Primavera package for this highway-widening project. 



Table 15.1 Activities list of a highway construction (widening) project 

Adivity Tn(a1 float Adivity de;aiDtim 
ID 

Orisinal Remaining 
duration duration 

P 1 G098 
PIG100 
PlGloj 
PlGl l0  
P1 G2OOB 
PIG5200 7 
PIN1 140 
PIN1 145 
PIN1 l50 
PIN1170 
PIN1 180 
PIN1185 
I'IN1190 
PIN1 195 
PlNl2uu 
PIN1202 
PlNlZlO 
PIN1220 
PIN1230 
PIN1235 
PIN1240 
PlN2lOO -1 
PIN21038 -1 
PIN2115A -1 
PlN2190 197 
PIN2195 197 
PIN2200 -1 
PlW2210 -1 
PlN222O -1 
PIN2230 - l  
PIN2240 -I  
PIN2250 -1 
PIN2260 -1 
PIN2270 -1 
PIN2300 - I  
1'1K7.320 -1 
l'lN3200 -1 
PIN3220 -I 
PIN3223 -1 
PlNPlOOA 127 
P I N1'200C 
PZG600 - I  
PZMll3B 37 
F2N2125A 42 
PZN2l25B 37 
RN2130 37 
P2NZ140 37 
F2iu'ZlSO 37 
P2N2170 37 
P2N2180 37 
MN218.5 37 
P2N2196 37 
P2N2198 37 
PZN3lOO 123 
P2N3I10 123 
r??!3120 123 
PZN3225A 134 

BEGIN PROJECT 0 
MOBILIZATION 4 
C L L R  SITE 4 
GEhiR1U. COhiITIONS 13 
PROCCXEhfENT OF ESWISL SIGNS 10 
CONSTRUCT CONCRETE BARRIER AGAINST WALL 8 
PLACE 1FhiP. h L W G  TAPE 1 
P1 .ACE TEkfI'. CONST. RARRIER 1 
EXCAVATE 5 
PLACE AGGREGATE & ASPHAI.T RASE COURSE 6 
W,hlO\% TF,hiP. CONST. BARRIER I 
PIACE 2' SURFACE COURSE 3 
IIIVERT 'I'RMFIC ONI'O 1T;htP. ROAD 1 
REMOVE TEMP. MAKlilNO TAPII l 
Pld\cE CUNST. B,ZRRIF.R & 1I;htI'. S 1 l\Il'lNCi Il,ihll' 4 
CONSTRUCT TEMP. BENT # I  L 112 20 
EXCAVATE RIUW & INSTALL 15" RCC PIPE WITII INWI'S 10 
PLACE AGGREGATE b ,UPIIALT BASE COURSE 4 
PL2CE 1" SLW,CE COCJSE 3 
REhlO\,E TEhP. COiU'STRVCTION BARRIER 1 
PIACE TEMP. STRlPING & DIVERT TRAFFIC l 
PLACE CONST. BARRIER 12 
MST,CL EROSlON COhTROL DEVICES l5  
GRUB L STRIP TOPSOIL S 
INSTALL SIGN SUPPORT STRUCTURE S 
ERECT SIGNS 3 
& S T a  SHEETlNti 12 
ESCAV.4TE RETAEviG WALL i 2 
CONSTRUCT FOOTING 27 
CONSTRUCT RETAINING WALI, 27 
PIACE POROUS FILL REHINI> WN.1. 3 
BACKFI1,L RET:UNING W:lI.I, 7 
CONSTRUCT CONCRETE BARRIER AGAINST WALL 20 
CONSTRllCT CONCRETF, BARRIER AGAINST WAI.1, 24 
ti)NSTRl!CT Ci)NCRl:W, BARIIII'R AC;AINST WAI.1. 25 
C0NSI'KI~C"I' CONCHIYI'I~ lI~\Rl<Il~ll ~l<i!\lNSl' WAI.1. 24 
CONS'I'KUCl' CONCK1:'I'L:. IIAUK1I:R AWUNS'l' WN,L 20 
CONSTRllCT CONCRETE BARRIER AGAINST WALL 6 
COSSTRUCT CONCRETE BARRIER AGAINST WALL 6 
P R m I  .REhfEhT (>F NOISE BARRIER POST L P A h W S  10 
I'R(XIJKI:htliNI' 01: SIGN S'I'KIJCI'URI~S 10 
PROJECT COMPIE'TE 0 
REhlOVE GUIDE RAIL 4 
E:iCAV..\TE FOR ELECTRICAL 10 
INSTAIL TEhP. ELECTRICS 15 
INSTALL EIECTRIC CONDUITS & STRUCTURES 19 
INSTALL PUWZR L LIGIIThiG l 5  
S L W R A D E  FREF.4X4TION 14 
PLACE AGGREGATE & ASPHALT BASE COURSE 10 
PIACE ASPHALT STABILIZED COURSE I2 
PI "\LT, 2" SliRF,\CE CY!! !ItSE l U 

S'l'RlPI; RO;ll)l4~:ll. 9 
W,hlO\E TEhlP. UARRlER 4 
PLACE TEhIP. CONST. BARRIER 6 
RESiUVE 'ETEhiP. PAVEhlEhT 3 
RE-(iR,%T)F ?.RE;\ 7 
REMO\E TXMP. CONST. BARRlI<R G 



POS OEIZN7d 
mS 8SZIZNM 
SOS OZIL~M 
COS OIICVM 
M)S VGZIZNZd 
POS BSllZNM 
80N MZZNId 
80N DbZZNId 
80N OIZZNId 
LON OOZZNId 
m BSOIZNId 
LON VSIIZNId 
LON OIZINId 
LON WlINId 
SON S61ZNId 
SOK 061ZNld 

V001dNId 
300ZdNId ElM)MlcI 

POS 861ZNU 
POS %IZNtA 
£OS VSZZENM 
COS 001mw 
LOK OOIZNId 
LON WZINId 
LON SEZlNIcl 
LON 00ZINld 
LON S6IlNId 
WN 061IN11 
LON 081INIli 
SON ZOZlNId 
LON SPllNId 
WN OPIlNId 

S01'31d 
01 1'3111 
00191d 
86001d 
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15.3 Microsoft Project 

The Microscflt Project was brought out by the Microsoft Corporation in 1990. 

The package used by the author is Microscft Project 98, released in 1998.This works 

conveniently on the windows platform and is compatible to Microsoft Ofice products. 

The following are the compatible web servers and browsers, and workgroup messages. 

O'Iteilly Web Site Pro Sewer 

Netscape Fa~track ntld Etlterprise L S erlPer 

Netscape Navigator Brcnvser 

Microsofi Iiltertlet Explorer Browser 

The minimum system requirements for Microsoft project 98 are 

* Personal or multimedia computer with a 486 or higher processor. 

* Microsofi Windows 95 operating system or above 

* Windows NT Workstation3.5 1 with Service Pack 5 or later, or 

* Windows NT Workstation 4.0 with Service Pack 2 or later. 

* 12 MB of memory for use on Windows 95 or above 

* 16 MB of memory for use on Windows N'I' Workstation. 

* Hard disk space required; 

2 1 MB required for typic~! installation, depending on configuration and 

35 MB for a full installation. 

* CD-ROM drive. 

* VGA or higher-resolution video adapter (Super VGA, 256-color recommended). 

* Microsoft Mouse, Microsoft IntelliMouse, or compatible pointing device 

(hlicrosoft lntelliMouse required for extended navigational capabilities). 



15.3.1 Facilities and features available with Micrusoftpruject 

With Microsofr I'roject, we can display project information in task views or in 

resource views. Use a task view when we want to enter, change, or display task 

information. Use a resource view when we want to enter, change, or display resource 

information. The following table contains all of the Microsoft Project views, including 

those traditionally used by project management professionals (such as the Gantt Chart 

and PERT Chart), as well as specialized formats for entering and displaying data. We can 

work with the predefined views or create our own special-purpose views. 

Views available in Micr-osoji Project: 

I .  Bar I<ollup: A list of summary tasks containing labels for all subtasks. Use this 

view with the Rollup Formatting macro to see all tasks concisely labeled on summary 

task bars. 

2. Calendar: A monthly calendar showing tasks and durations. Use this task view to 

show the tasks scheduled in a specific week or range of weeks. 

3. Detail Gai~ft: A list of tasks and related information, and a chart showing slack and 

slippage. Use this task view to check how far a task can slip without affecting other tasks. 

4. Gantt Chart: A list of tasks and related information, and a chart showing tasks and 

durations over time. Use this task view to enter and schedule a list of tasks. 



5. Le\wlit~g Gat~tt: A list of tasks, information about task delays and slack, and a bar chart 

showing the before and after effects of leveling. Use this task view to check the amount 

of task delay. 

6. Mileslot~e Date Rolltp: A list of summary tasks containing labels for all subtasks. Use 

this view with the Rollup-Formatting macro to see all tasks concisely labeled with 

milestone marks and dates on summary task bars. 

7. Mile.stot~e Rollup: A list of summary tasks containing labels for all subtasks. Use 

this view with the Rollup-Formatting macro to see all tasks concisely labeled with 

milestone marks on summary task bars. 

8. Z'A-Expected Gatltt: A Gantt chart showing schedule's expected-case scenario. Use 

this view when performing a PERT analysis on a task's duration or on the project's 

schedule. 

9. PA-Optimistic Gantt: A Gantt chart showing schedule's best-case scenario. Use this 

view when performing a PERT analysis on a task's duration or on the project's schedule. 

I U. Z'A-Z'Ll(1' i:i~try Sheet: A sheet for entering schedule's best-case, expected-case, and 

worst-case scenarios for a task's duration prior to calculating the most probable duration. 

Use this view to compare the disparity between the different task estimates. 

I I .  PA-Pessimistic Garttt: A Gantt chart showing schedule's worse case scenario. Use 

this view when performing a PERT analysis on a task's duration or on the project's 

schedule. 

12. I'ERTChart: A network diagram showing all tasks and task dependencies. Use this 

task view to create and fine-tune the schedule in a flowchart format. 



13. Reso~rrce Allocalior~: A combination view with the Resource Usage view in the top 

pane and the Leveling Gantt view in the bottom pane. Use this resource view to resolve 

resource over allocations. 

14. Resotrrce 170rm: A form for entering and editing information about a specific 

resource. 

15. Resotrrce Graldt: A graph showing resource allocation, cost, or work over time. 

Use this resource view to display information about a single resource or group of 

resources over time. 

16. Resotrrce Name Form: A form for entering and editing the resource name and other 

resource information. 

1 7. Reso~rrce Sheet: A list of resources and related information. Use this resource 

view to enter and edit resource information in a spreadsheet-like format. 

18. Resource Usage: A list of resources showing allocation, cost, or work 

information for each resource over time. Use this resource view to show cost or work 

allocation information for each resource and to set resource contours. 

19. i'ask lletails Form: A form for reviewing and editing detailed tracking and 

scheduling information about a specific task. 

20. Task Entry: A combination view with the Gantt chart view in the top pane and the 

Task Form view in the bottom pane. Use this task view to add, edit, and review detailed 

information about the task selected in the Gantt chart. 

21. i'ask Form: A form for entering and editing information about a specific task. 

22. lask Name I+i)rm: A form for entering and editing the task name and other task 

information. 



23. TaskPER71 A network diagram showing the predecessors and successors of one 

task. In a large project, use this task view to focus on the task dependencies of a specific 

task. 

24. Task Sheet: A list of tasks and related information. Use this task view to enter and 

schedule tasks in a spreadsheet-like format. 

25. Task Usage: A list of tasks showing assigned resources grouped under each task. 

Use this task view to see which resources are assigned to specific tasks and to set 

resource work contours. 

26. Trackirtg Garltt: A list of tasks and related information, and a chart showing 

baseline and scheduled Gantt bars for each task. Use this task view to compare the 

baseline schedule with the actual schedule. 

15.3.2 The Gantt chart view in Microsoft Project 

The Gantt chart view displays task information about the project as both text and 

bar graphics. On the left side of this view are columns (containing Microsoft Project 

fields) in which we can enter and modiG task names, durations, and start and finish dates, 

and other information. On the right side of this view, we can use Gantt bars to graphically 

display task durations and start and finish dates on a timescale. The relative position of 

the Gantt bars shows the sequence in which the project tasks are scheduled to occur. 



C;arltt Chart view can be used to: 

Create a project by entering tasks and task durations. 

Establish sequential relationships between tasks, which allows to see how 

changing a task duration affects the start and finish dates of other tasks and the 

project finish date. 

Assign personnel and other resources to tasks. 

Track the progress of the project by comparing scheduled dates with the actual 

start and finish dates and by checking the percentage of each task that is 

complete. 

To make the Gantt chart view more effective, it can be customized. When 

saving the project, the customized view is saved with the project file. 

15.3.3 The PERT chart view 

The PERT chart view displays tasks and task dependencies as a network 

diagram or flowchart. A box (or node) represents each task and a line connecting two 

boxes represents the dependency between the two tasks. By default, the PERT chart view 

displays one diagonal line through a task that is in progress and crossed diagonal lines 

through a completed task. 



PERT charl view cart be used 20: 

Create and fine-tune the schedule. 

Link tasks to specify the task sequence, as well as determine start and finish 

dates. 

Graphically show completed, in-progress, and not-yet-started tasks. 

Assign personnel and other resources (such as equipment) to specific tasks. 

To make the PERT chart view fit the needs exactly, we can customize its 

appearance or create new, customized versions. When saving the project, the customized 

view is saved with the project. When c-e customize the PERT chart view, we can: 

Display in each PERT box the task infonnatiori that is most important. For 

example, instead of displaying the scheduled start and finish dates, display the 

work and the cost. 

Assign a different border style to tasks of a certain type. 

Change the appearance of the lines that connect PERT boxes and prevent PERT 

boxes from crossing page breaks. 

Format a category of information to distinguish that type of information from all 

other information. For example, we can italicize all summary tasks and format 

all milestone tasks as bold text. 

Change the PERT chart view to display more or fewer boxes, so that we can see 

more of the project at once or focus on a small portion of it. 



Align PERT boxes to give them an orderly appearance. 

Create a combination view for the PERT chart to display additional information 

about the tasks shown in the PERT chart view or about the resources assigned to 

those tasks. 

15.3.4 The Resource Usage view 

The Resource Usage view displays project resources with their assigned tasks 

grouped underneath them. Use the Resource Usage view to: 

Enter and edit information on a resource's task assignment, such as cost, work 

allocation, and work availability. 

See which resources are over allocated and by how much. 

Distribute assignments more evenly between resources. 

Find out how many hours each resource is scheduled to work. 

See the percentage of capacity at which each resource is scheduled. 

Determine how much time each resource has available for additional work 

assignments. 

Find out how many hours each resource is scheduled to work on particular tasks. 

Review resource costs on a particular task. 

Vary the amount of work a person spends on a task by setting work contours. 



To make the Resource Usage view fit the needs exactly, we can customize it or 

create a new, customized version. When customizing the Resource Usage view, we can: 

Display different resource information. 

Display information in different timescales. 

Format individual information to call attention to it. 

Format a category of information to distinguish that type of information fiom all 

other information. For example, italicize all over allocated resources and 

increase the size of all column titles. 

Change the units of time that are displayed to view the project at the level of 

detail needed. 

View usage information for a specific time period. 

Change the horizontal and vertical lines, called gridlines, to enhance the 

readability or clarity of the Resource Usage view. For example, we can specifjr 

different line patterns and colors for column and row gridlines. 

Create a combination view for the Resource Usage view to display additional 

information about the resources shown in the Resource Usage view or about the 

tasks to which those resources are assigned. 

15.3.5 Other views in Microsoft Project 

Out of the 26 standard views available in Microsofr Project, only 3 most popular 

have been discussed above. The other 23 are also versatile and needs much explanation to 



P m j e C t U g g d i n t b e ~  
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~ . S i g o e t b i s  ~ i s a l o n g ~ ~ P E R T ~ r # s n a t b e  

i n a ~ ~ T s ~ t h e P E R T ~ ~ s m r t l ~ ~  

pm?iect (Table 15.4) L a aad its b l l f p c l f V M W S ~ M ~ ~ a r e  

aim rqmbd m 15.9 and 15.10). 



Table 15.3 Data taken for Fig 15.7 

Resource name 
(Highway widening project of Table 15.1) 

GENERAL LABORER 
CI2I:2W SITE 
CONSTRUCT CONCRETE BARRIER AGAINST WALL 
PLACE IEMP. MARKING TAPE 
PLACE 'IEMP. CONST. BARRIER 
EXCAVATE 
REMOVE TEMP. CONST II3ARRIIR 
DIVERT TRAFFIC ONTO TEMP. ROAD 
REMOVE TEMP. MARKING TAPE 
PLACE CONST. HARRlFR & TEMP. STRIPING RAMP 
PLACE AGGREGATE & ASPIIALT BASE COURSE 
REMOVE 'I'EW. CONST. B A W , K  
PLACE TEMP. STRIPING & DIVERT TRAFFIC 
PLACE CONST. BARRIER 
lNSI'A1.L EROSION CONIROI. DEV1CI:S 
INSI'ALL SIGN SUI'PORT STRUCTURE 
ERECT SIGNS 
INSTALL TEMP. S1 EETING 
EXCAVATE RETAINING WALL 
CONSIRI JCT F<XYlTNG 
C<)NS'I'IIUC'I' 1~17TAININti W N  ,I. 
PLACE POROUS FILL BEHIND WALL 
BACKFILL RETAINING WALL 
CONSTRUCT CONCRETE BAFRIER AGAINST WNd, 
CONSTRUCT CONCRETE BARRIER AGAINST WALL 
CONSTRUCT CONCRETE BARRIER AGAINST WALL 
CONSTRUCT CONCRETE DARRU5R AGAINST WALL 
CONSTRUCT CONCRETE BARRIER AGAINSI' WALL 
CONSTRUCT CONCRETE BARRIER AGAINST WALL 
CONSTRUCT CONCREI'E BARRIER AGAINST WALL 
EXCAVATE FOR ELECTRICAL 
REMOVE TEMP. BARRIER 
PIACE TEMP CONST BARRIER 
IIISMOVII IliMl'. I'AVICMI.NI 
REMOVE 'TfiM1'. CONS I'. BARRIER 

Cost Baseline Actual Remaining 
cost cost 







Table 15.4 List of activities of a small house construction project 

(For taking output of views from Microsoft Project) 

ID - 

B 

l0 

l 1  

l2 

l3 

l4 

lS - 
l 

l7 

le 

l B  

" - 
24 

a 

T8ekNmm L)ualm Stact I F M  Rcdeccrcon 
Earthwork 7 days Mon 411 6/01 Tue 4/24/01 

Storing of materials 5 days Mon 4 1  6/01 F ~ I  4120101 

PCC in footing 2 days Wed 4/25/01 Thu 4/26/01 1 

RCC in footing 14 days Fri 4/27/01 Wed 511 6/01 3 

RCC in columns 20 days Thu 511 7/01 Wed 6/1 3/01 4 - 
RCC in plinth beams 30 days Thu 6/14/01 Wed 7/25/01 5 

RCC in columns 30 days Thu 7/26/01 Wed 9/5/01 6 

RCC in lintels and shades 20 days Thu 9/6/01 Wed 1013/01 7 

RCC in columns 15 days Thu 1014101 Wed 10124/01 8 

RCC in beams and slabs 30 days Thu 10/25/01 Wed 12/5/01 9 

Well digging 10 days Mon 411 6/01 Fri 4/27/01 

Brickwork for wll 10 days Mon 4130101 Fri 511 1/01 1 1 

Brickwrkfor septictank 2 days Wed 4/25/01 Thu 4/26/01 1 

Roof slab for septic tank 7 days Fri 4/27/01 Mon 5/7/01 13 

Brickwork for walls 20 days Thu 12/6/01 Wed 1/2/02 10 

Finishing of brick walls 20 days Thu 1/3/02 Wed 1/30/02 15 

Construction of water tank 2 days Thu 12/6/01 Fri 12/7/01 10 

Earthfilling in basement 5 days Thu 7/26/01 Wed 8/1/01 6 

Fixing of doors 8 windows 2 days Thu 1/3/02 Fri 1/4/02 15 

Colour washing 8 painting 20 days Mon 1/7/02 Fri 2/1/02 15,17,18,19 

PCC in floor & curing 5 days Thu 8/2/01 Wed 8/8/01 18 

Floor finishing, first stage 5 days Thu 8/9/01 Wed 8/15/01 21 

Floor finishing, final stage 5 days Mon 2/4/02 Fri 2/8/02 20,22 

Wiring and plumbing 1 5 days Thu 1/3/02 Wed 1/23/02 1 5 

Electrical fittings 2 days Mon 2/4/02 Tue 2/5/02 20 









15.4 A comparison of Primavera and Microsoft project packages 

Both Primavera and Microsoff 1"roject have gained popularity among project 

planners because of their versatility and varying applications. By consistently using both 

the packages, the author has made the following observations. 

. Microsofl I'rojecl is more users friendly and has more maneuverability 

for inexperienced users. 

For handling bulk data, Primavera is more helphl to the experienced 

users 

m Though the number of views are more in Microsoft f'roject, most of 

them are tabular views, where as in Primavera, most of the views are 

graphical ones. 

m Prirnavera permits the use of its data on Microsoft Project with out 

much alteration, where as Microso) l'roject does not permit the 

transfer of data to Primavera in the same format as such. 

m Facility for defining the graphical shapes is more in Microsoft Project 

compared to those in Primaveru. 

m Resource handling capabilities and output types are more in Microsoft 

Project and this helps in more interim reports. 

m Both Primavwa and Microsoft Project are more concerned about the 

most popular and basic scheduling techniques with out much 

mathematical complexities and they do not take care of advanced 

scheduling techniques like GERT, VERT etc. 
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CHAPTER 16 

TIME-STEP CHART 



16.1 Introduction 

Time-step chart ClSC) is a new charting technique proposed by the author. This 

chart is intended to overcome the deficiencies of the Gantt chart, improving up on it and 

at the same time utilizing the advantages of the Gantt chart such as its simplicity and 

easiness of comprehension. At the same time, the positive aspects of the networking 

techniques, both probabilistic and deterministic are also accounted for in this new 

charting technique. Advantages of the network diagrams are not neglected and this chart 

is not basically to replace the network diagrams. Still, many of the positive features of the 

network diagrams are taken care of in tlle proposed linte-sfep chart. The following 

deficiencies of the Gantt chart and network diagrams like CPM, PERT, GERT etc. have 

prompted the introduction of such a chart. 

1 .  The Gantt chart doesn't give the interconnectivity of the activities. In the 

Gantt chart, each activity is taken as a discrete event and its start and end are 

represented individually, irrespective of the other activities. Hence the Gantt 

chart doesn't give an idea about the possibilities of one activity affecting 

another. Especially to a person, who is not familiar with the nature of 

activities in a project, the Gantt chart doesn't convey the message and the 

information provided is many times misleading. Though as a simple form of 

representation it is acceptable, in a comprehensive project planning and 

analysis, because of these inadequacies, the Gantt chart many-a-time becomes 

insufficient or rather inadequate. 

2. Though the network diagrams like CPM, PERT, GERT, VERT etc. do give 

the interconnectivity of the activities, for a big project, the respective 

diagrams become too complicated to draw, because of the interconnecting 

arrows. Though software packages are available to draw such diagrams, too 

many activities make the diagram to be spread on many pages in the output of 

the commonly available sofiware packages. When we try to contain this on a 

single page, many times the software do not permit compression beyond a 



limit. In case the compression is permitted, the readability of the data becomes 

too difficult. Since the available software do have inbuilt systems for 

networking, they need not necessarily optirnize the space requirement of the 

diagram. This make the network representation rather complicated in the case 

of large networks. The network connectivity in many cases is rather too 

difficult to do manually if the activities are more than that could be easily 

accommodated. Experience in making the networks also counts in reducing 

the bulk of the diagram. 

3. Both the Gantt chart and the network diagram do not give any indication 

about the nature of the activity as to whether it is deterministic or 

probabilistic. Though it may not seem that important at first to determine the 

nature of the activity, at the time of computation of the total duration of a 

project, this is of utmost importance, since the near critical activities may 

cause the delay of the project, much more than the critical activities. 

Moreover, just by seeing a network, an onlooker is not in a position to judge 

the underlying implications of the probabilistic nature of activities, if any, in 

the project. In real experience, it has been pointed out by many that the nature 

of the activity is more important than the duration of the activity in deciding 

the completion time of the activity. Even though the probabilistic networks do 

take into account this factor, its implication is never let known in the simple 

network, which is the basis for all hrther calculations. Though PAN and 

GERT do consider the probabilistic nature of the activities, when it comes to 

simple networks like CPM and PERT, the nature of the activity is not being 

properly taken care of. 

4. For more number of activities, it is very difficult to make a compact Gantt 

chart or PERT chart. The compactness will make the activity descriptions 

illegible, as seen in Fig. 15.10. The chart or diagram can be split into different 

pieces to avoid this difficulty, but then the total picture and message of the 

diagram is being lost. Since most of the managers are interested in getting a 

totalistic view of the project, the split diagram does not suffice the 

requirement. Compressing the diagram becomes virtually a task, when the 



interconnectivity of the activities is multi-linked (one activity having links 

with many activities) and cannot be contained in less number of arrows. The 

software, if any, used for the preparation of the diagram need not necessarily 

consider the bulk of the interconnectivity in the layout of the network 

diagram. 

The legends and application of the Time-step chart are explained in Figs 16.1 

and 16.2, with the help of a small house construction project. 

The legends of the 7'SC can be verbally explained as follows. 

The basic diagram consists of two rectangles, the lower one with more height 

compared to the upper rectangle. The upper rectangle is inscribed with a number 

representing the duration of the project and the lower rectangle will have either a circle or 

rhombus inside it. The circle represents that the activity is deterministic and the rhombus 

represents that it is probabilistic. The circle or rhombus is inscribed with a number 

representing the activity. A triangle at the top of this rectangle, with the base on this 

rectangle and pointing towards top represents the following activity, if any, with its 

number written inside the triangle and a triangle at the bottom of this rectangle, with base 

at top and pointing downwards represents the preceding activity, if any, with its number 

written inside it. In case the preceding and following activities are more than one, the 

numbers of all these activities will be written inside these triangles. If there is no 

following activity, the upper triangle will be absent and if there is no preceding activity, 

the lower triangle will be absent. 

A vertical line on the right half of the upper rectangle indicates that the activity 

is critical. The start time of the activity is written at the base line of the bottom rectangle 

and when there are many activities, a base line with date written on the left end will act as 

the date indication line for the start time of these activities. The nodes in the 7SC are not 

drawn to any scale and hence the top end of any node does not indicate the finish time. 



Moreover, the sizes of the nodes can be chosen conveniently such that all the information 

to be provided in the node can be legibly given in it. Still, it is advisable to provide all 

nodes of the same size for a uniform appearance. When the TSC appears on the same 

sheet, the uniform size of the nodes becorries rather a requirement. 

Sfarlctard ncde comhitlatiota may he ujty of fife followit~g cases: 

* 
1. Two rectangles with the bottom one having more height and a circle inside this 

lower rectangle. This node indicates that there is no following or preceding activity for 

the activity under consideration. The inside circle indicates that the nature of the activity 

under consideration is deterministic. The number written inside the circle indicates the 

number of the activity under consideration. 

2. Two rectangles with the bottom one having more height and a rhombus inside 

this lower rectangle. This node indicates that there is no following or preceding activity 

for the activity under consideration. 'I'he inside rhombus indicates that the nature of the 

activity under consideration is probabilistic. The number written inside the rhombus 

indicates the number of the activity under consideration. 

3. Two rectangles with the bottom one having more height and a circle inside this 

lower rectangle and a triangle at bottom having its base common with the base of the 

bottom rectangle arid pointing downwards. This node indicates that tl1et.e is no following 

activity, but there are preceding activities for the activity under consideration. The inside 

circle indicates that the nature of the activity under consideration is deterministic. The 

number written inside the circle indicates the number of the activity under consideration. 

The numbers written inside the bottom triangle indicates the numbers of the preceding 

activities. 

4. Two rectangles with the bottom one Iiaving more height and a rhombus inside 

this lower rectangle and a triangle at bottom having its base common with the base of the 

bottom rectangle and pointing downwards. This node indicates that there is no following 



activity, but there are preceding activities for the activity under consideration. The inside 

rhombus indicates that the nature of the activity under consideration is probabilistic. The 

number written inside the rhombus indicates the number of the activity under 

consideration. The numbers written inside the bottom triangle indicates the numbers of 

the preceding activities. 

5 .  Two rectangles with the bottom one having more height and a circle inside this 

lower rectangle and two triangles, one at bottom having its base common with the base of 

the bottom rectangle and pointing downwards and another at top, having its base common 

with the top of the upper rectangle and pointing towards up. This node indicates that there 

are following and preceding activities for the activity under consideration. The inside 

circle indicates that the nature of the activity under consideration is deterministic. The 

number written inside the circle indicates the number of the activity under consideration. 

The numbers written inside the bottom triangle indicates the numbers of the preceding 

activities and the numbers written inside the top triangle indicates the numbers of the 

following activities. 

6.  Two rectangles with the bottom one having more height and a rhombus inside 

this lower rectangle and two triangles, one at bottom having its base common with the 

base of the bottom rectangle and pointing downwards and another at top, having its base 

common with the top of the upper rectangle and pointing towards up. This node indicates 

that there are following and preceding activities for the activity under consideration. The 

inside rhombus indicates that the nature of the activity under consideration is 

probabilistic. The number written inside the rhombus indicates the number of the activity 

under consideration. The numbers written inside the bottom triangle indicates the 

numbers of the preceding activities and the nurnbers written inside the top triangle 

indicates the numbers of the following activities. 

7. This case is for specifically identiwing the critical activities. In any of the cases 

given above, if the upper rectangle is having a vertical line from base to top, in the right 



half, it represents a critical activity. In any of the above combinations of nodes, this 

representation can be added without in any way affecting the configuration OF the node. 

As an illustrative example for drawing a 7SC, of a small house construction 

project is taken with the list of activities and details as given in Table 15.4. The legends 

used for drawing the 'I'SC' are given in Fig 16.1. The 7SC for this case is given in Fig 

16.2. 

To understand the 1X: given in Fig 16.2, the following information will be useful. 

There are 25 activities in this small house construction project, represented by 

25 nodes. 

Starting dates of the activities are as given in Table 15.4 and this is represented 

on the base lines at the left end. 

Activities 1, 2, l 1, 12, 13, 14, 15, 18, 19, 20, 24, 25 are deterministic in nature 

and the remaining activities are probabilistic. 

Activity 2 has no following and preceding activities. 

Activities 23, 24 and 25 have no following activities. 

Activity 15 has got four following activities, 16, 19, 20 and 24. 

Activity 1 has a following activity, 3. 

Activity 3 has a preceding activity, 1. 

Activities l ,  3, 4, 5, 6, 7, 8, 9, 10, 15, 19, 20 and 23 are critical activities. 

The project begins on 1610410 1 and the last activity begins on 04/02/02. 

Completion of activity 23 decides the completion time of the project. 



Duration 

activity number 

t ide  
(i i )  

(iii) 

(v) 
5 TYPES OF NODES USED IN THE TIME STEP CHART 

This line indcates near critical activity 

THlS COMBINATlON OF NODES INDICATE 

Activity Number 12 
Starting day 2310 1/2000 
Duration 45 
Preceding activity 11 
Following activity 14 
Activity type Deterministic 

2310 11200 1 

THLS COMBINATION OF NODES INDICATE 

Activity Number 1 
Starting day 1 71712~XK) 
Duration 5 
Prcccding activity Nil 
Following activity 2 
Activity type Probabilistic (critical) 

This line indicates critical activity 7 

Fig 16.1 Legends of the Time Step Chart 
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Fig 16.2 Time Step Chart for the small house cor~struction project in Table 15.4 
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16.2 How to draw the Time-step chart? 

Draw the base lines on a sheet of paper, such that the earliest date is on 

the bottom most line. 

Mark the corresponding date on each base line 

Draw the rectangle for each activity such that the base of the rectangle 

rests on the base line corresponding to its start date 

AAer drawing all the rectangles, draw the triangles at the base and top 

of the rectangles, to represent the preceding and following activities. 

On the top and bottom triangles, inscribe the numbers corresponding 

to the following and preceding activities. 

At the middle of the bottom rectangle, inscribe a rhombus or circle to 

indicate whether the activity is probabilistic or deterministic. 

Inside the rhombus or circle, write the activity number. 

Inside the top rectangle, write the duration of the activity 

Find the critical activitics by conducting a forward pass, starting from 

the first base line, as explained in article 16.4. 

Mark the critical activities by drawing a vertical line in the right half 

of the upper rectangle. 

Near critical paths can be denoted by a dotted vertical line on the left 

side of the upper rectangle. 

Rearrange the nodes such that the chart occupies the minimum space. 

Standard node shapes can be made in stencils and the drawing of the chart can 

thus be made easy. Color co~nbinations can l3c st~i~ably uscd to it~tlicatc the nodes arld 

inscriptions to make the chart more attractive. Once the chart is drawn, the node positions 

can be suitably adjusted to have a definite pattern and systematic look. The size of the 

nodes can be chosen based on the number of the activities and the overall size of the chart 

preferred. If the number of following and preceding activities are many and is difficult to 



be contained in a triangular node element, a special character like @, #, * etc. can be 

given there instead of numbers and the corresponding numbers can be given as footnotes. 

16.3 Determination of critical path in the 'I'SC 

Start from one of the activities on the bottom most base line. 

Choose the following activity as indicated by the number on the upper 

triangle, if any. 

Proceed further, choosing the following activities, till there is a node 

with many following activities given. 

When there is more than one following activity, choose any one of 

them and proceed further, till the final activity in the chain is reached. 

Add up the durations of all the activities in the chain. 

Take the next chain of activities, with the other branch chosen at the 

branching point. 

Similarly proceed with the further activities on the base line, such that 

all the possible chains of activities are taken care of. 

The chain with the highest duration is taken as the critical chain and all 

the activities on this chain are taken as the critical activities. 

The chain with the second highest duration is taken as the near critical 

path and the activities on this chain are taken as near critical activities. 

As an example, for the 1X given in Fig 16.2, finding the critical path is done as 

follows. 

Start with activity 1. 

The following activity is 3.  

Activity 4 is following the activity 3 .  

Activities 5 and 6 follow activity 3.  

Activity 6 is followed by two activities, 7 and 18. 

Take the branch starting with activity 7 and proceed. 

Thus we get the following chains of activities starting with activity 1. 



It is seen that sinqe activity 2 has no following activity, the chain doesn't form. 

The chain starting with activity 11 also ends with activity 12 and hence no fbrther chain 

follows. 

Thus, for all the chains available, add up the durations of the individual activities 

and find the chain with the highest duration. In this example, the chain with the highest 

duration is 1-3-4-5-6-7-8-9-1 0- 15- 19-20-23. Hence, all the activities on this chain can be 

marked as critical activities. The chain with the next higher duration is 1-3-4-5-6-7-8-9- 

10-15-19-20-25. The only activity in this chain, not coming in the list of critical activities 

is activity 25 and hence this is the only near critical activity in this project. Since activity 

25 is of deterministic nature and of duration 2 only, whereas activity 23 is of probabilistic 

nature and duration 5, the effect of the only near critical activity can be ignored in this 

case, since it is not going to affect the total project duration. 

Adding the durations of the activities in the chain 1-3-4-5-6-7-8-9- 10- 1 5- 19-20-23, we 

get the total duration as 

7+2+14+20+30+30+20+15+30+20+2+20+5=215 .  

The duration of the near critical path 1-3-4-5-6-7-8-9- 10- 15- 19-20-25 is 

7 + 2 +  14+20+30+-30-+ '20+  15 130 t-20-1 2- l -20-+-2=212.  

In this case, it is not necessary to find the duration of the other chains, since all of 

them are incomplete chains and their durations do not come near the duration of the 

critical path. 



16.4 Advantages of the Time-step chart 

1. AN po.s.sible ittformatiori abotrt activitie.~ are available from the chart itself: 

The chart clearly indicates all the necessary information about each activity 

such as the early start time, early finish time, duration of the activity, nature 

of the activity, preceding activity, following activity, whether the activity is 

critical or not, and the identification number of the activity. All these 

information are contained in the node itself, which represent the activity in 

hll. Since the typical shape of the node itself identifies the above 

parameters, an experienced user can get an overall idea about the activity 

from the first look itself, with out going through the legends. Even though 

legends are not necessarily familiar, it can be easily recognized, because of 

simplicity. 

2. Correlation of activities are shuwti wi/hoitt com~~licated tletworks: Since the 

correlation of activities are shown by relation to a base line and by the 

numbers written on the node, with out verbal explanation one can easily 

bring out the inter-connectivity and correlation of the activities. Since there 

are no interconnecting lines used, the congestion in the network caused by 

the bulk of the lines is avoided. Since the connectivity is indicated by the 

numbers of the preceding and following activities as also the dates of 

commencement are shown by the corresponding date line on the time-step 

chart, the brevity of the chart is enhanced. 

3. I'robabilistic a t d  determitli.stic activi/ies are easily idt'titrjied in flie cltart: 

The shape of the node directly indicates whether the activity is deterministic 

or probabilistic. This reduces the speculations on the outcome of the 

activity's interaction with other activities and simultaneously provides us a 

clear vision as to what are the steps necessary for the control of the activity 

in time and cost. 



4. Highly compct tlattrre of chart makes hattdlittg easier: Since every project 

manager is interested in getting a comprehensive report on the status of the 

project, bulky reports tend to reduce the acceptability. The very compact 

nature of the time-.step char1 makes it handy and preferable for producirig the 

project summary. 'The interconnecting arrows in the network diagram 

prevents it from compressing beyond a limit and in the case of the 'IS<.', 

there is no such restricting factor as also there is no minimum size to which 

the chart can be compressed. The only deciding factor is the readability of 

the numbers that are written on the nodes. Moreover, the chart can be made 

either vertical or horizontal, based on the type and nature of the project or 

the report required. 

5. KT% ittcoryorares all the advmttages of ( ;ai l / / ,  CI'M/IJEIt7; GEIt7' attd 

VERT charts networks: The basic pattern for the 71SC is chosen similar to 

that of the Gantt chart. The probability indications are similar to that of the 

GI'R7' cl~arl 'I'lic irilcrco~iticctivily is i r i  tliarly ways sitiiilar 10 llic 

CPMIPERT chart. The box type notations have a resemblance to that of the 

VERT nodes, though the VERT nodes have logical choices at all the steps, 

which is necessarily not a feature of the IS'(: nodes. 

6. ?he PERT mathematics cat? very well be applied to IX also: The equations 

used in the PERT calculations for optimistic project completion time, 

pessimistic project completion time, expected project completion time, 

standard deviation and variance can be applied in the case of 7SC also with 

out any modification, si~lce the 7X is compatible to all the mathematical 

calculations involved in PERT. Since all the nodes in the 7;TC are provided 

with the basic mathematical information required regarding a node, the 

computation of the activity variables will not be difficult at all and with the 

preliminary inforniation of the legends attached, one will be able to do the 

mathematical calculations. 

7. 7X' i s  ,.c2ry easy for rrr~c/er.arc/tg crrtd J~.c~\r-irtg. The drawing and 

understanding of the 71S(' is very easy, since complicated networking is not 

involved. 7;S(' is developed with the philosophy that the control charts in any 



project should be easily discernible by the supervisory staff and not 

engineers alone. Drawing the LlC is possible by the supervisory staff also 

and hence comprehension is not that difficult. The fbndamental knowledge 

of any charting technique is enough to understand the 7'SC. 

8. Crifical activities are immediafely idenfijed from the chart ifselJ In 7SC the 

critical activities are marked by a special identification mark and it doesn't 

require any effort to identify them. In the CPMIPERT networks also, special 

identification marks like bold line, double line etc. are used for identifjing 

the critical path in both the AONIAOA diagrams. This specialty of the ISC 

is hence very similar to the other network diagrams cited and is simpler in 

representation. 

16.5 Comparison of Gantt chart with ZYC' 

Features of the Gantt chart 

m Activity nature - whether probabilistic or deterministic - is not 

identified from the chart. 

• Following and preceding activities for a particular activity are not 

shown in the chart. 

Interconnection of activities are not specified in the chart 

Critical activities are not known from the chart. 

The chart is continuous and more space is required to contain it. 

• The chart should be totally drawn in a suitable scale and hence 

compressing it beyond a level is not possible. 

• Even if there are no activities in a particular period, it has to be 

included in the chart, since the chart is drawn for the total duration of 

the project. 



Features of the ISC 

Activity nature - whether probabilistic or deterministic - is easily 

identified fiom the chart. 

Following and preceding activities for a particular activity are digitally 

shown in the chart. 

Interconnection of activities is specified in the chart by digits 

indicating following and preceding activities. 

Critical activities are marked in the chart. 

The chart is discrete in nature and hence minimum space is required to 

contain it. 

The chart doesn't require a specific scale and hence compressing it to 

any level is possible. 

If there are no activities in a particular period, that period can be 

excluded from the chart, since the chart is drawn only for the specific 

duration of the project, when activities do start. 

16.6 Comparison of the CPIVYPERT network with TSC' 

Features of the CPM/PERT network 

Too many arrows may cross each other in the network diagram, 

making the diagram complicated. 

For large number of activities, drawing the diagram requires much 

time consuming trial and error. 

For a large number of activities, drawing the diagram is a Herculean 

task as the crossing arrows will not be easily discernible. 

When the activity number is large, it will be difficult to show the 

duration, early startlfinish etc. on the diagram, since the arrows may 

hide it. 



Too many activities will necessitate much space for drawing the 

network and it may not be possible to contain it in a sheet. 

Features of the 7X1 

Absence of any crossing arrow in the l;'i(; makes it very easy to draw 

and comprehend. 

For a project of any number of activities, drawing the I;% requires 

only a few minutes. 

Since the arrows are absent, the nodes will be clearly discernible and 

visual complication is avoided. 

Even when the activity number is large, it will not be difficult to show 

the duration, following/preceding activities etc. on the TSC since the 

absence of arrows help in easily locating all the nodes. 

Any number of activities does not necessitate much space for drawing 

the 7S(' and it is possible to contain a good number of activities in a 

single sheet. 

16.7 An example for comparing the CPM/PERT network with TSC 

Consider an example for comparing the CPMIPERT network with the TSC. An 

example taken here is that of the construction of a brick compound wall with top fencing 

for a security area. The project consists of 17 activities and 2 dummies as given in Table 

16.1 



1. 

2. 

3. 

4. 

S. 

& 

7. 

8. 

9. 

10. 

11. 

D, 
13. 

14. 

15. 

16. 

17. 

IS. 

19. 

M a t ~ ~ c f f # ~ ~ n B f 8 ~ ~ w r 8 ~  

tge--swfweacttg- 
nmaah W- 
C-) aw@ 

Layout area 2 2,3 ,4 
Procure m d  2 1 , 6,lO 

Procure rubble 2 1 5 

Earthwork excavation for foundaton 4 1 7 

Proctuecement l 3 7 

I)uarrrty B 2 7 
RR work in foundation 10 4,5,6 8,9 

Brick work and curing for wall 10 7 11,12,14 

Pointing RR work 3 7 13 

Procurhgsteel@ 4 2 17 

RCC for gate pillar 1 8 17 - a t 
Plastering and curing brick wall 7 9,12 I5,16 

=mw- 7 S 18 

White washing brick wall 2 13 19 

Fixing ateel gates 1 10 19 

Paintingtop fencing 2 14 20 

Pahhgsteelgates l 1417 20 

c h l  UP 2 28,19 - 

The two dummy activities are included in the list for the sake of drawing the 

CPMIPERT network diagram. These dummies are not essential when using the Z X .  

Still, for the sake of total comparison, these d d e a  are idso duplicated in the 7SC. Tbe 

CPWERT miwork for this project is shown in Fig. 16.3 



Fig.16.3 Activity-on-arrow network for the construction of a brick compound 

wall with top fencing for a security area (Table 16.1). 

1SC for the same project is shown in Fig 16.4. The critical activities in the IIX 

are shown by red colour in addition to the usual identification of the vertical line in the 

right half of the upper rectangle. I>ur~iniy activities il l  the cr.itical patli are sllowrl by blue 

colour and other dummy activities are shown by brown colour. 





The critical path of the project is 1 - 4 - 7 - 8 - 12 - 13 - 16 - 19 - 20. The 

total duration of the project is 39 days. The 7X is drawn with colour combinations to 

demonstrate the use of coloured nodes in the chart. With different colours, the nature of 

the node can be easily understood. It should be noted that the 7SC can be drawn even 

with out the use of dummy activities, whereas, in the A-0-A network, the use of dummy 

is very necessary for the drawing of the network. The advantages of colouring the nodes 

in the IISC can be better utilized in big projects, where the number of activities is more. 

In Fig 16.3, all the time estimates of the activities in the network are not shown, as also 

the duration, so as not to complicate the network. As is the practice, the duration, time 

estimates, early and late finish times etc. can be provided in the network, though it may 

take more space for drawing the network. 
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CHAPTER 17 

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK 



17.1 Summaty of the thesis 

This thesis has analyzed in depth most of the project scheduling techniques. 

Some of these techniques are in vogue and others have not yet gained the attention of 

planners and schedulers. Methods like CPM and PERT have become very popular 

because of their easy maneuverability and software like Primavera and Microsop project 

have gained popularity because of their adaptability to personal computers and user 

interactive nature. Much of the other techniques are not coming forward to replace these 

methods in the field, though they have gained acceptance in the academic circles. 

Methods like artificial neural tletwork applications and genetic algorithm applications to 

project scheduling techniques are still in the offing. 

While analyzing the 15 mcthods presented in this thcsis, thc popularly available 

methods have been treated in such a way that their complexities and deficiencies are 
i 

brought forward much, since their advantages are known to most of the common users. In 

the case of not-that-familiar techniques, the very fundamentals also have been brought 

out to enable it to be digested easier. Methods like DCPM, MCS, LOB, GERT and VERT 

are very powerfd and versatile, still they have not gained much acceptance because of 

the demand for a high level user. in the case of popular methods, no rnuch examples have 

bcen worked out bccausc i t  is nlrcatiy tivilili~lilc it1 t ~ i i ~ r l v  ~ c s t  books, wl~crccls in tllc casc 

of new methods effort has been takeit to introduce either the working logic or to work out 

an example itself. Since a GA scheduler was not available with the author, a typical 



example for the GA application could not be worked out, rather excerpts from a simple 

model have been provided. 

The software packages I'rimavera and Microscff project have been analyzed in 

much detail because of the reasons that a comparative study on these packages are not 

available to the knowledge of the author and moreover these packages are very popular 

with the planners abroad, though in India their utility is limited. Since artificial neural 

network and genetic algorithm applications are new subjects to the author, the scope of 

their application could be brought out only in a limited form. The hzzy set theory and 

fuzzy expert system applications have been extensively used in many other civil 

engineering applications though their use in project scheduling i s  yet a new subject of 

study. The number of research papers available in this field are also very less. 

The major contributions of the author in this thesis are the following 

1. A comprehensive analysis of the existing methods of project scheduling like 

Gantt chart, CPh4, PERT, DCPM, MCS, LOB, Petri nets, GERT and VERT, 

bringing out their strength, weakness, versatility, theoretical formulations, 

missing links, possible areas of application etc. 

2. An insight into the new techniques of project scheduling like hzzy set 

theory, hzzy expert systems, artificial neural networks and genetic 



algorithms with their fbndarnental formulations and scope for their fbrther 

applications. 

3.  A comprehensive study and comparison of the most recent and popular 

software used in project scheduling with their competitive advantages. 

4. Introduction of a new method of project scheduling chart, which combines 

the advantage of most of the existing charts. 

5 .  Comprehensive and up-to-date information on project scheduling techniques 

developed so far. 

17.2 Suggestions for further work 

Following fbrther works are suggested 

Development of software for the application of the following in project 

scheduling (software for the application of the first four in some other fields are 

already available) 

6) FUZZY set 

( i  i) Fuzzy expert sysiem 

(iii) Artificial neural networks 

(iv) Genetic algorithms 



(V) Time-step chart 

Up gradation o f  the existing software for inclusion o f  techniques tike GERT, 

VERT etc. 

Publication of a book containing all the scheduling methods analyzed here. 

(Already begun by the author) 
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