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ABSTRACT

The objective of the rescurce smoothing problem ie to schedule project
activities so that the project duration does not exceed its early start
duration and the project’s maximum demand for resources, or the variation 1n

this demand from cne time period to another, is kept to a minimum, Many
heuristic and optimal methods have been developed for solving this problem,
almast all of them are cencernsd with smoothing a single resource. For a

contractor who is required to manage several resources simultaneously, tha
process can be done by adding the resource rates together, according to
predetermined weightings of the resources, and then smoothing the single
equivalent resource., This method is ipefficlent and often givas approximate
results. This paper introduces a new efficient technigque for smoothing
multiple resources concurrently. The resource smoothing problem is translated
into a finite number of resource scheduling problems i{pn order to determine
minimym resource levels required to maintain the CPM project completion dats,
The technigue can give both the minimum level and the wmost uniform level
resource histograms, The resulting smoothed histograms are better than those
produced by ather methods. The technigue is simple. and
computationally efficient. An examole (s solved to show the details and
results of the technique.
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1. IHTRODUCTIOM

There are twa categories of scheduling resources in conatruction
projects: rasource scheduling and reagurce amoothing. The resource scheduling
problem arises when there are definite limitations on the amount of resources
available, The scheduling objective is then to allocate available resources
to the activittes {n the manner that will result in the least delay of the CPM
project completion, A programmed algorithm for optimal rasource scheduling in
construction has been developed by Eldosauky [11].

The resource smoothing problem arises when theré are sufficient resources
available and it Is required to smooth out the peaks and hollows, whicn
normally ocgur, in the pattern of resource usage. This seituation :.s
pronounced in order %o reduce cost of shipping equipment to and from the
project site, to save time required by new men to be familiar with the
praject, or to guarantes an even flow of application for a high-cost resource
once it ia assigned to the work. The scheduling cbjective is therefore either
to reduce the level of the resources or to make the rescurce requirements as

uniform as possible| while holding to tha CPM project duration.

Thie problem of resource smgothing has bsen solved by two distinctly
different approaches. The first category includes heuristic approachas which
are usually used to give good (not optimal) solution. The basic {dea of these
mathods is to shift the noncritical activities in a systematic order according
to some rules-of-thumb. Examples of these methods are the works by Galbreath
[2), and Karris (3,4], The advantage of these methots is that thaey can handle
large projects. Tne second category consists of crocedures designed
to produce the optimal solution using integer programming technigues. Examplse
of these methods is the model developed by Easa [5), Optimization models are

suitable only for small networks because of the mathematics used.

Both the heuristic and optimal approaches 'were developed to smooth a
single resource. However, they can bhe applied directly to smaoth multiple
resources if the prime concern in the copstruction project is to smooth a
common base {e.g. cash flow} in which each resource rate is considered as the
sum of these proportionate values for each activity., After smoothing on the
common basis the individual resource rates can be added to give the resource
demand histogram for the use of management.

For other cases in which it is regquired to smooth distinct resources

directly, the resources can be smoothed in series; one priority at a time.
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This method will cause some activities to be shifted from a previous position
gstablished by the smoathing of a higher pricrity rescurce. Therefare, when
smoothing resources ip geries the resource which is amoothed last will have
the controlling wvalues, Ancther approach to smooth multiple resources
concurrently is to adding the reaource rates together (according toc some
assumed set of weightings}), smoothing the resulting resource sums and
geparating the reagurce sums into thelr respective histogram values at the end
of the solution. This approach gives approximate results as will be seen
later in the paper.

In this paper, an efficlent technigque for smoothing construction praject
reguirements for multiple rescurces is introduced, The technigue aasumes an
garly start schedule derived from the CPM network computations, reduces
resgurces madimum usage by one unit (cne reasource at a time) and checks
feasibility of the new production level using a program for optimal resource
scheduling, This process zontinues until the minimum level of resources that
keeps the project CFM completion time unchanged s obtalned. buring this
analysis, the mipimum resource |mprovement coefflcients, which {ndicate the
most uniform resource reguirements are ocbtained. The technigue is simple and
glves the cptimal smoothing of multiple resources in a fintte number of

trials. An example is given to demonstrate the details of the techpigue.

2. DEFINITION OF PROBLEM YARIABLES

Fig. | shows a typical resource histogram. The elements Yir Yos +res Yp
represent the daily (ar wasekiy) usage of the resource over the interval 1t to
0. The area of the histogram represents the total usage of the resowce, TU,
Thug, for a resource k
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Figure 1. A Typical Regource Hislegram
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where Dk is the duration of resaurce k. The average usage of resource k, AVAR

is tha smallest {nteger which is greater than or equal to (TUk /D

k’
kJ' Let the
greatest usage of resource k by a single activity, out of the project n
activities, be Rk' Then & lower bound on the production level of resource k,

LE

K that keeps the project CPH completion time unchanged is

R (2)

LBk 3 max thRk, K

FProject resources must be classified as key or secondary resources. Key
rescurces arg those that are either scarce or axpensive. It i, therefore,
normal to smooth only key resources. Let the number of kay resources in the
project be K, The hollowest of a resource histogram, at any stage of the
smoothing process, is called respurce lowest usage, RLU. 0On the other hand,
the peak of a resource histogram, at any stage of the smoothing process, .=
called resource makimum usage, RHU, The objective of the smoothing process is
tc reduce RMU of the K resources of the project to be as close to their LB as
possiblie, The mipimum level histogram of a resocurce is defined as +the
resource histogram with the lowest RHU.

Attempting to minimize the variation in the demand of a respurce from one
tima pericd to ancther means trying to make the resource histogram approaches
a rectangle. The resource improvement coefficient, RIC {(givan by Harris ({31}
measures the approachability of a resource histogram to be a rectangle, At
any stage in the smoothing process, this coefficient can be calculated using
Egq., 3.

D
k 2
Pk B Vik
RIC = K 1,200, (3

Ideally, the value of this coefficient would be ocney hence, the nearer the
value of RIC is to one, the more closely the resource histogram is to a
rectangle. The most uniform level histogram of a resource 1s defined as the
resource histogram with the lowest RIC.

3. ASSUHPTIONS

The assumptions of the new technigues aret
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1. Project activities are assumed to be time continuous. An  activity
cannot be interrupted once begun,

2. Resources are demanded by an activity in constant amounts throughout
the duration of the activity., Thus, an activity will have a constant rate of
utilization of the resource.

3. The CPM project compietion date is assumed fixed. The s=moothing
technique will not extend the project duratien,

4, Key resgurces must be defined in the ordér that reflects their
relative importapce tg the project. Priority is given to reducing the maximum
usage of the earlier resource by one unit, 1f possible, beforg attempting to

reducing the maximum usage of the following rasourcas.

4. THE SOLUTION PROCEDURE.

The new technique of smoothing multiple resources simultaneously aims at
determining the mipimum level of the project K resources that must be provided
to keep its parly start completion time unchangad, To achieve this goal the
RMU cf the X resources determined by CPM analysis are considered. However,
any known reduced values of RMU, which keep the UPM prciject duration
unchanged, may be considered as the starting point. Peginning with resource |
and continuing to resource K, an attempt is made to reduce the RMU &f each
resource by aone unit. Resources are dealt with according to the preference
order establ{shed by the scheduler. A program of optimum resource scheduling
is used to determine project duration corresponding to the reduced resource
level. 1If it is greater than the CPM duration, then the RMU is {ncreased by
one unit and this value is considered the minimum production level of the
resgurce, Otherwise, the technique turns to the next resource. This process
of redusing RMU by one unit and checking the corresponding project comgletion
time continues until! an attempt is made to reduce a value of RMU below its
lower bound given by Eq. 2 or unttl the minimum production level of the

resource is verified by the resourca scheduling program.

Having reduced the value of RMU of one of the rescurces by ocne wunit, it
may happen that the actual value of RMU of the resource, and in some cases
values of cother resources, are reduced by more than one unit. Two reasons
behind this favoured situation: the new position in time occupied by the
noncritical activities to satisfy the reduced level of the resource and the

resource rate values.
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During the process of determining the minimum level of the project
resources, the improvement coefficients of the respective histograms are
calculated using Eq. 3, The minimum value of thesa coefficients represent the
most upiform requirement of the resources. In some cases, the minimum
production level of the resource will give the wminimpum RIC; t.e. the
histograms of minimum level of the resource and most uniform level of the
resource will be identical. In the remaining cases, the RMU of the mont
uniform level histogram will be a little higher than that of the minimum level

histogram.
Now, a detailed descripticn of the technique will be given.

1. Prepare an activity schedule using CFM. Determine project duration TD.
Calculate RHUk and HICk, K= 1y2p00s, Ki

2. Consider first resourcey) k = 1.

3. If the minimum level of resource k has been determined, go to step 11,

4, Qtherwlise, if HHUllt a LBk, then consider the minimum level of resource
k equals RI"IUk and go to step 11,

3. Otherwise reduce RHUk by one unit,

&, Call program for optimum resource scheduling and determine project
duration Ti.
7, [f T' = Tc, go to step 9.

8. Otherwise increase RHUk by one unit and consider the minimum level of
resource k equals RHUR. Go to step 1.

9, Calculate actual values of RHUk and the correasponding values of HICh,
k= 1;2,..45 K.

10, Compare values of RICk, ke 1,2,,v0y K wWith previous valuea. A
tolerance of 0.3% is allowed, Store the lowest values of RI[ Ck and the
corrgsponding values of HHUk, kw 1,2,..., K.

1t. Increase k by L. If k > K go to step 12, ctherwise go to step 2.

12, Have the minimum level of the K resources been determined? If ves,

staop, If no, go to step 2.

Obviousgly, the propesed technique is copmuter—hased. The number of trials
required to give the optimum solution is finite and depends, of coursa, on
number of resources included in the spocthing process, mass usage of the
resources by the project activities, and the difference between RMU values

determined by CPM and those achieved at the end of solution,
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To test the efflcacy of this technigque, the above procedure was
programmed in FORTRAN for an IBM AT 384 computer, The new program for
smoothing multiple resources simultaneously, named PY, uses the resource
scheduling program developed by Eldosouky (1). Both programs have the same
computer RAM requirements approximately.

5. APPLICATION

The following example is adopted from Harris [3]1. Table 1 lists
.the activities of a amall- construction project, their‘durations. predecesaors
and resource rate for each of two respurces. Resource ! has been chosen to
have first priority and respurce 2 to have second priority. The histograms of
the rescurces according to activities early start timing are shown with
dotted lines in Fig. 2.

The minimum moment algorithm developed by Harris was used to smooth the
combipation of the two resources. Two cases were considered: (1} resource
rates are added without weightings (2) rasuﬁrce ratea for resource 1 are
weighted over resource rates for resource Z by a ratio of 2.4% to 1.00. The
results of this hauristic approach are given in Tabla 3. The respective

histograms for cage ! are shown with thin lines in Fig., Z.

The proposed technique was used to smooth the two resources simultanecugly.
Sixty seconds of CPU time were required to get the solution using program F3,
The solution steps are given iIn Table 2. This Tablg {llustrates the
discussion given in section 4. Trial 0 includes values of RMU given by CPM
| 13 and RHU2=
18. The lower bound on the production levaels of the resources are LB1 = 5 and
L82 = 8. In trial 1, RHU1 {s reduced to 12 while F!I'IU:2 is kapt at 18. Thase
values give ths same project duration, but the actual values of RMU become

RHUl a 9 and RI"!U:2 = 17, In trial 2, Fil“\U:2 i3 reduced to 14 while RHU1 i3 kept

analysis where project duration equals 20 days. These are RMU

at 9. Thesg values give the same project duration. This process continues
uptil trial 9 where Rr'ILI1 ls raduced to 5, This wvalue gives an extended
project duration. Therefore RHU1 is increased to & and this wvalus 1is
congidered as the minimum ievel of resource 1. In trial 10, RMU, is reduced to

2
13, This value keepa the CPM duratien unchanged. A further trial, no. (1, is

made to reduce RHU2 te 9, but this value gives a prolonged project duration.
Thus RMU2 {s {ncreased to !0 and thig value is considered as the minipum level
of resource 2. Am the minimum level of the two resources has been nbtained

the process is terminated.
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Table 1. Data for the Example Project
Duratian Resource Rates
Activity idays) Predecessors Remource 1 Rescurce 2
ET ] - - -
A 2 L 0 4
B 3 5T 2 3
c 3 ar 2 0
¥ 2 L] 1 4
E & A 2 5
F & B 3 2
G & c 1 o
H 4 c Q 3
K 2 0,E 4 E |
L 7 E,F 2 ]
" 3 A,G 2 B
N 2 A,G,H 4 3
P 2 L,m,N o] 0
Table 2. Solution Steps of the Example Project
Values of RMU
Trial No. | FAescurce 1 Respurce 2 Remarks
0 13 19 Yalums given by CPR analysis
i 12 18 Project duration = 20 days
2 b 1& ditte
3 -] 15 ditta
4 -] 15 ditto
3 7 13 ditto
& 7 12 ditto
7 b 12 ditto
] & 11 dikto
? 5 il Project duration » 20 daye
10 & i3] Project duration = 20 days
11 [ 9 Project duratlon > 20 days

Table 3. Summary of Resultxz of the Example Project

Huthod Resaurce 1 Resource 2
ot
solution Smocthing case R0 RLU R1C R RLU RIC
Rescurce ! plus |, 3 Jnoas | 12 | 3 |1a3r
. ramource 2 - b
Minimum
Monant
Rlgarithm 4.49 Resourze |
plus resource 2 -] 3 1.040 13 3 1,213
Most uniform
Inval solution & 3 1.040 11 3 1.0%8
Propesed
Techn!igue
Hinimum level
solution b 3 1,044 10 2 1.122
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Figurn 2, Histograss for Resources | and 2, The dotied lines represent early
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the thizk I:rnes reoresent histoqrass ssoothed bv the proposed techn:que fcass
of gimleun lzvel hisrogrimsi,
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A summary of the results obtained by the proposed tschnigue is given in Table
3. The minimum level histograms are shown with thick lines in Fig. 2. Now, it
is obvious that the results gbtained by the minimum moment algorithm are
approximate. While both methods give the same values of RMU and RLU for
resogurce |, they give different values for resource 2, The minimum moment
algorithm gives a value of RMU for resource 2 which is 204 graater (when the
resource rates are added without weightings) and 304 greater {(when the
resource rates are added according to predetermiped welightings) than that
given by the minimum level soiution. Evidently, weighting of resource rates
for resource 1 over resourcd rates for resource 2 doe; not give any additicnal
benefit for resource 1. The most uniform level aolution has a lower RIC, but
a higher RMU than the minimum level solution. The scheduler will prefer the

first soluticn to the second if it is less costly.

. CONCLUSIONS

This paper presents an efficlent technique for smoothing project’s demand
for multiple resources. The technique has the following features: (a) it
depends on using a program for optimal resource scheduling) (b} it gquarantees
the optimum smogthing of multiple resources in a finite number of trials; ard
{c) it can be easily programmed for the ccmputér. The results obtained for an
example project show that smoothing multiple resources by adding the resource
rates according to predetermined weightings gives approximate results. The
fermulation presented can be used to obtain the minimum level and the most
uniform level histograms. Howayer, the techpnique would be extended to satisfy

a preferred level histogram and this would be described in a later paper.
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