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The conventional resource allocation procedures implicitly assume that
availability of resources is certain. In real life situations, their availability
at times is uncertain. A simple model is required to categorize and
quantify the uncertainty due to resource availability and evaluate its impact
on project schedule and cost. This thesis proposes a Risk Evaluation
Model (REM) which takes a resource justified schedule as input,
incorporates the uncertainty associated with availability of resources. and
generates alternate sets of values on project completion time. cost and
performance probability. It will help select a resource justified schedule
which has not only the least duration or cost but ailso reasonable

performance probability.
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and cost. It will help in selecting a resource justified schedule which has
not only an acceptable duration and minimum cost but also a reasonabile

performance probability.

1. 2.0 Deficiencies in Coanventional Resource Allocation

The conventional resource allocation procedures implicitly assume that
the availability of resources to schedule the project under consideration
(hereinafter referred to as the new project) is certain. In real life
situations the availability of resources may be uncertain at times. the

reasons for which are illustrated in Figure 1.1 and discussed below.

Normally it is the objective of a contractor or whoever schedules the
project. to minimize cost of the new project. Hence he uses. so far as
possible. his less expensive in—house resources in preference to more
expensive externally hired resources. His in—house resources are generally
tied up with his other ongoing projects where the characteristics of the
construction industry’s environment such as weather. labour strikes and
variation in productivity make it difficult to rigidly follow the original
resource justified schedule to free them for the new project. For example.
if the ongoing project is a tunneling job. the production rate will depend
on the ground conditions. During the course of work. if it is found that
the rock is harder than what was predicted through site investigation. the
tunneling activity is likely to take more time than planned. resulting in
delay in release of equipment. There are other similar project risks in the

construction environment of ongoing projects which are part of the reasons
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UNCERTAINTY UNCERTAINTY UNCERTAINTY UNCERTAINTY
IN IN IN GETTING IN RELEASE OF

PROCUREMENT MOBILIZATION BACK THE RESOURCES
OF OF RENTED OUT FROM ONGOING

RESOURCES RESOURCES RESOURCES | PROJECTS

| l l y
l

UNCERTAINTY IN AVAILABILTY OF
RESOURCES FOR THE
NEW PROJECT.

FIGURE 1.1



4

construction environment of ongoing projects which are part of the reasons
for the uncertainty associated with resource availability for the new project.

Some of the other reasons foilow:

1) If the required resources are going to be purchased. the delivery
of resources by vendor/manufacturer may be uncertain. If it is a human

resource. the date of joining the firm may be uncertain.

2) There may be an uncertainty in mobilization of the required

resources from the ongoing project site to the new project site.

3) There may be an uncertainty in getting back the required

resources which have been rented out by the contractor.

Due to these uncertainties. two basic questions 1)how many and 2)
when the resources will be available for use on the new project. can not
be answered with certainty. Hence. the project duration obtained after
resource allocation scheduling and the associated project cost could only
be probabilistic. Probability may be improved either by delaying the use
or varying the number of uncertain resources. of course . at the expense
of project duration or cost or both. Hence. it is evident that additional
processing of schedules obtained from conventional methods is necessary

to study the impact of uncertain resources on project schedule and cost.

Having discussed the environment in which the present probiem
exists. the scope of the study and the state of the art may be further

analyzed so the problem is fully defined.



1.3.0 Scope of the Study

The reasons for uncertainty associated with resource availability were
outlined in section 1.2.0. In order to quantify these uncertainties. they are
categorized as shown in Figure 1.2. To help define the scope of the
problem a brief description of each category with its section numbers

keyed to the figure. follows:

1.3.1 YUncertain Resources

A number of resources of a particular type for the new project may
be available definitively when required but the availability of the remaining
resources may be uncertain. Supposing ten cranes are required for a
new project. the availability of a number of them may be certain and that

of the rest uncertain.

The resources whose availability is uncertain will be hereinafter
referred to as ‘uncertain resources ' and the resources which are available

definitively will be referred to as ‘certain resources °.

1.3.2 Availabil Fr
Singt r Muitipie In ndent urces

It there is more than one ongoing project. it is quite possiblie that
any type of resource required by the new project is drawn from not one

but several of the ongoing projects depending upon the requirement.
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1.3.3 Availability of a Resource Type from
Multi nden

A particular type of resource required by the new project may be
expected from a number of dependent uncertain sources. for example from
different activities of the same project which depend on each other for

resources and the durations of which are probabilistic.

Similarly multiple resource types may be drawn from multiple

dependent sources.

1. 3. 4 Avaitabili f Muitipt

from ingt r

More than one type of resource may be expected to become available
from the same source. For example. there may be an activity in an
ongoing project after completion of which multiple resource types will

become availablie for the new project.

The larger the number of uncertain sources from which the required
resources are eoxpected to become available. the higher is the associated
risk. Hence. a scheduling engineer normally restricts such sources. A
maximum of three sources whether dependent or independent for each type

of resource seems adequate. However. there is no limit on number of
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sources as long as they are certain. The scope of the probiem is to
evaiuate the risk in project scheduie and cost when required resource
types are available from a maximum of three uncertain sources. It could

be a single source. or muitiple dependent or independent sources.

1.4.0 State of the Art

A review of existing resource allocation methods applicabie to 1)
time—cost tradeoff procedures. 2) resource leveling. and 3) constrained
resource ailocation is given in this section which willi help determine the

state of the art and therefore the need for the present study.

1.4.1 Time—Cost Tradeoff Procedures

The first study on functional relationship between project cost and
duration is due to Kelly(23).(24). He developed a parametric linear
programming formulation and used Ford-Fulkerson network—flow algorithm to
obtain the project cost curve. In a separate article originating slightly after
the first article by Kelly. Fulkerson(15) also presents a network—flow

solution of project cost curve.

Because of the restrictive assumptions imposed on the activity time—
cost functions by Kelly—Fulkerson procedure. other time—cost tradeoff
procedures have been devised which are intended to handle nonconvex
activity functions as well as discrete time—cost points. The DOOD/NASA
Guide PERT/Cost(12) describes su\ch an approach. A similar idea is

proposed by Alpert and Orkand(2) and also by Moder and Phillips(30).
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Other approaches developed for time—cost tradeoff function include
integer linear programming technique offered by Meyer and Shaffer(28).
and mathematical programming approach offered by Jewell(21). A different
approach for the restricted case of continuous convex activity time—cost
functions is offered by Berman(5). He assumes that cost approaches
infinity as time approaches some minimum feasible value and that as time

increases cost will decrease to some minimum value and then turn up.

Handa(18). Parikh and Jewell(33). and Prager(35) have offered
different approaches for reducing the total amount of computer memory

storage required by the network fiow algorithm.

it may be concluded that there is a variety of analytical solutions
available for the time—cost tradeoff problems. All these available
techniques differ primarily because of their assumptions about the
characteristics of the activity time—cost functions. Very little research has
been conducted to anaiyze this problem when resource availability is

uncertain.

1.4.2 Resource lLeveling

The purpose of resource leveling is to smooth the resource usage as
much as the problem will permit. subject to the time constraints of the
various activities. A systematic approach to this problem has been offered
by Burgess and Killebrew(7). They suggest a method of comparing
alternate schedules obtained by sequentially moving. in time., slack

activities and computing the resulting resource profile. The measure of
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effectiveness they propose for comparison of schedules is the sum of the
squares of the resource requirements. Dewitte(11) as well as Levy.
Thompson and Wiest(25) describe two different computer programs for
smoothing manpower requirements. These programs are designed to
minimize manpower fluctuations by adjusting the start times of project

activities having slack.

.

A slightly different version of the Levy procedure is presented by
Wilson(42) . designed to produce the minimum number of resources
required to achieve a given project duration. Instead of random choice
step. as in the tevy Model. he incorporates a dynamic programming
scheme at each iteration to determine feasible combinations of activities.
However he makes a simplifing assumption that each activity requires one

unit of the same type of resource.

A somewhat similar technique of splitting events into divisibie unit
time lengths is offered by Black(6) for the resource leveling problem. His
approach is an adaptation of the Gutjahr—Nemhauser (17) line balancing
aigorithm. It involves generation of feasible sets of jobs in the given
network. then construction of a new network using the generated sets as
nodes and stated resource constraints as arc lengths. This method will

produce all feasible solutions with respect to resource constraints.

it may be summarized that the techniques adopted for leveling
resource demands depend on whether resource avaitability is limited or
unitimited. in both the cases. extensive research has been done using
heuristic as welli as optimat procedures. However. little work has been
done to extend these procedures to take into account the uncertainty due

to resource availabitity.
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1.4. 3 Constrained Resource Allocation

The constrained resource allocation scheduling may be classified into
two main categories namely 1) heuristic procedures and 2) optimal
procedures. The heuristic procedures involve the use of some rule of
thumb or “heuristic®™ in determining priorities among jobs competing for
available resources. In contrast. the optimal procedures aim at producing
the best possible or optimal schedules. Within each of these two major
categories. there are further possible schemes of initial sub—categorization.
Existing heuristic procedures. for example. fail into the categories of 1)
serial or 2) parallel routines depending upon whether the priorities
assigned to competing jobs are determined before the sequencing takes
place or during the sequencing operation. A review of the existing methods

for both heuristic and optimal procedures is given below.

A great deal of work has been done in the development of different
heuristic rules as well as in the selection of heuristic rule for a network

under consideration. Only few noteworthy works are mentioned here.

One early heuristic based procedure which is important from historical
point of view is RAMPS program developed jointly by CEIR Inc.( now a
division of Control Data Co.) and the Du Pont Company. Description of

this procedure is available in Moshman. Johnson and Larsen(29) and
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Wiest(38) . (39) . Briefly. a parailel routine is used to examine in each
time period all feasible combinations of competing jobs. This program can
handle up to 100 separate projects each consisting of up to 2000 activities

and requiring up to 100 different resource types.

Another of the earliest program was developed by J.D. Wiest. His
SPAR (Scheduling Program for Allocating Resources) | and Il are
described in (41) and (39). These programs have been applied to single
and multiple project problems of more than 200 jobs and 20 different
resource types. These two programs were followed by a series of works
ail of which employ one or more scheduling heuristic in a general fashion
described succinctly by Wiest(40). Very general descriptions of the
resource allocating features of these and other such programs are given
by Phillips(34), O’brien(31). Woodgate (43), Antill and Woodhead(3).

Hooper(20) . and O‘Rourke(32).

timai ur

In contrast to the tremendous efforts which have gone into the
investigation and creation of elaborate heuristic based scheduling models,
the development of optimal procedures has progressed relatively siowly.
The reason for this is that no formal mathematical model can be utilized at
the present time for scheduling projects under limited resources. Rather.
only heuristic methods can be employed. (1), (8). Employing optimization
procedures for resource allocation has been explored by Wiest(39),
Etmaghraby(13) . Pristker. Watters and Wolfe(36) . Fisher(14) .,

Johnson(22) Davis(10) . Balas(4) . Sunaga(37). Gorenstein(16) , and
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Hastings(19). However. till today. there is no optimal procedure availabie
which can be applied to commerciali projects with large number of activities

and resource types.

it may be concluded that much research has been done in the
selection of proper heuristic rules as well in the development of optimai
procedures for solving resource constrained problems. Oniy the heuristic
approach is applied for targe networks while further research is being
conducted to improve the appticabitity of the optimal approach. However.
both these approaches do not consider the uncertainty associated with

resource availability.

1.5.0 Risk Evatuation_in babitistic Networik heduli

From the state of the art in resource allocation. it is clear that
uncertainty due to availability of resources has not been taken into
account. It is now necessary to see how far it is incorporated in
probabilistic network scheduling. A technique for exposing uncertainties
during network scheduling stage was first presented by D.G. Maicom.
J.H. Roseboom. and C.E.Clark (27) in their paper which describes the
deveiopment of a technique for measuring and controlling development
progress for the Polaris Fleet Ballistic Missile program. Special Projects
Office. Bureau of Ordinance . U.S. Navy. The uncertainty of each
activity is expressed in the form of three elapsed time estimates namely
the optimistic. most likely and pessimistic time estimates. For further
evaluation of mean duration and the associated variance. a beta
distribution is formed out of these three time estimates. This technique is

commonly known as PERT (Program Evaluation Review Technique).
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As per the definition PERT. in estimating the optimistic time. better
than normai conditions are assumed to prevail during the execution of an
activity. The pessimistic time is the maximum possible time required to
compiete the activity., if everything went wrong and abnormal situation
prevailed. The most likely time assumes that things go in normail way with

few setbacks.

+

Now the question arises. what uncertainties are covered by these
three time estimates and whether or not the uncertainties associated with
the availability of resources is included. While evaluating the start and
finish times from network scheduling. the question of resource availability
is not considered. Matching the resource availability with demand is done
exclusively at he second stage i.e. in resource allocation scheduling.
Moreover. the uncertainty due to resource availability can not be evaluated
while estimating durations of individual activities of the new project because
the time when each activity requires these resources is not known. It is
known only after ailocating resources. Hence it can be concluded that the
activity elapsed time estimates do not reflect the uncertainty due to
resource availabitity and this uncertainty shouid be treated as part of the
resource allocation problems. The literature survey. as referenced in this
and preceding sections indicates that there is no existing procedure
available for risk evaluation in resource allocation when resource

availabilities are uncertain.

1.6.0 The Need for a New Methodoiogy

When uncertain resources are used for planning and scheduling a
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new project. both the compietion time and cost of the new project become
probabilistic. A scheduling engineer needs to know the extent of risk
invoilved in using resources with varying level of uncertainty. This
information will aid him in planning and scheduling the new project with
confidence. As discussed in the preceding sections. neither the
probabilistic network nor the conventional resource ailocation scheduling
takes this uncertainty into account. Hence. there is a need for a new
methodology to determine the impact of uncertain resources on project
schedule and cost so management can evaluate the risk associated with

each alternative schedule and select the one which meets its needs.
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1.7.0 Problem Statement

Having defined the scope of the problem. reviewed the existing
procedures and having discussed the need for a new methodology. the
problem can be precisely stated. The uncertainty associated with
availability of resources is a major factor to be considered for resource
allocation because the best sch‘edule must not only have the least duration
and minimum overall cost but also a reasonable level of probability to
accomplish the project on time and within cost. A simple model is
required to quantify this uncertainty and evaluate its impact on project

duration and cost.
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2.0.0 RATION F_THE MODEL

This thesis proposes a Risk Evaluation Model (REM) which takes a
resource justified schedule as input. incorporates uncertainty associated
with availability of resources and generates aiternate schedules with
different cost and performance probability. The rationale of REM s

’

presented in this chapter while its working is described in Chapter 3.

2.1.0 Risk Evailuation M i

REM is illustrated by the schematic chart in Figure 2.1. it consists

of the following four major processors.

1) Resource Allocation Processor.
2) Stage One and Stage Two Processor.
3) Cost Evaluation Processor. and

4) Probability Evaluation Processor

The principle behind each one of these processors. keyed by section

numbers to relevant parts of the flow chart, folilows:
2.2.0 Resource Allocatign Processor

To evaluate risk due to uncertainty in resource availability, it is
necessary to know when the uncertain resources will be required for the
first time and subsequent times on the new project. A CPM network
followed by resource allocation scheduling can provide the answer. REM
considers for allocation 1) in—house resources. either certain or uncertain

and 2) hired resources i.e. the resources which are hired specifically for
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the use on the new project. Of course. the hired resources are expensive
in comparison to the in—house resources but are definitely available. Only
in—house resources from the least uncertain source are considered for
allocation in the first instance and a resource justified schedule is obtained

using standard resource allocation procedure.

This schedule is further processed by the Stage One and Stage Two
Processor. Cost Evaluation Processor. and Probability Evaluation Processor
and different sets of data on project completion time. cost and
performance probability are obtained. The same procedure is repeated by
considering various combinations of hired resources and in—-house
resources from different uncertain sources. This step is illustrated in

Figure 2.1 and the methodology is discussed in detail in Chapter 3.

2.3.0 Stage One an tage Two Processor

The uncertainty level of each resource justified schedule is improved
in two ways 1) by delaying the start of the new project (This will be
referred to as Stage One Processor) and 2) by substituting the uncertain
resources with hired resources (This will be referred to as Stage Two

Processor). The description of the two stages of processors follows:

2.3.1 Stage One Processor

The Stage One Processor is achieved by shifting forward the start
date of the new project without altering the resource profile. For example.
if the start date is pushed forward by a week. the first day when all

uncertain resources will be required is correspondingly moved forward.
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This enhances the certainty of their availability. However. since the project

compietion time is delayed. the project cost may go up due to penaity.
2.3.2 Stage Two_ Processor

When the penaity for delay is heavy. the performance probability can
be improved by replacing uyncertain in—house resources with hired
resources. When the uncertainty of in—house resources reaches the
acceptable level. they can be substituted back for hired resources. In
doing so the project cost increases neither by penaity nor by overheads.
However., it goes up because more resources are hired at a cost
comparatively higher than the in—house resources. This procedure is

discussed with the help of Figure 2.2.

The profile of resource type Rl required by the new project is shown
in the figure. First 'n° weeks are completely scheduled with certain. in-
house and hired resources. At the end of the nth week. the hired
resources are replaced by uncertain resources. This procedure deiays the
requirement of uncertain resources at Jleast by ‘n° weeks and hence
improves the performance probability. By varying the value of ‘n’. alternate
project schedules are generated which have the same project duration but

different resource usage patterns.

If the new project requires more than one type of resource. the
Substitution of uncertain by hired resources can be done for each resource
type as well as different combinations among them. These procedures
resuit in a Jlarge number of alternate schedules with different cost and

probability. Moreover. for each aiternative obtained by such substitutions.
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1) Resource Cost.

2) mobilization cost.

3) other costs.

4) overhead cost and.

5) penalty. if any.
Other cost inludes the cost c?f nonscarce resources not considered for
resource allocation. all indirect costs including contingency. provision for
escalation etc. The computation of each component of project cost is

dealt with in detail in Chapter 3.
2.5.0 Probability Evaluation Processor

The Cost Evaluation Processor indicates the time when the uncertain
resources will be required by the new project. The probability of resource
availability is evaluated for each aiternative from this time and the
corresponding probability distribution curve. Selection of proper probability
distribution for the availability of each uncertain resource type and

evaluation of its parameters are elaborated in this section.
2.5.1 Ti i f n in R Availabili

The first step towards selection of proper probability distribution is to
delfine the time estimate for the availability of each uncertain resource
type. The inherent Jdifficulties and variability in the resource availability
can be expressed by giving three time estimates namely the optimistic.
most likely and pessimistic time estimates. These estimates are obtained
from technical persons who are responsible for the release of resources

for the new project. The definitions of these estimates follow:


































































































































































































































































































































































































































































