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The use of logistic-type growth curves in the prediction of future

engineering manpower utilization patterns is a viable technique. When a

work environment consists of a large number of repetitive type project

the use of regression analysis and Weibull curve shapes gives a reliable

forecast of the time-phased utilization of manpower. The technique

particularly applicable if little is known about the future projects.

The technique is also especially relevant when there are a large number

of projects which must compete for a variety of resources (various man-

power skills in this case).

The level at which the most predictable curves were found was (le-

pendent upon the organization structure and the project activity network

structure. The forecasting procedure is insensitive to both the individual

curve shapes and durations when considering the smoothness of the aggre-

gate manpower. However, both were found to be critical factors in the

start-up of the forecast.

The technique was found to be useful only at acs aggregate level,

It was not adequate when individual projects or small groups of projects

needed to be forecast. The technique is also limited to quarterly or

annual forecast periods, Ma-Ith17 for; casts contained a great deal of



irregular random variation.

The system has been adopted by the Technical Services (Preliminary

Engineering) branch of Oregon Department of Transportation (ODOT) and is

now operational there. Computerized input, calculations, manipulation

and output are required to make the technique functional. The ODOT

system includes a COMPLOT routine that graphically displays the aggre-

gate manpower curves at various levels. Tabular formated output is also

used. The system requires considerable technical and managerial input

in order to function. This is especially true during the design and

implementation stages.

Given a prospective list of projects with a tentative timetable for

project completion, the system can forecast manpower requirements. A

brief description of relevant parameters is required on each project.

Such parameters as the number of right-of-way files and the estimated

construction cost of structure are applied to regression equations to

estimate the manpower required by the various organizational components

for each project. This manpower is then time phased by using unique

Weibull curve shapes to distribute the total manpower for each of the

project's components. This is done in relation to the tentative comple-

tion timetable for each project. These time phased estimates for all of

the projects are then totaled into a hierarchy of reports. Each report

summarizes the manpower needs for different organizations and at differ-

ent levels. These forecasts can be used for budgeting and planning

purposes. The system can also be used in an iterative simulation mode

to level manpower. For example, if the initial project array and time-

table create an infeasible manpower level, then the array and schedule



can be altered through appropriate administrative actions. The revised

input can then be resubmitted into the system. This process can be re-

peated until a feasible (smooth and equal to available resources) man-

power pattern is found.

This research found that managerial subjective estimates tended

to overestimate the manpower needs and underestimate the project duration.

An investigation of the relationship between the network of activities

making up the projects and the curve shape of the time phased manpower

was also done. The number of different types of resources (number of

different occupation disciplines in this case) was shown to be the most

influential factor.

Due to the complex iterative modeling process needed to obtain the

regression equations and Weibull curve parameters, the technique will

have only limited application in its present form. Additional develop-

ment of the technique is needed in order to establish simple decision

rules that can be applied in general situations.
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MANPOWER PATTERN PREDICTION FOR MULTI-PROJECT SITUATIONS

Chapter I

INTRODUCTION

There are many times when a manager would like to know what the

approximate manpower level of his operation should be for a two to three

year period in the future. This information could be used for budgeting,

staffing, and other planning purposes. In many stable work environments

making this estimate would not be too difficult. If a predictable amount

of output was desired during a period and it was to be performed with a

standard, unchanging work procedure, then the calculations are almost

routine. However, if the specific type of work as well as the total

amount of work were uncertain, then the estimate becomes difficult.

Scope and General Goals

This research will investigate a specific areas of engineering man-

power prediction. The research will determine if logistic type curves

obtained from empirical data can be used to adequately model aggregate

manpower levels. The investigation is limited to network based multi-

project situations. The research is restricted to medium range fore-

casts (two to three years) where limited information is available con-

cerning individual projects. The research will exclude such considera-

tions as a major change in the technology; that is, it is assumed that a

stable type of work is being performed. Major changes in the magnitude

of workload, type of employee, funding sources, and organizational struc-

ture will not be modeled. The aim of the research is to see how well



empirical data can predict the future at an aggregate level.

This research is unique in several ways. First, most past research

has concentrated on the behavior of project duration (Davis, 1973). This

research extends the investigation to the time phased utilization of re-

sources. Secondly, most past research has centered on single projects

(Davis, 1973). This present research deals with a large number of pro-

jects being undertaken both in parallel and in series with each other.

The resulting individual project behavior in this multi-project environ-

ment will be investigated. The projects are also multi-resource con-

strained. Thirdly, most research in this area has been done using simu-

lated networks (Davis, 1973). This research will investigate empirical

behavior with all of its inherent priority changes, schedule switches,

and resource competition among projects.

The specific questions to be answered will be:

1. What is the most appropriate level at which to disaggregate the

forecast? In other words, at what levels do the most predictable

manpower patterns exist?

2. What are the fundamental relationships between the network struc-

ture of various projects and the resulting manpower patterns which

they exhibit?

3. How do empirical patterns compare with managerial estimates?

The specific area of research will be centered only on situations

where resources are shared among several projects. Each project can be

inactive at various stages as it awaits resource availability or adminis-

trative authorization. In this aspect the model is similar to a complex

flow type job shop where priority queueing exists.



Need for Research

The subject of resource planning in project management is a field

that is receiving more attention than any other aspect of network

analysis (Moder, 1970). There are several reasons for this. The signi-

ficance of the problem is growing. The utilization of many large and

expensive resources including personnel must be planned and controlled.

As specialization increases and technology advances, the complex inter-

relationship involved in these allocations intensifies. The most promis-

ing approach at present appears to be in the development of heuristics

or other non-optimal approaches. These can be developed and used with

the aid of computers. Moder (1970) states:

Furthermore, the development of an optimal procedure
does not appear likely in the foreseeable future since there
is currently no mathematical basis for a realistic schedul-
ing procedure.

He further states that:

...some of the recent development work in resource alloca-
tion is still locked in the esoteric boxes of doctoral
dissertations. However, as these ideas are brought out in
the form of practical computer programs, the power of the
network approach should be greatly enhanced.

Unfortunately, most research and application in the area of re-

source allocation and utilization is not widely published. Norden (1960)

comments:

However, the study of resource consumption and net-
work schedules involved the conduct of engineering work,
internal organization, and bookkeeping, so that a number
of companies have understandably decided that publication
is against their best proprietary interest, even though
they may be actively working in this area. Therefore, we
may not be aware of comparable work as well as work that
has gone beyond that being discussed herein.

The publishing of new techniques of a non-proprietary nature would
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therefore be a welcome contribution to the available literature.

Managerial Relevance of the Study

The field of resource allocation of network type projects has

been somewhat dominated by the PERT/CPM approach for the past fifteen

years. In some cases the detailed information necessary for PERT/CPM

resource allocation procedures is either not available or else is un-

reasonably expensive to obtain. In addition, even if the information

is available, the computational effort required to calculate resource

usage by the PERT/CPM method is not warranted.

An even more critical point is that the very complex interactions

that take place among projects and within projects are not adequately

modeled with present techniques. This shortcoming is somewhat remedied

in multi-project simulation (Davis, 1975), but it still lacks the full

complexity necessary to truly model resource usage.

This thesis' proposed research offers an approach to fill the gap

between the detailed PERT/CPM approach and the very broad macro level

analysis sometimes performed at the firm level. By filling this gap,

practical estimating procedures will be possible. The empirical approach

to be taken will model the full system complexity. Once manpower levels

have been estimated, then managerial actions can be taken. Projects

can be shifted to either change the total aggregate level or to level

out a fluctuating manpower pattern. Appropriate staffing action can

also be taken to transfer, hire and train personnel to fill anticipated

needs.

The use of this technique is limited in some respects since the
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estimates of manpower patterns are being predicted with limited infor-

mation. Only aggregate behavior can be accurately forecast.

Control and monitoring of individual project behavior are outside the

scope of this technique.

The technique does have some control value through feedback. A

comparison of empirical patterns with managerial intuition will provide

feedback to managers on how manpower patterns actually behave. If

actual behavior varies considerably from what managers are assuming in

their present decision making, perhaps they may wish to adjust some of

their actions accordingly.

The model to be established in this thesis is concerned primarily

with technical factors. It will not try to model exogeneous variables.

Although these external influences can be significant in identifying

and predicting major shifts in the way the system behaves, they are be-

yond the scope of this thesis. A study which handles exogeneous variables

would require a different set of data, an econometric type model, and a

separate verification procedure.

The human factors will not be modeled either. Including such

things as supervision styles, organizational changes, motivation in

fluences, and other major personnel actions would require a different

study approach. Although these factors have a significant impact on

the behavior of the system, they are so complex that they will not be

included. The reaction of policy makers to the findings of this study

would be one such important factor because it could change the work

environment which is assumed.
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Systems Approach

The overall structure of the research in this thesis followed the

standard scientific method. The following steps were covered:

1. Hypothesize the system structure.

2. Gather input information.

3. Build a system model.

a. Analyze the system components.

b. Synthesize the system into an integrated whole.

4. Verify the adequacy of the system.

5. Evaluate the system to gain general insights.

The first step was accomplished by reviewing relevant literature,

consulting with experts in the area, and studying actual manpower sys-

tems. A tentative approach was then established. This approach repre-

sented a unique contribution which expanded, extended, and clarified

previous work in similar areas.

Next the hypothesis was tested by applying the model to an actual

general case. Information necessary to the testing of the model was

gathered. Professional standards of objectivity and honesty were ob-

served in the handling of the data.

The system was modeled by first decomposing the overall process

into manageable separate aspects. Each of these aspects was modeled

individually. After adequate understanding and control of the indivi-

dual aspects was accomplished, they were combined into a complete

system. This synthesis was sensitive to the important interactions and

inter-relationships.



7

A verification of the system was made by applying the complete

system model to a historical test period. This period was chosen so

that it didn't contain any of the same input data used in the model

building. The actual historical output for the period was compared

with the model's predictions to check the goodness-of-fit.

Throughout the study, observations and evaluations were made to

establish general principles. In other words, not only the "how" of

the model behavior, but more importantly, the "why" was studied. The

goal of the research was to establish a manpower forecasting model with

well defined statistical limits that could be applied in a wide variety

of situations.

After adequate models had been developed, an investigation of

the relationship between the manpower models and the structure of the

functional activity network was done. A comparison between managerial

subjective estimates and the mathematical models was also made.

System Design and System Operation

Two distinct major phases are required in a situation where the

life cycle approach developed in this paper is to be implemented.

First, the development of the system model is required. This includes

such steps as developing categories, developing predicting equations,

and establishing confidence limits. Historical data is used to formu-

late a mathematical model of the actual operational environment.

After the system model has been adequately developed, then it must

become part of a manpower planning system. This involves the design of

the procedures and techniques necessary to make the periodic forecasts.
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The manpower planning system uses the system model as its basis and then

incorporates all of the necessary steps to accomplish a successful fore-

cast. This includes such things as the documentation of procedures,

assignment of responsibilities, training of personnel, designing the

computation system, obtaining input information, and distributing fore-

cast outputs. Appendix E is an overview of such an operational system.

This thesis limited its scope to the development of the system

model. The design of an actual operating system was not included. How-

ever, special care was taken in the system's modeling to insure that the

actual operating system implementation was both possible and practical.

Procedure for Developing the Life Cycle Model

A sequential procedure for establishing manpower prediction patterns

is flowcharted in Figure 1. This figure shows the iterative process

required to search for adequate mathematical models, Table 1 gives

further detail on the inputs, outputs, techniques, and decision rules

used in the search. This procedure was found to be the most efficient

way to find and specify adequate models. If a given step is unsuccess-

ful, the procedure iterates back to a previous step and repeats. The

theoretical justification for this approach is presented in Chapter III.

A full scale numerical example is presented in Chapters IV and V.



Figure 1. A Flowchart of the Procedure for Developing the Life Cycle
Model

Establish historical
data file.

. Hypothesize homogeneous
project components.

. Print out time phased man-
hours of project components.

. Categorize the projects for
each component into similar
groups.

Unsuccessful

Successful Unsuccessful

5. Establish a mathematical model
for each category to predict
the individual project's components'
total manpower. (See Figure 4 for
a detailed flowchart of this step.)

Successful

6. Establish the time phasing for each
category. (See Figure 5 for a
detailed flowchart of this step.)

7. Establish confidence intervals.

8. Add the component curves together
into a hierarchy of summary reports.



Table 1. Explanation of Flowchart (Figure 1)

Flowchart
Step

Purpose Input Technique Used Decision Rules

1 Secure adequate histori- Manhours
cal data base, on pro-

jects.

2 Hypothesize hierarchy Organiza-
level and organization- tion

al grouping. charts &

3 Secure tabular output
of manhours for each
component of every
project.

4 Hypothesize categories
for projects for each
component organization,

5 Develop mathematical
model to estimate total
manpower for each pro-
ject.

activity
network.
Output of
1 and 2.

Output of
2 and 3.

Ouput of
3 and 4.

Payroll records
stored in elemen-
tal form. Screen
for representative
projects.

Use managerial ex-
pertise to estab-
lish homogeneous
grouping of func-
tions.
Computer sort.

Managerial experi-
ence of types of
projects.

Develop regression
equation for each
category.

Is the code by re-
source type, func-
tion, month, and
project name? Is

there an adequate
sample size?
Are the intercon-
nectiveness of
activities high?

Output

Are curves uni-
modal? Are there
gaps in the monthly
manpower use?

What are the major
similarities among
projects manpower-
wise?
How apt are the re-
sulting models?
See Figure 4.

File of
coded man-
hours.

Separate
manpower com-
ponents of a
project.

Total manhours
for each com-
ponent of every
project. Dis-
tribution of
manhours. Time
phased.
Approximately
five categories
for each compo-
nent.
Parsimonious,
consistent
equations.



Table 1, continued:

Flowchart
Step

Purpose

Establish time phased
form for each category.

7 Establish confidence
intervals on estimates
of aggregate totals of
of projects.

Summarized totals of
various organizational
levels.

Input Technique Used Decision Rules Output

Output of Curve fitting using Are the residuals Duration for
3 and 4, least squares, small? What is the

goodness of fit?
See Figure 5.

each cate-
gory. Curve
shape for
each category.

Output of Standard error of Are estimates with- Statistical
5. estimate and sum- in reasonable statements of

mation of variances. limits? confidence
intervals on
estimates.

Output of Weighted aggre- Are total manhours Estimated man-
5,6, and
7.

gates. reasonable? hours required
each month in
each organiza-
tion for pro-
ject work.
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Chapter II

CURRENT THEORIES AND APPLICATION

Description and Evaluation of Current Practices

The present state-of-the-art related to manpower pattern predic-

tions will be presented starting from broad general topics and then

narrowing to specific areas.

Manpower Planning

The area of manpower planning and forecasting is very broad. A

recent selected bibliography (Zambra, 1976) lists over two hundred

articles, books, and government publications which apply specifically

to this subject area. Much of the emphasis in business literature, how-

ever, is devoted to generalized manpower planning models and their im-

plications for organizational development (Kwak, 1977). These studies

specialize in such aspects as policy determination and impact. Quanti-

tative studies haven't been neglected, however. Particularly following

the passage of the U.S. Manpower Development and Training Act, along

with several NATO conferences on manpower management, the work in this

area has increased. This has occurred primarily in the past ten years.

Most of the behavioral and quantitative methods have been focused

at the macro level. The research has been from the viewpoint of long-

range corporate requirements and broad governmental program impacts.

Research at the level of the firm is gaining increasing support.

Growth of interest in technological forecasting is one recent develop-

ment that shows an encouraging shift of interest toward the micro level.
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This research specializes in analyzing the dynamics involved in para-

metric shifts.

Quantitative research at the firm level that deals with uncer-

tainty is the restricted area of interest in this thesis. Three recent

publications demonstrate the major emphasis that is taking place here.

Kwak (1977), for example, uses a combination of empirically derived re-

gression equations, time-adjusted stochastic transformations, and

simulation to forecast manpower. Research of this type has been ex-

tremely limited. Grinold's (1977) book encompasses the type of quanti-

tative analysis which has been more widely and deeply investigated. One

of the typical areas is longitudinal models which use finite Markov

chains. Dynamic programming and linear programming applications have

also been used extensively (Ritzman, 1976). The type of problem being

analyzed and the assumptions being made in these areas of research do not

coincide closely with the areas of this thesis, however. The questions

of changes in transitional states and allocation decisions are quite

different from stable pattern prediction.

When embarking on the adventure of predicting manpower patterns

for multi-project situations, a number of diverse fields need to con-

verge. Specifically, the fields of forecasting and multi-project

analysis need to be focused on the problem. In order to see how these

areas are relevant, a discussion of each will be presented.

Forecasting

For which of you, intending to build a tower, sitteth
not down first, and counteth the cost, whether he have
sufficient to finish it? (Luke 14:28)

This advice applies equally well to the choice of techniques for



14

implementing a forecasting strategy. The selection of the method de-

pends on such factors as: (1) the purpose of the forecast, (2) the

relevance and availability of historical data, (3) the degree of

accuracy desirable, (4) the time period to be forecast, (5) the cost/

benefit of the forecast, (6) the time available for making the analysis,

and (7) the dynamics and components of the system being forecast.

There is an ever increasing variety of forecasting techniques,

ranging from simple qualitative guesses to very sophisticated quanti-

tative calculations. Each technique has its special area of relevant

application as well as advantages and disadvantages. A group of experi-

enced forecasters have made the following oberservation (Chambers, 1971):

In general, for example, the forecaster should choose
a technique that makes the best use of available data. If

he can readily apply one technique of acceptable accuracy,
he should not try to 'gold plate' by using a more advanced
technique that offers potentially greater accuracy but that
requires non-existent information or information that is
costly to obtain.

The major factor in choosing the right technique is the relative

cost of forecasting versus the cost of inaccuracy. The optimal cost

would be where these combined costs are a minimum. This point would then

suggest the most appropriate forecasting technique. Once the purpose of

the forecast is defined, as well as how often it is to be made, these

considerations can be evaluated.

Another important aspect is the relationship of interacting

variables. When sufficient facts are available and the logic of the

situation is understood, then various cause and effect relationships can

be explicitly taken into account. A causal prediction method using

sophisticated procedures may be possible if the relationships can be
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clearly established and input data obtained.

Still another major consideration is the stability of the system.

If significant changes occur in the system over time, then this dimin-

ishes the similarity of the past and the future. Critical changes in

project type or in the technology of performing the tasks are examples.

If the forecasting technique relies heavily on historical data, then the

forecasting technique must be capable of adjusting for significant

changes or else be restricted to use for only short ranges.

There are three basic types of techniques. Within each of these a

number of variations are possible. One author's (Chambers, 1971) classi-

fication is:

I. Qualitative methods.

1. Delphi method.

2. Market research.

3. Historical analogy.

II. Time series analysis and projection.

1. Moving average.

2. Exponential smoothing.

3. Box-Jenkins technique.

4. Trend projections.

III. Causal methods.

1. Regression model.

2. Econometric model.

3. Intention to buy surveys.

4. Input-output models.

5. Leading indicators.

6. Life-cycle analysis.
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Chambers gives an excellent comparison of these options. He gives a

brief description of each: the accuracy in short, medium, and long-term

situations; data required; cost of forecasting; and the time required to

develop an application and make a forecast.

When comparing and evaluating this specific thesis application, it

appears reasonable to use a combination of two causal methods. These

are the life-cycle analysis and the regression model. Regression is

applicable for a medium range (two-year horizon) when several years of

historical data are available. The forecast cost and time required to

develop the application are both within reasonable bounds. The one major

deficiency of this technique is its lack of ability to accurately predict

the rates of manpower expenditure. The life cycle approach can overcome

this time phasing problem and will serve as a complement to regression in

this aspect.

The causal models were chosen since it appears possible to spell

out explicitly the relationships between the manpower patterns and the

causal factors. The causal models are the most sophisticated forecasting

tools. They express mathematically the relevant causal relationships and

can directly incorporate time series analysis.

Statistical Forecasting

Let us now consider some steps that are basic to applying the

scientific method to forecasting problems. Four steps which might be

taken are:

1. Data collection.

2. Data reduction.

3. Model construction.

4. Model testing.
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Data collection involves gathering together as much relevant data on the

situation as possible. Next, data reduction attempts to pick out that

data which appears most appropriate. Three criteria for appropriateness

are often used. They are the three "R's"--relevance, reliability, and

recency. These might be restated as:

1. Does the past information relate directly to the future situation

to be forecast?

2. How trustworthy are the data?

3. Is it the latest information?

Using these three criteria, the original data can be reduced to a more

refined bare minimum. This approach will be used in this research. The

third major step is model construction. This consists of identifying

the structure of our information. A precise specification in terms of

either a mathematical or a statistical description is desired. Hopefully

the structure will be stable and apply to a wide range of situations.

Sometimes, however, the model is only valid as an approximation.

Gilchrist (1976) lists three situations that would lead to the use

of models as approximations only. These are:

1. Situations where there is not enough data available to enable us to

study the underlying situation in detail.

2. Situations where for reasons of simplicity and economy we deliber-

ately use a simpler model than the one that we think might be

appropriate.

3. Situations where the quantity being forecast is known to be influ-

enced by factors that are not stable, but which change in time in

a relatively slow fashion.
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One further point concerning the stability of the model needs to be

made. The assumption of stability is related to the total environment

in which the model operates. If fundamental changes occur in the func-

tional relationship between the independent and dependent variables, the

model is invalid. This could result from organizational realignments,

state-of-the-art technology changes, or shifts in end product mixes.

Gilchrist (1976) further explains:

Experience suggests that using models as local approxi-
mations often leads to better forecasts than are obtained
from their global use.... In practice we only have data
from a small section of time and thus, in effect, we have less
than one (complete) observation (set).' That we can get any-
thing at all from this situation depends on the major assump-
tions about the nature and stability of the process. Against
such a background, using our models as approximations to
sections of the underlying process seems a safer course than
using our models as global descriptions of the situations.

It appears that the results of this thesis should be classified as

approximations. Two additional particular problems in model building

occur in forecasting with regression models. One is the problem of

multicollinearity. This occurs when two or more independent variables

are highly correlated. Another problem is that of model identification.

This is an aspect of statistics that lacks a formal theory. The search

for the best model is an art. The search is aided by the use of graphi-

cal information displays as well as statistical measures. In terms of

practical forecasting the situation gets even more imprecise since cost,

availability of computer packages, and ease of application strongly in-

fluence the models to be considered.

1. Inserts in parentheses are added by E. Olsen.
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The two basic approaches to model building are: (1) to start with

an assumed model and test its appropriateness, or (2) to examine plots

and statistics and to establish a model. The investigator can start with

a very sophisticated model and attempt to reduce it to a simpler form by

eliminating those factors which make little contribution. This method

requires large quantities of data and sometimes results in overfitting

(creating a model that is unique to the observed data point, but not to

the real situation). The second approach starts with a simple model.

The forecast errors or residuals are then carefully studied to see whether

they show any remaining identifiable structure. If so, the model is ex-

panded to include the missing factors. Both of these approaches will be

used in this research.

Model testing deals with the quality of the forecast. Methods of

formally testing models on an adequate set of data are not used in sta-

tistical forecasting as frequently as they are in other branches of

statistics. If the forecasting is successful, the forecast errors

should be a purely random sequence. There are a wide range of signifi-

cance tests which are appropriate for this analysis. With a statistical

forecast, assuming stability, one can evaluate standard errors of predic-

tion for the future forecasts.

Gilchrist (1976) has also given an excellent summary of the pro-

blems which arise when forecasting is used in practice. The major pro-

blems usually center around applying the forecast to situations outside

of its scope. This scope of the forecast is usually defined by the origi-

nal data set used in the model building. Special precaution will be

taken against this type of error during the research.
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Multi-prolect Analysis

The discussion so far of previous research has focused on the

approaches being used. The discussion will now shift to the specific

problem area to be investigated. A discussion of the nature of con-

strained multi-project network-based activities will be presented. The

major areas of current and past research effort will also be outlined.

Edward W. Davis (1973) summarized developments in the field when

he updated a previous survey done in 1966. In his paper he categorized

the existing procedures, defined the state-of-the-art, and indicated the

direction of continued progress. His study shows the continued interest

in techniques for the management of resources in project-type planning

and scheduling models. Although this thesis topic doesn't fit neatly

into any of this three distinct categories--(1) time/cost trade-off

problems, (2) leveling resource demands, or (3) project scheduling under

fixed resource limits--it is most closely related to the third. Most new

developments in the field of network procedures have been in the area of

resource constrained scheduling. Large sums of money have been spent on

elaborate computer-oriented procedures. Most of this development has

resulted in proprietary systems.

Table 2 shows a broad classification of existing procedures sug-

gested by Davis. The optimal procedures are further classified in

Table 3 with examples of past research with the date and last name of

the researcher shown. The approach that will be taken in this research

belongs in the extreme lower right-hand corner of Table 3. It is a multi-

resource, implicit, enumeration based on computational experience. The

classification "optimal" is misleading, however. The model will merely
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simulate a given situation. No attempt to achieve any type of optimal-

ity or feasibility is made. The technique attempts only to portray the

resource usage profiles that will result from a given mix of projects

and a specified schedule. The work will extend the scheme suggested by

Norden (1964). The unique contribution of this technique is in the

ability to model large, complex projects found in practice. Davis (1973)

suggests that:

The most significant developments in this field are
likely to come quickest in the development of such inter
active procedures that allow the rapid investigation of
alternate courses of action.

This research is definitely along such a vein.

Table 2. Categorization of Research

Heuristic Procedures Optimal Procedures

Parallel Allocation Routine

Serial Allocation Routine

Linear Programming

Enumerative or Other

Multi-Resource Models

"Job-Shop" Models

Single-Resource Models



Table 3. Summary Categorization of Optimal Procedures

Single
Resource

Job Shop

Multi-
Resource

Linear Programming Implicit Enumeration and Other

Formulation Computational
Only Experience

Burton (1967) Mandeville (1965)
Fisher (1970)

Elmaghraby Fisher (1970)
(1967)

Formulation
Only

Computational
Experience

Ghare (1965)
Carruthers (1966)
Patton (1968)

Balas (1970)

Wiest (1962) Brand, et. al. (1964) Norden (1964)
Hadley (1964) Wagner, et. al. (1964) Karush (1966)
Burton (1967) Pritsker, et. al. (1969) Balas (1970)

Johnson (1967)
Sunage (1970)
Mason & Moodie (1971)
Hastings (1972)

Mueller-Mehrbach (1967)1
Schrage (1969)
Gorenstein (1969/72)

Davis (1968)
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This thesis' research will attempt to show that optimality and

feasibility can be obtained through a trial and error process. The re-

source usage profiles of a given set of scheduled projects will be de-

termined. If the resource profile is high during some periods and low

during others it is undesirable. Project mix and schedule changes can

be made and a new profile generated in successive situations until an

acceptable solution is reached. It should be noted that the final

solution will be a compromise involving projects to be included,

schedules, and allowable resource levels.

This type of enumerative approach already exists at an activity

definition level. The departure from current practice is in the level

of detail needed. Individual activities are not considered. Instead,

resource profiles of each complete project are the lowest level of de-

tail that is considered. In a multi-project situation involving hundreds

of simultaneous projects and numerous resource types, this represents a

quantum level simplification.

As another example of current methods of manpower planning and

forecasting, the Martin Marietta Corporation has a system named TOSS

(Technical Operations Special System). This is an example of a situa-

tion similar to the one defined in this thesis. However, their approach

has been to attempt a considerably more detailed prediction of skill

levels (Robinson, 1970).

Relationship of Project Analysis to Assembly Line Balancin& (ALB) and
Job Shop Scheduling

The close relationship between assembly line balancing and project

scheduling has led some researchers to investigate the cross-application
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of solution procedures, according to Davis (1973). Since this thesis

topic involves large numbers of standard projects to be processed, the

analogy is striking. However, the multiple parallel routes possible in

the networks, along with the multiple resource requirements, seem to

discourage any further investigation into the current state of assembly

line balancing solutions.

Job shop scheduling has such conceptual similarities that it also

has stimulated interest in the reciprocal applicability of solution

procedures with project type analysis. Various researchers have utilized

the similarities by testing the effectiveness of traditional job shop

sequencing rules on project scheduling problems. However, this area

does not appear to be fruitful given the multi-project, multi-resource

nature of the problem being analyzed. The one possible area of past job

shop research that could warrant possible future analysis in relationship

to manpower pattern prediction is simulated loading computer analysis

similar to the Hughes Aircraft Company System (Bulkin, 1966). This

simulation approach will be used in a modified simple version in this

thesis.

Davis (1975) has suggested that another pertinent research area

completely outside the field of current industrial engineering exists.

Geographers regularly encounter problems involving flows of some variable

through networks. River basins and highway systems are examples. Hagget

and Chorley (1969) summarize this research. It will not be studied be-

cause it deals more with network dynamics.

In the special context of the multi-project system being studied

in this thesis, a queueing model would be a good candidate for analysis
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if a more detailed study of individual project behavior were desired.

However, at the aggregate level being investigated, this type of queue-

ing is probably not immediately useful.

The discussion of past research has so far focused on the network

aspects. The regression related past research will now be discussed.

Parametric Costing

In a recent article, McNicols (1975) discussed the use of para-

metric costing techniques. He stated that predictions of cost made by

this method are not exact and that research efforts need to be directed

towards quantifying their inherent uncertainty. The parametric estima-

tion approach uses output explanatory variables to predict cost since

these parameters can usually be estimated early. Estimates are usually

at an aggregate level, and usually use historical information on similar

systems. McNichols attempted to quantify the uncertainty by generating

a probability density function by mathematical integration, convolutions

and moment generating functions. He also suggested that simulation is

possible, though time consuming. McNichols' field of application was

governmental (McNichols, 1975).

This type of approach is also used in the private sector. Freiman

(1975) has reported an RCA-developed parametric cost modeling technique

called PRICE (Programmed Review of Information for Costing and Evalua-

tion). He summarized their experience with PRICE as follows:

PRICE is a tried and proven computerized technique,
both rapid and reliable, which uniquely performs functions
conventionally accomplished only as 'grass roots' estimates,
empirically and/or in part by hand. The parametric approach
is the most logical way to estimate cost and schedules
during the conceptual formulation phase when few, if any,
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design factors are known. PRICE can provide the needed
visibility early in a program (as well as during development
and production) on the impact that design and management
factors have on program costs and schedules.

The regression approach to be used in this thesis research is

similar to the approach just described. This thesis will extend this

approach by coupling regression with the life cycle approach to predict

time phased estimates.

Grass Roots Approach

An alternative approach is often called the industrial engineering

or "grass roots" approach. It is broadly defined as an examination of

separate segments of work at a low enough level of aggregation so that

detailed cost estimates can be prepared. A synthesis of the many de-

tailed estimates are then made into a total system cost. Unfortunately,

this approach usually requires extensive system description and design

that are only available later in the design process.

Kornreich (1962) made the following observations concerning the

traditional industrial engineering estimating procedure:

Unfortunately, these plans are often the result of
estimates from the engineers on the project. This is
based on the assumption that the man closest to the job
is the one who should best be able to estimate the job.
While this is undoubtedly true of detail planning, it is
not true of gross planning, if experience is to be a
means of evaluation. Summary plans should not be devel-
oped by cumulating the detail plans, as gross omissions
will probably result. Master plans should be developed
with techniques that are applicable at the gross level....
The normalized curves represent a means of evaluating the
relationships of time, total expenditures, subcontract
expenditures, and a number of activities and events. They

represent data on previous contracts that have been cate-
gorized and reduced to common scales.

This thesis is in agreement with this philosophy when applied to

the multi-project situation being studied.
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Closely Related Research

Redeluis (1966) reported studies which analyzed the relationship

between the levels and time phasing of various kinds of inputs required

to produce a completed development project as the output. He found that

stable time lags and comparative manpower requirements were present.

These were between the firm's engineering operation and two downstream

operations--manufacturing and quality control. This research depended

on a knowledge of the leading indicator, engineering, to predict the

later operations. This manufacturing relationship is much more direct

than the one under study in this thesis.

A large percentage of the recent research has two similarities.

It has been network based and usually focused on project duration. A

good deal of research has also been done into the historical estimating

of time (Abernathy, 1971; King, 1967). For example, one author (King,

1971) summarizes his results as follows:

Thus, the integration of a historical estimating data
base with a simulation approach appears to offer a simple
approach to network planning and scheduling which avoids
many of the restrictive assumptions of most well known net-
work techniques while offering more realistic results.

This thesis will also take the historical estimating and simula-

tion approach. It will deviate from previous work however, by not

restricting its scope to network techniques. It will also consider

resource time phasing rather than merely project duration.

Theoretical Model Structure

Now that the general framework of the field of manpower prediction

has been reviewed, the development of the life cycle approach will be

presented.
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Historical Perspective

The success and widespread acceptance of network related systems

during the 1960's and early 1970's seems to have overshadowed the life-

cycle approach introduced by Norden (1964). An example of this is the

SCOPE data processing system used by Autonetics (Hochwald, 1966). Such

a system can provide manpower forecasting. However, this system requires

a large amount of detailed input information, an intricate structure of

inter-relationship of activities, and considerable computational effort.

The life cycle approach is an effort to simplify the system by

looking at an aggregate level. Some applied work has been reported in

this area. McNeil (1964) showed how normalized expenditure curves are

prepared and used. Norden, however, appears to be the major contributor

to the life cycle theory.

Life Cycle Model

Norden (1964) found that the build-up and phase-out of technical

manpower on projects occurred in the form of a small number of distin-

guishable stages or cycles as shown in Figure 2. His research centered

around describing these cycles mathematically and then extrapolating

them for project manpower forecasts. His work was restricted to large

applied research and development projects. In addition to specifying a

simple mathematical form, he also made the following significant contri-

butions:

1. A theoretical justification for the mathematical form was made.

2. The definition of each cycle was established. These were estab-

lished according to the distinct purpose or reason for which the

observable work was being carried out.
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3. A stable relationship among the duration in calendar time of

successive cycles was established.

4. A relationship between the manpower consumption of successive

cycles was made.

This thesis research will attempt to broaden the area of applica-

tion introduced by Norden. It will also attempt to answer a number of

unresolved questions which Norden's research has posed.

Figure 2. Typical Manpower Pattern of an Engineering Project

Manpower

Utilization

Per Month

Design
Cycle

Planning
Cycle

Model
ti Cycle

Release
Cycle

Time
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Growth Curves

Growth curves are non-linear models that are used in situations

with an element of growth and/or decay in them. The regions of very

rapid change are difficult to model by the use of other models such as

polynomial models. These models also commonly have asymptote behavior

that is difficult for other models to show. A large number of such

growth curves are available for use in forecasting (Lewandowski, 1974).

The problem of deciding from a set of data which curve is appro-

priate--the identification problem--is particularly difficult, however,

because the start up phase of the activities being represented are simi-

lar. Statistical literature offers a number of alternative methods of

identifying the applicable curve form along with its asymptote, scale,

and inflexion parameters. The simpler methods include graphical trans-

formations, nomographs, and least squares (Spurr, 1948; Sherman, 1950;

and Rasor, 1949).

An important property of growth curves is that by using a suitable

transformation they can be transformed to linear models., As long as

the investigation considers only deterministic models, the transforma-

tions are quite useful. However, if there is a larger random element,

the introduction of a systematic bias may occur. This bias increases

with the variance of the distribution, and also increases as the growth

values become larger.

In least squares regression it is assumed that the residuals have

the same variance for all regions of the growth curve. It will often

occur that the variability will increase with the level of the growth

curve (as Yi increases). In this case the method can be modified by
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replacing the variance term452 by W10502 where Wi = 1/(estimated

variance of Yi). This is called weighted least squares. One way to

obtain an estimated variance is to assume the variance is a function of

the level of the curve. This seems like a reasonable assumption to make

in the case of the cumulative manpower usage on a project. As the pro-

ject progresses there are more factors affecting it in each succesive

time period. This would result in an increase in the variance as the

level of the curve increased. It was impossible to test for this, how-

ever, because projects were not repeated. For this research it is assumed

that the variance is proportional to the Ln Yi). A transformation of

the cumulative manhours, Yi, will accomplish this modification.

Choice of Specific Distribution

If justification can be found, a specific well known growth curve

form could be used. This is desirable since such a curve is well defined

and is usually considerably simpler to estimate the parameters for than

empirical distributions.

Norden's research (1964) used a one parameter modified exponential

expression of the Weibull distribution family. These curves, called

Rayleigh curves, were found to follow the build-up and phase-out profile

of technical manpower levels on applied research and development pro-

jects. The technique has been named the life cycle method of making

project manpower forecasts. In this doctoral thesis, Norden goes to con-

siderable length to explain why this form of curve should naturally

occur in research and development. He also documents a great volume of

other research done in this area of curve form choice for research and

development work. Norden (1960) states:
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Research studies have indicated that there are regular
patterns of manpower build-up and phase-out in complex

projects. These patterns have been described by a number
of mathematical functions, generally in the family of
exponential, gamma, beta, or logistics curves, by several
investigators.

The previous research has recommended such curves as the Pearl-

Reed logistic growth type form.

F(T) -
B(T) = BT t CT2 t DT3

1 -I- A*EXP B(T)

K 0

With coefficients of odd powers
negative.

This curve was found to give quite good fits when compared to empirical

data, but the parameters are hard to obtain. Norden's thesis also

documents the attempts by previous researchers to fit normalized curves

and learning curves. In general, all these curves lacked flexibility

and were computationally cumbersome.

In a more recent extension of the same line of research,

Eisenhut (1973) has done an excellent job of developing a plausible

theory to justify the use of Weibull curves. Assumptions about project

characteristics are used by him to mathematically derive a form of life

cycle curve which appears to have general application.

Weibull Distribution

The Weibull distribution's most common use is in giving the life

distribution for equipment. Such things as capacitors, ball bearings,

and relays often exhibit this general time-to-failure distribution. Its

engineering relevance was first introduced through applied research in

Sweden (Weibull, 1951). Weibull's distribution was known earlier in
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probability theory as the limiting distribution (as ) of the

smallest of N independent random variables with the same distribution.

It is statistically classified as a type III asymptotic distribution.

It may be that the widespread application of this distribution in prac-

tice can be explained by the fact that the random variable being ob-

served is the minimum of a large number of independently acting

variables (Hahn, 1967),

Its occurrence in manpower applications is possibly associated

with some minimum threshold phenomenon that allows work to he initiated

when certain minimum conditions are met.

The Weibull function is:

f(T) (APTP-1) (EXP(-ATP)) o T

The first part of the equation is the conditional failure rate for

the Weibull curve Z(T) = P A TP-1. When this function is a constant,

for P = 1, it is called the exponential or constant failure rate model.

For engineering applications in the case when P = 1, the resulting con-

stant term 1/A is the mean time between successive failures or the recip-

rocal of the failure rate. It is often referred to as the mean time

between failures (MTBF). For P values greater than 1, the conditional

failure rate function increases monotonically as T increases. The re-

mainder of the equation C(T) = EXP FA TP) is called the reliability

function.

Weibull Curve and Manpower Predictions

Eisenhut (1973) noted that reasonable success in describing engi-

neering manpower has been observed with Weibull density functions. His

work was restricted to projects to establish and improve semiconductor
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processes. Eisenhut made the following observation:

However, pure curve fitting does not offer any
theoretical justification for applying a particular
life-cycle function. A better approach is to derive
the appropriate life cycle function based on appropriate
assumptions. This provides a theoretical basis as well
as a good fit to data.

Eisenhut then proceeded to establish a sound mathematical derivation

beginning with appropriate manpower assumptions. He showed that if the

rate of expending effort is proportional to the product of a learning

factor and a project status factor that the Weibull distribution results

(Eisenhut, 1973). The equation for the manpower expended at a point in

time is:

EM(T) =KPATP-1 ECP (-ATP)

This can be recognized as K times the Weibull density function. K is a

scaling factor which represents the total manperiods of effort required

for the entire project.

The cumulative density function

CMP(T) = K(1 - EXP(-ATP))

has a form which can be transformed to a linear equation that is easily

regressed.

Interpretation of Parameters

The parameter P is related to the learning curve (Eisenhut, 1973).

Table 4 shows calculations of a range of values. The higher the value

of P the greater the rate of learning. P = 1 means no learning. This

P parameter affects the time at which the curve peaks (urgency of the

project). More urgency would produce a higher P which results in a

more rapid expenditure of effort. This causes the peak to occur

earlier in time.
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Table 4. Relationship of Weibull Shape Parameter P With Learning Curve
Factor B

Learning Curve Percent Learning Factor B* Urgency Factor P**

.95 .074 1.074

.90 .152 1.152

.85 .234 1.234

.80 .322 1.322

.75 .415 1.415

.70 .514 1.514

.60 .740 1.740

.50 1.00 2.00

.40 1.32 2.32

.30 1.74 2.74

* B = LN (7.)/LN(2)

** P = B +1
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Norden (1960) theorizes that the parameter A is an exploitation-

effectiveness indicator. It is a factor which indicates the controlling

rate at which the project can proceed. It strongly affects the total

duration of the project.

Eisenhut showed the relationship of A and P to be:

A (P-1) Tp P

where T is the time period in which the maximum manpower is expended.

Mathematically Tp is the time at which the first derivative of the cumu-

lative density function is a maximum.

Weibull Parameter Estimation

A great deal of technical literature exists on the Weibull curve

because of its popularity in the field of applied reliability analysis.

For many curves the moments are functions of the parameters. Equations

can therefore normally be solved to yield the parameters in terms of the

moments. A case where this is not possible, unfortunately, is the Weibull

distribution. Trial and error is usually used instead (Benjamin, 1970).

Kao (1960) discussed a variety of methods of estimating the parameters

of the curve. In this thesis for computational ease, a least squares

approach was chosen.

The next area to be discussed is the determination of the cycles or

phases that are occurring within a project.

Project Classification

The conceptual problem of classification is a major one. A project

phase should be a natural grouping of cohesive activities. These phases

are sometimes called stages, cycles, or component curves. A project

phase should encompass a meaningful set of activities over which control
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is exercised. When viewed in a network context a phase would then be

a set of activities all connected by technological interdependencies

and the boundary of the project will be whenever further interdependency

lines cannot be drawn logically.

This problem was analyzed by the Study Committee for Research,

Development, and Engineering (SCARDE). In the SCARDE study, (Norden,

1961) it was apparent that a wide range of subject notions concerning

the magnitude of total expenditures, duration, work scope, activity

content, and geographic dispersion of related tasks are each visualized

as the prime element of a project phase by different persons. Norden

states that:

The key question hinges on an operational definition
of homogeneity... The aggregate which we have called job
or project may be too large, and the activities seem to be
too fine a subdivision.

He further states:

Our interest in phase curves and the concept of homo-
geneity stems from the notion that, while research and
development activities are very complex in subject matter
and details of execution, they exhibit regularities useful
for control and prediction if divided into appropriate
aggregates. Homogeneity seems to imply greater inter-
dependence within phases than among phases.

Norden (1960) makes the following observation:

The variables that turn out to be of critical impor-
tance in mathematical models and the simulation of complex
operations, rarely have been recorded explicitly in practice.
This appears to be particularly true in engineering and
research... We have found it useful to distinguish carefully
what an engineer does from what he does it to... One of the
inherent problems in this analysis is the matter of scale.
It is apparent that one can break the element into groups of
sub-elements and continue this down to the primary level.
Such refinement is, however, quite uneconomical... The amount
of administrative detail and the effort required soon becomes
prohibitive. In addition the information generated by this
extremely fine breakdown has been observed to obscure rather
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than enhance the patterns, which are essentially aggregate
phenomena. Our experience indicates that two levels of
breakdown of a project (tasks and elements) afford a
workable compromise.

When subdividing a homogeneous project into further parcels, a

number of considerations should be recognized.

1. Within the project, stable patterns of large work aggregates often

exist. Norden (1960) found that the life-cycle model provided an

orderly behavior at a functional level. These behaviors were

based on historical experience. They resulted in statistical

aggregate curves of smaller network activity groupings.

2. Various alternative subdivision alternatives are possible. These

include:

a. Operations such as what people do.

b. Operations such as the problems people are working to solve.

(Who.)

c. Purposes or objectives such as why they are doing the work.

Norden found that the research and development cycles depended on the

third type of breakdown. He found cycle classification most effective

when based on the way workers tackle problems. This was found superior

to the more natural physical classification based on the work content.

His categories included the planning, design, model, release, and

support cycles. (See Figure 2, page 29.)

Kornreich (1962) reported that several alternative categories of

contracts have been attempted with varying degrees of success. They

include type of effort, type of product, and type of organization.

Marvin E. Mundel (1973) has adamantly expressed that all work is

measurable. He recommends that even government service activities with
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no substantive outputs are subject to measurement. The key lies in

defining the output. This implies that in the manpower prediction studies

of this thesis, an output oriented category system should be established.

In addition, Mundel emphatically states:

This aspect cannot be over-emphasized. The more
intangible the outputs (services), the more the actual
work group must be involved in finding how to usefully
count the work.

Gibson (1975) has introduced a system which could benefit control

and evaluation of cost. He suggested that a standardized work breakdown

structure retains sufficient flexibility to permit its usage throughout

the life cycle of a project. It consists of a three dimensional matrix

classification; each element of work would have a hardware, functional,

and cost designation.

The relative merits of each of these approaches were considered

when choosing the phase,s in this thesis research.

Multivariate Analysis

In the social science and the biological science fields the classi-

fication problem has been investigated in considerable depth. One

approach that is commonly used is cluster analysis. This is the generic

label for a set of techniques used to identify similar groupings based

on their characteristics. Unlike such techniques as discriminant analysis,

it is not known in advance which entities belong to which families. As

such, its primary value lies in the pre-classification of data, as

suggested by natural groupings of the data itself (Green, 1967).

Factor analysis is another popular multivariate tool. It is used

to reduce the number of features describing each input. This statistical
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model assumes a given number of factors and then lumps all other remain-

ing effects into a residual term.

Since the curves to be investigated possess at least two dimen-

sions--size and shape--multivariate analysis may be useful.

As part of the thesis research the relationship between the man-

power curves and the activity network for a project will be studied.

This requires some means of describing the network.

Summary Measures

Although network models have been useful for more than a decade,

little formal work has been conducted on the characteristics or proper-

ties of such networks. There is not, for example, any commonly accepted

method of describing how the network representing one project differs

from that of another project. The only well known measures that exist

are: (1) number of activities, and (2) critical path duration.

Davis (1975) suggested some measures that specify the size, shape,

logic, time and resource characteristics of project networks. He con-

ducted research in the relationship between the project duration and

various constrained resource networks. The various networks were defined

and described in terms of his proposed summary measures. The general

focus of his research was on the development of a broad system of de-

scribing and categorizing project networks. These measures were then

used to predict network durations. Using regression analysis, Davis

found that it was feasible to forecast resource constrained project

durations for specific problems with fair accuracy, given the required

values of project summary measures. One of the findings of his research

was that summary measures based on resource requirements and availabili-
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ties appear to be more important in explaining duration increases than

general measures such as size and complexity.

Unfortunately, the summary measures proposed by Davis require

detailed knowledge about the project activities. These are not avail-

able in the predicting context of this thesis.

Davis also pointed out that several previous studies had all

reported inconclusive relationships between network shapes and the

resulting durations. Davis' research succeeded because he used large

samples, detailed resource measures, and a controlled simulation-type

experiment.

Conclusion

A gap in the field of manpower prediction appears to exist at the

company level. This gap is especially evident for multi-project

environments that have limited input information available. The use of

historical data to establish predictive relationships appears to be a

viable technique to use in filling this gap. The life-cycle approach is

an especially attractive method since it includes the time phased

behavior of the manpower predictions.

Numerous possible systems of classifying project phases have been

suggested in the research literature. An attempt will be made to deter-

mine which is the most appropriate and why.
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Chapter III

DEVELOPMENT OF FORECASTING APPROACH

This chapter deals with the method to be used in investigating

manpower patterns. It will discuss the historical data base and the

sampling procedures to be used. It will discuss the classfication

methodology. Then the computation procedures to be used will be

developed. Finally, a procedure to evaluate the results will be

proposed.

Historical Data Source

In order to investigate the behavior of manpower patterns, an

actual operating system was chosen.

Description of Project Type

The specific organizational group chosen was the Office of

Technical Services within the Highway Division of the Oregon Depart-

ment of Transportation (ODOT). These people perform the surveys on

preliminary engineering work on highways. Their scope of work extends

from the idea conception through letting of the bid for construction.

It is a state organization staffed with career employees. Fund-

ing comes from both state and federal sources. Approximately three

hundred engineers, managers, technicians, draftsmen, and clerical

assistance people are employed.

This study assumes that a projects program is already established.

That is, ODOT administrators have specified which projects will be done

and what their approximate contract letting data will be. It is further

assumed that each Technical Services section has established tentative
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milestone dates on which the work in their section will be completed for

each of the projects in the program.

The activities that are required to process a project are fairly

well structured. They fall into several main network configurations.

These main networks are related to the importance of the environmental

impact, whether new right-of-way is involved, whether alternate routes

must be evaluated, and which organization specialities will be required

in the study. The work content within a given individual activity, how-

ever, can vary greatly depending on the unique characteristics of the

project being undertaken. These characteristics are influenced by the

site, type of project, size of project, type of funding, and diverse

other factors.

The ODOT data base offers a variety of projects. Several thousand

projects of varying sizes make up the population being sampled. The

size varies from projects that involve one man for less than a month to

projects that last six years with the equivalent of over ten man-years

of work. A wide variety of disciplines and technology are also repre-

sented. Such groups as environmental scientists, right-of-way agents,

and numerous engineering specialtie8 are involved. With this mixture of

project type, project size, and resources, a broad spectrum of behavior

will be investigated.

The identification of the levels at which the most stable manpower

patterns exhibit themselves is a major research goal. The underlying

causation of stable patterns will also be investigated. This research

will aid in establishing guidelines for the use of this prediction

approach to other areas of application-. Another major objective,
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this research will be in drawing general conclusions concerning the

behavior of manpower patterns as they relate to specific network charac-

teristics. The isolation and description of these significant network

characteristics will be one of the goals of this research.

Systematic Bias in the Sample Projects

One of the basic assumptions in using historical data to forecast

is that the future will be like the past. In order for this to be true,

the effect of technological, organizational, and growth changes must be

checked.

Over a thousand projects have been completed by the Technical

Services during the past six years (1972-1977). The work performed

during the period reflects a fairly stable technology that is expected

to continue in the future for a least several years. This means the

engineering survey work required to plan highway projects has not under-

gone radical changes during the study period, nor will it likely experi-

ence innovations that would change the manhour requirements in the future.

During the study period there have been several organizational

changes. These reorganizations have not altered the inherent functional

work relationships, however. For instance, major shifts of work being

performed by regional offices to the main central offices have not occurred.

The department sections have experienced several abrupt changes in

size. During the 1973-74 period federal actions caused a release of

large amounts of funds for survey work. In reaction to this, Technical

Services work was accelerated. During this period two somewhat counter-

balancing forces influenced manpower patterns on individual projects.

First, new employees were hired and began doing work which would inflate
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manhours per project due to the learning effect. Second, in opposition,

the pressure to expedite projects resulted in faster processing with less

detail than was previously experienced. Another major adjustment took

place in 1976-77 when anticipated lack of funds resulted in a major man-

power reduction by layoff, transfers, and attrition (switching to non-

government employment and early retirees). Such actions tend to increase

the average manhour needs per project. This is caused by re-assignment

of projects to the remaining engineers, establishing new work relation-

ships among employees, and an overall slowdown often experienced when

future workload appears small.

In the intial stages of the research it was planned to isolate and

eliminate the factors just discussed. However, this has not been possible

for reasons which emerged later in the investigation. For example, the

duration of many of the projects was much longer than expected. Projects

spanned several years from start to finish rather than the one- to two-

year period needed to isolate the effect of layoffs and funding surges.

Therefore, it was difficult to evaluate the influence of these factors

on projects that included both stable and transition periods. In order

to adjust for this, the alternative of excluding any project that oc-

curred during such periods of disturbance was considered. This was re-

jected on two accounts: (1) a serious bias would be introduced in

eliminating large projects of long duration, and (2) it was found that

it was impossible to get a reasonable sample size of many types of work

if such projects were excluded. As a result, no screening or adjusting

has been done on the projects for any of the factors heretofore discussed

in this chapter.
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On a project-by-project basis, managers were asked to exclude any

project that they felt was grossly abnormal. They were asked to elimi-

nate any project that had such unique characteristics and circumstances

that a similar event would be unlikely to reoccur in the future.

The one major shift in the department philosophy that has been in-

cluded in the model is the shift from interstate and new construction to

reconstruction of primary and secondary roads. The modeling of the man-

power patterns isolates projects into groupings such that these effects

are recognized.

The sample includes a wide variety of: (a) geographic locations,

(b) periods of time, (c) types of projects, (d) engineering skill levels,

and (e) administrative organizations. The sampling was completely random

with respect to these five factors except for periods of time. Because

recent federal and state legislative and agency statutes concerning

environmental aspects have been so significant, the project sampling

technique was heavily biased towards projects during the period 1974-77.

This later part of the study period was when the environmental aspects

began to increase manpower requirements. This was especially true for

the portions of the project work which involved the environmental sec-

tion and the engineering section.

Lastly, the recent development of a computerized program manage-

ment system (PN.S) has increased the visibility of projects and their

progress. This has probably increased the overall efficiency of Tech-

nical Services to perform work. Priority disputes, shelving and un-

shelving of projects, crash efforts, and clerical control procedures

have been reduced due to this system. However, the specific quantifica-
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tion of the effect is indeterminate. The overall future impact is that

projects in the future will be processed at least as efficiently as pro-

jects during the study period, even though the total number of projects

may grow.

In summary, despite the cited factors disrupting the stability of

the system during the study period, these factors were not of sufficient

seriousness to warrant any other adjustments or further study.

Data Collection

Only two of the seven groups being studied have kept detailed and

accurate enough figures to allow manpower predictions to be made. These

were the bridge design group and final design unit. Unfortunately, the

level of organizational units used for this thesis did not include these

two functions (both were lumped together with other groups). In addi-

tion, the categorization method used by the groups in the past was not

deemed appropriate for this thesis. In both groups managers used their

past experience with the former categories to suggest new categories

which were more internally homogeneous. Therefore, the past estimating

standards ware not used.

Both the right-of-way and environmental sections had very coarse

estimates which they had used in the past. These were useful in valid-

ating the aggregate estimates made by this research, but could not be

used for project estimates.

Since direct collection of data on projects was impractical from

both a time and cost standpoint, past accounting payroll records were

used. Fortunately, the accounting system has a detailed breakdown of

costs that is stored in an original non-summarized form. These records
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cover the entire study period of 1971-77. The records are such that the

total payroll cost of any charge by an engineering function against a

specific project can be isolated. These records were tabulated for all

of the projects during the study period and stored in computer memory.

The manpower patterns were then printed out on a monthly basis for each

project using various levels of organizational structure. These varied

from the one extreme of combining all manpower into one single Technical

Services' group and printing the monthly manpower pattern for each pro-

ject, to the other extreme of printing out the manpower pattern of each

small function (such as specifications with only three to four men) on

each project. Table 5 shows an example of the data. This example pro-

ject went from July 1975 to February 1976 and required 217 manhours.

Table 5. Monthly Manhours for Technical Services for a Single Project

Title Project Number

PORTLAND URBAN AREA 0261445

Fiscal Year July Aug Sept Oct Nov Dec Jan Feb Total

1975/76 11 34 71 41 17 21 11 11 217

This method contains a number of built-in inaccuracies, some of

which can be corrected and others which must be tolerated. The major

problems will be outlined and then discussed individually. The major

sources of inaccuracies were:

1. Manhours were not recorded--only total payroll dollars.
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2. Little control is exercised over who charges into a given account.

3. A single account may contain several discrete projects, especially

on interstate related work.

4. A project may be broken into several pseudo projects for account-

ing purposes and thus costs are accumulated in separate accounts.

The problem of converting total payroll dollars back into manhours

was not possible on an engineer-by-engineer basis because the pay level

of each individual was not available. Therefore, an average wage by

year for each section was used. This was divided into the total payroll

dollars to derive a manhours estimate. This method actually increases

the accuracy of the estimate because it normalizes or levels the manhours

by experience and skill level. If we assume that an engineer's wages are

directly proportional to the time which it takes him to do his task, and

then if we divide the average wage into the actual charges, we should ob-

tain the normalized or leveled estimate of work effort required. Since

both a new inexperienced person and a very talented skilled designer

would represent extremes that violate this assumption, the method would

not be accurate on a project-by-project basis. However, it should be

quite accurate when averaging a number of similar type projects performed

by various skill levels. This assumption will later be verified in this

thesis research by sampling the 1976-77 period when actual manhours were

available on each project in addition to the payroll dollars.

The state accounting system used by the ODOT highway division is

not presently used to monitor payroll expenditures on a project-by-

project basis in each section. The charges placed against a given

project can be erroneous for several reasons and remain undetected.
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Some examples might be: (1) simple transposition error in input data,

(2) intentional misreporting of excessive time spent on a small project,

(3) incorrect charging of conferences or other indirect, administrative-

type work towards projects, and (4) other organizations and functions

charging into a unit's account. None of these type of errors ware

correctable within the scope of this study.

The remaining problem of obtaining only one project per account

was solved with the aid of administrative personnel familiar with the

projects. They identified the accounts which contained more than one

project; these accounts were discarded. Those cases where several

accounts represented only one project were easily remedied by summing

them together.

Any possible seasonality through the year will also be checked

for each section as a whole.

Gaps in Monthly Manpower

Although various work groups coordinate with each other on the

processing of a single project, there is nonetheless not a perfect

alignment of effort. This is true whether the activities are done

serially or parallel with each other. In addition, even within a well

coordinated work group gaps can be caused by the multi-project environ-

ment. Priority changes, administrative delays, and resource jockeying

will all produce curves that have either gaps in manpower usage or at

least a longer duration and thus higher variance. Since these are

inherent characteristics of the system, this research model recognizes

them in two ways. First, a level and category system is sought which is

at a fine enough level that these variations occur outside of their



51

domain. In other words, this random and unmodelable influence occurs

between the curves which we define and not within them. Secondly, the

model smooths the behavior by fitting the cumulative manpower.

Sampling Procedure

Since the number of available projects was well over two thousand,

a sample of them needed to be chosen for the study.

Sample Choice

Kish (1965) states that a good sample design requires the judi-

cious balancing of four broad criteria: goal orientation, measurability,

practicality, and economy. The most reasonable sample procedure for

this research appeared to be stratified sampling. According to Kish

an outline of stratified sampling would be:

In broad terms, stratified sampling consists of the
following steps: (a) The entire population of sampling
units is divided into distinct subpopulations, called
strata, (b) Within each stratum a separate sample is
selected from all the sampling units composing that stratum;
(c) From the sample obtained in each stratum, a separate
stratum mean (or other statistic) is computed. These
stratum means are properly weighted to form a combined
estimate for the entire population. (d) The variances are
also computed separately within each stratum and then
properly weighted and added into a combined estimate for
the population.

Stratification is done mainly to decrease the total variance of

the aggregated sample. The variance is decreased to the degree that

the stratum means differ and to the degree that homogeneity exists

within strata. In other words, if the stratification is done correctly,

the variation will exist between stratum and not within them. The

variance can also be decreased by increasing the sampling fractions in
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strata having higher variation or lower sampling cost. The weighted

sample mean and variance for H strata means Yh are:

Wh (Yh) Wh = 1

VAR (Yw) = 2: 41. VAR (Yh)

The weights frequently, but not always, represent the proportions of the

population elements in the strata, ie., Wh = Nh
N

For computing aggregates, the weights can be the stratum totals.

In this study the weights were based on the number of projects in each

stratum (category). This will give the proper weights to both the aggre-

gate mean and aggregate variance.

Stratified Sample

In designing the stratified sample, all of the projects were

sorted and ranked ordinally according to their total manhours. There

appeared to be four logical groupings: (a) Over 2000 hours, (b) 2000 to

1000 hours, (c) under 1000 hours to 500 hours, and (d) under 500 hours.

The variance within these groups was approximately proportional to their

manhours level. This would be true even if the projects were re-cate-

gorized by a criterion other than size. The use of these four size

groupings resulted in the characteristics shown in Table 6.

Since high level managerial and engineer time would be involved in

taking the sample, it was felt that a limit of approximately four hundred

projects should be taken. This would involve approximately one hundred

hours of managerial analysis. Ultimately, nearly twice this many were

taken because of the need for further re-categorization that became

evident later in the study as stable curve patterns were investigated.



Table 6, Group Characteristics

Hypothesized Relative Variance
projects):

(6 2
= variance of small

Over 2000 manhours 144 62

2000 - 1000 manhours 36 62

999 - 500 manhours 9
62

Under 500 manhours
62

Relative Number of Projects in Future Forecasts:

Over 2000 manhours 7%

2000 - 1000 manhours 7%

999 - 500 manhours 7%

Under 500 manhours 79%

Proportion of Total Manhours in Each Group:

Over 2000 manhours 76%

2000 - 1000 manhours 8%

999 - 500 manhours 8%

Under 500 manhours 8%

53
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The stratification that was chosen is shown here in Table 7.

Table 7. Stratification of Sample

Group Approximate Sample Size Percent of Available
Projects of That Size

Over 2000

2000 - 1000

999 - 500

Under 500

130

95

65

110_

Total: 400

100%

50%

25%

5%

This sampling decision reflects the need to take a larger sample

of the high variance projects. It also reflects the relative importance

of each group in the ultimate manhour aggregate total as well as the

total number of projects involved.

The second and fourth groups were sampled nearly as planned.

Ultimately two things caused the percentages of the first and third

groups to shift closer to 50 percent. First, the larger projects' manhour

totals were badly misrepresentative. Because many were interstate high-

ways, it was difficult to find the payrolls of one physical entity

charged into one identificable account. Several projects in one account

or conversely, one project in several accounts, were common. This was

a result of funding requirements and arbitrary sectioning (subdividing

of large stretches of interstate into contractable parcels). Secondly,

later in the research all engineering section work was re-categorized



55

into four new smaller categories. This increased the number of projects

in the under 1000 hours groupings.

One final further adjustment was needed in sample sizes. This

original size grouping was not parallel to the later categories which

formed homogeneous groupings. As the final groupings were found, it was

occasionally necessary to obtain additional samples so that enough data

points were available for linear regression analysis. This minimum num-

ber was set at approximately ten per group, based on the researcher's

experience of working with these data and studying the residuals pro-

duced during analysis.

Component Stratification

Appendix A shows an organization chart of the functions. Table 8

shows the final seven components of projects that were selected in terms

of the organization chart. Each of these components had from four to

seven categories of projects. The total project manhours were fairly

evenly distributed among the largest five groupings. Although small,

the other two groups--Preliminary Design and Traffic--could not he com-

bined with any of the larger organizational units because of their dis-

similarities.

The sample was stratified among these sections on the basis of the

relative total manhours. The number of available projects was not chosen

as a basis for stratification because the mix of sizes varied greatly

between sections. The stratification within each of these sections was

previously explained in Table 7.
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Section Relative Total Project Manhours

Environmental 15%

Structures 22%

Right-of-Way 23%

Engineering:

Preliminary Design 3%

Final Design and Specifications 20%

Location 15%

Traffic 2%

Investigation of Curve Classification

The search for the stable family of curves must begin with the

proper grouping of projects. It also requires the proper curve fitting

procedures.

Theoretical Basis for Stable Curves

The hypothesis which is being tested is that stable curves exist

at some level of the project. If too high a level is chosen, then there

is so much variation in the component curves which make it up that the

aggregate result is not smooth and predictable. This irregularity can

be produced by several things:

1. Although the individual component curves may always be fairly

predictable, their timing in relation to each other may be
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variable. When they are added together their resulting aggre-

gate curve appears unpredictable.

2. On any one aggregate curve the component curves required to make

it up may need to be predicted individually. This would be

necessary when the component curves are not correlated with each

other.

Conversely, if too small a subdivision is attempted, then the minute

differences in each activity are exposed. This prevents any opportunity

for homogeneous groupings among the diverse activities. If, however,

activities are grouped judiciously, there is an intermediate level of

analysis at which the aggregate behavior is stable even though the

individual components making it up are diverse.

This whole process might be compared with analyzing the daily

allocation of time among various eating activities of a group of wage

earners. The specific way and time at which meals are eaten could vary

greatly. However, if we look at a higher level of summarization instead,

such as the total time per day taken, then a person with no breakfast

and a long lunch would be similar to a person with a big breakfast and

a light lunch. The important categorizing criterion would then probably

become something like whether he "brown bags" any of his meals or per-

haps what his total monthly food expenditures were.

This same philosophy is fundamental to this thesis. After the

most appropriate level is found, then an analysis will be made of:

1. What fundamental work structures and administrative practices

seem to determine these stable levels.

2. What confidence intervals can be assigned to estimates of the
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manpower at these levels?

3. What factors are these levels most sensitive to- -i.e., what

causes instability?

4. How reliable are subjective estimates of this behavior?

Search for Optimum Level

In attempting to find the optimum level at which to subdivide the

project, one must assume a categorization technique. Different categor

techniques may result in different optimal levels. Before discussing

the classification method used in this research, the alternative that

was not used will be presented. A classification system which cuts

across organizational lines similar to the one adopted by Norden (1964)

would divide the project into sequential task forces or phases. For a

Technical Services project, this would call for the following breakdown

of groupings:

1. Preliminary development.

2. Corridor approval.

3. Field survey.

4. Preliminary design.

5. Design approval.

6. Design and right-of-way acquisition.

7. Specifications approval and letting.

This type of breakdown was shown by Norden to exhibit stable and

predictable manpower curves in research and development projects. It

was not used in this research for two reasons. First, it provides

limited opportunity for further more detailed subdivision on any logical

basis. Secondly, the data base to be used in the research was not
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compatible with this classification scheme.

The classification scheme that was chosen was based on a functional

organization basis. This allows repeated subdivision into finer and

finer groupings until ultimately it is on a one-man one-activity basis,

if necessary. Another strong argument for this method was the actual

job assignment and work procedure policies followed. Work is definitely

administered on an inter-section rather than intra-section basis. Work

activities tend to group themselves in discipline or speciality clusters

rather than multi-discipline task groups.

The four different levels of project subdivision to be investi-

gated are:

1. Entire project (Technical Services combined)..

2. Section work packages (Engineering, Structures, Environmental,

Right-of-Way).

3. Subsection work packages for Engineering (Traffic, Location,

Preliminary Design, Final Design, Specifications).

4. Sub-subsection work packages for Traffic (Traffic Analysis,

Signals, Signs).

A researcher usually finds benefit in looking at a graphical com-

parison of the shapes of the data and the model. The visual comparison

permits an immediate assessment of the proximity of observed and predict-

ed results. It additionally provides information about the regions of

discrepancy, if any. Such a shape comparison brings more of the infor-

mation contained in the sample into the comparison. This was accomplish-

ed by a visual screening prior to the regression curve fitting. If the

majority of curves in a category were blatantly multi-modal, then that
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level was rejected. This was often accompanied by actual gaps during

the duration where some months had no recorded manpower. This clearly

indicated that either action had been suspended on the project (shelved

temporarily) or else more than one distinct underlining curve was occur-

ring. In all categories some projects were irregular in this fashion,

but if the cause was of a fundamental nature it was evident in the

majority of curves in that family.

Once it was found that a level was not adequate for a section, the

whole process was repeated. This consisted of, among others, the follow-

ing steps:

1. Use the historical data already gathered.

2. Determine the definition of subsections at the new level after

consultation with technical managers.

3. Request new computer outputs on each project using the new group-

ings.

4. Arrange for new technical managers familiar with the new groupings

to give new categories and parameters for their subsection.

5. Choose a sample of projects to be studied. Have the managers

categorize the projects in the sample and give the quantitative

parameters on each. Regress the projects to obtain model coeffi-

cients and substantiate each coefficient's significance.

6. Establish durations and curve shapes for the categories.

7. Establish statistical confidence intervals.

8. Brief the managers on the results and get their approval as to

the apparent correctness.
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Curve Fittin&

In view of the large number of curves which were to be fit, a

computationally efficient method was needed. The Weibull curves were

reduced to linear statistical models which were easily solved by least

square methods. For this reason the method of least squares was chosen.

The interactive statistical computer resources which were available

strongly influenced this choice. The method not only estimated con-

stants, but was also able to automatically provide plotting options,

statistical tests, interval estimations, and residual analysis.

Least squares is to be used in two separate areas of the investi-

gation. It will be used to estimate the total manpower magnitude, K

manhours, of each project. In this context it is used in a conventional

regression manner and does not violate the basic assumptions such as

independence that are necessary.

Least squares will also be used to attempt to fit historical data

to a Weibull curve form. This means it will estimate the parameters A

and P independently from K. In using the method of least squares for

this curve fitting, it doesn't have the same type of theoretical under-

pinning as when it is applied to regression analysis. The dependent

variable is not a random variable. Successive observations are not inde-

pendent. Deviations from the regression plane are not random errors with

a constant variance. The method of least squares when used to fit

curves is employed primarily because of its practicality, simplicity,

and good fit characteristics rather than any justification from a

theoretical viewpoint.

For this application the least square technique produces estimates
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that are biased, are not maximum likelihood estimators, and don't have

minimum variance. However, since the precise shape of the curves does

not appear to be critical, this lack of desirable statistical properties

was overshadowed by computational considerations.

Derivation of the Least Squares Transformation of the Weibull Curve

One of the major reasons for choosing the functional form of the

Weibull curve was the ease of transforming its cumulative probability

distribution function to a linear form amenable to regression. The

cumulative effort at time T for a project which requires a total of K

manperiods is given by:

CM(T) = K(1 - EXP (-ATP))

For P > 1 the CM(T) curve has the desired S-shaped logistic patterns.

Taking the natural logarithm twice of both sides of the equation

linearizes it.

CM(T) = K ( 1 - EXP (-ATP))

CM(T) _ 1 - EXP (-ATP)
K

CMKT1
-1 = EXP (-ATP)

Take LN:

LN (1 - 71)- LN EXP (-ATP))

LN (1 - CM(T))_ P
AT-

Take LN again:

LN (LN (1 )) = LN (-A) t P * LN(T)

i
T)Based on historical data for a single project CM(T) is known for

any time T. Therefore, regressing the dependent expression on the left

side of the equation against the independent variable T by using a
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series of observations during the life of a project, the constants A and

P can be calculated.

The effect of making the double natural log transformation upon

the error term is significant. From a practical standpoint this trans-

formation would be effective if the variance of the least square resi-

dual error were increasing drastically as time progressed. In this

specific application this would require that the error variance increased

as the term CM(T) was increasing. This means the error term would in-

crease at a rate at least proportional to the size of CM<T) as the pro-

ject continued. In terms of the projects being studied this is highly

likely. As the project progresses an increasing number of random factors

are influencing it. Such things as an increased complexity of inter-

action among activities and more possible causes of delays or speed-ups

as time progresses would cause the unexplained error variance to increase.

This transformation then is desirable from its theoretical implica-

tions. It tends to dampen the influence of widely varying values that

occur late in the project. It therefore, on the other hand, tends to

weigh the earlier data points more heavily. This is desirable since

these manpower curves tend to have their most significant behavior (peak

utilization) in the first third of their project duration.

It was not possible to test the assumption of increasing variance

because identical projects (or even near similar ones) could not be

replicated.

Residuals Analysis

In least squares analysis the Y-observations (dependent variables)

are assumed to be statistically uncorrelated. In the event that a "good
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fit" has not yet been reached or that the uncorrelated Y-assumption has

been violated, a residual plot is often helpful. Such a plot will show

whether there is some dependence of the magnitude of the residual on

the magnitude of the equation value. Such a plot may also aid in spot-

ting additional nonlinear behavior that needs to be modeled. This is

detected by systematic trends in the residual. Often investigation of

unusual specific groups of residuals will help identify additional de-

pendent factors unique to that cluster of points. These factors could

then be added to the model.

Culbert (1971) makes the following statement concerning outliers:

An unwritten assumption in all curve fitting is that
the data used are 'good' data. But most large collections
of data and occasionally even small collections contain a
few 'wild points' sometimes called mavericks or outliers.
What happened to make them non typical cannot usually be
reconstructed. They must be spotted, however, since to
retain them may invalidate the judgements we make.... De-
pending on their location in 'X-space' such values can
affect the estimate of the average height of the line or
the estimate of the slope.

Residual analysis was therefore used extensively through the re-

search. The data are assumed to be typical. They represent a sample

from a wide range of situations about which the models will generalize.

However, when an outlier occurs in the regression analysis it may be

discarded from the sample after consultation with the manager of the

section involved. This is allowable since the historical data contain

a number of sporatic, extreme influences which are not desired in the

model.

The allocation of independent values also needs to be examined.

All points weigh equally in determining the average height of the re-

gression line, but the slope is influenced more heavily by the extreme
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values of X. Also, a cluster of points is often equivalent to only one

point in the determination of the slope. For this reason the researcher

assumed some modeling prerogative in selecting and rejecting values that

were extreme or clustered.

Determination of Magnitude, Duration, and Shape of Curves

The search for an optimal level terminated when a pattern of uni-

modal manpower curves occured at that level. The parameters for the

curves were then determined. This was done in two phases. First a re-

gression model was found to estimate the total manpower for the projects

K for each category. Then the average duration of the projects in each

category was determined. Lastly, the general Weibull curve shape was

determined for each category.

Relative Importance of Protect Magnitude, Duration, and Curve Shape

The purpose of this portion of the research is to predict the man-

power for a project. These predictions need to be such that when all

project predictions are aggregated the resulting total is unbiased and

has a minimum variance. This goal can be accomplished by finding the

level of project definition at which "building blocks" with small vari-

ance exist. This accuracy must be for three different dimensions in

descending order of importance:

1. Total magnitude of manpower.

2. Duration of project.

3. Distribution of total manpower over the duration (curve shape or

utilization rate).
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Although the original stimulus that initiated this research was

centered around the mathematical form of the manpower utilization curves,

the major emphasis was switched as the thesis investigation matured. The

curve form was used as a major visual screening element in judging

whether a level was appropriate or not. However, the rigorous deter-

mination of unique curves for each level and category was not done.

Several factors caused this decision to be made. Foremost, it was hypo-

thesized that the individual curve shape would not have a significant

influence on the aggregate curve. Magnitude and duration would both be

more important. This was based on engineering judgment and experience,

not on any scientific data or investigation. The results in the synthesis

portion of this report will test this hypothesis. An additional factor

was that early investigation failed to reveal any systematic pattern of

curves. Within a given category there seemed to be a variety of shapes

emerging. An investigation into the causes of these variations, although

extremely interesting, was subordinated in deference to investigations of

other areas of the thesis which promised a higher benefit/cost return.

Since several hundred individual projects were to be ultimately aggre-

gated together, it is reasonable to assume that variations in the shapes

of curves would cancel each other out. Since each project has its own

scheduled completion data, the location of the peaks of the curves would

be fairly scattered. When they were summed into an aggregate the result

should be a fairly smooth manpower level.

The duration of each project is somewhat more critical. If dura-

tions are too short then the total work in progress at any time would be

exaggerated. Over a long period of time this too would be self canceling
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among projects. The most noticeable effect would be the distortion at

the beginning and end of the planning horizon. For short forecasting

periods such as under two years,this could be quite pronounced. For this

reason it is recommended that an adequate duration analysis be made, al-.

though extensive investigation is not necessary. It is suggested that an

average duration for each category be used rather than trying to establish

a variable one. A variable duration for each category would require

regression analysis to establish relevant parameters and their regression

coefficients. The effort required to do this is probably better spent on

the total magnitude of manpower (K) required by each project. An addi-

tional reason for sidestepping any more thorough study is that the shape

and duration are definitely correlated. A thorough study would require

an investigation of each and additionally a study of their interaction.

The magnitude of the individual projects doesn't have any major

smoothing effect, however. Therefore, each project must be accurately

estimated based on its individual characteristics. The sum of the magni-

tudes of these individual projects depends upon the mix of the individual

projects. If a particular type of project predominates, then the aggre-

gate must reflect it. This total amount of manpower is then the critical

item to be found. When it occurs, which is determined by the shape and

duration, is not critical.

Search for the Best Regression Model for K

A standard routine will be used in fitting a model to the data.

After the data were input, an output report was generated to check its

accuracy. Then the regression of the full model was made. A test was

made on the significance of each of the variable coefficients and the
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constant term. If the constant was not statistically significant as

indicated by a low t test value, it was removed from the model. A back-

ward stepwise regression was then begun which removed the variable with

the smallest t value at each step. This output was then reviewed and the

most promising reduced model was selected. The criteria for selection

included:

1. All variable coefficients have significant t tests.

2. The explained variation is substantially larger than that of the

next smaller reduced model.

3. The signs and magnitudes of the coefficients are reasonable from

a common sense point of view.

A residual plot was then made based on this model to see if the

unexplained variation contained any suspicious patterns. If the residual

errors appeared to have a random pattern, the model was accepted. If not

further model manipulation was done. This included the use of trans-

formations, investigation of outlier values, recategorization, and veri-

fication of input data accuracy.

One particular problem that was noted on several regressions was

the uneven distribution of input variable values. Often, most of the

data points were clustered together, with only one extreme value outside

the cluster. This is very undesirable since the extreme values influence

the regression model nearly as much as the combined cluster. In a study

of historical data where the design of each sample project is outside the

control of the researcher, little can be done to avoid this problem. The

most desirable solution would be to get a good uniform spread of input

data. In the case of this research the extreme value was removed from
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the input, the regression re-run, and then the extreme data were tested

in the resulting new regression model. In all cases the resulting model

gave reasonable values for these extreme points--that is, the residual

error on this data point was not larger than those used in the regression.

A tabular output was also made so that an analysis of the magnitude

and pattern of the residual error could be made. This was done to search

for any further model changes that should be made. If further model

changes were needed then scatter plots of various independent variables

against either the dependent variable or against residuals from previous

models was made. If interaction among independent variables was suspected

hecause of pairs of very low significance tests on seemingly important

variables, then a correlation was run between all variables both depen-

dent and independent. This revealed multicollinearity that was then

adjusted for in further model building. A numerical example of this

process is shown in Appendix F.

Ranges of Shapes of the Weibull Curve

These initial curve fitting efforts helped to define the range of

Weibull curve parameters A and P which applied to the research. The

Weibull curve does not have a normalizing parameter which condenses or

expands the horizontal axis. This causes the duration and shape to be

interrelated. Because the historical durations for projects within a

category had considerable variation, this confounded the effort to es-

tablish unique curves quantitatively.

The specific shape that a Weibull curve takes is an interaction

between the A and P parameters. The literature did not give any informa-

tion precise enough to be of direct use. Therefore, a trial and error

patterned search was performed. Various combination= of A and P were
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assigned and the resulting Weibull curve values were calculated and then

printed out both graphically and in tabular form using an interactive

statistical program. Figure 3 is an example of the graphical output.

This search then served to provide an understanding of the range of

shapes that could be expected. On each of these curves the duration and

mode was located.

The Weibull curve was very convenient since the percentage of man-

power assigned to each discrete month during the duration summed to one

hundred percent.

Duration and Shape Investigation

The durations were estimated using the average for each category.

A preliminary regression analysis was made which indicated that a regres-

sion model for the duration of projects within a category was inadequate.

If such a regression model for duration were to be used, an investigation

of the interdependence between it and the regression model for the total

project manpower K would have been necessary.

The shape parameters A and P for the Weibull curve were obtained by

individually regressing the monthly historical data on each curve. The

least square method, discussed earlier, was used. Unfortunately, a com-

mon set of A and P values did not emerge for each category. A consider-

able range of A and P values resulted within each category. This led to

a further search for some element of commonality among the curves in each

category. Two dimensional plots on semilog paper indicated the best

solution. These bivariate plots showed distinct families of A and P

values within each category.
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Figure 3. Weibull Curve with A = .002 and P = 2.15
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As might be expected, the duration seemed to be a major similarity

for all curves with different A and P values. The curves within a given

category all had combinations of A and P which resulted in durations of

nearly the same length.

Network and Curve Relationship

After the general shape of the Weibull curve for each section has

been established, its relationship to the activity network for that

section will be investigated. Summary statistics which describe each

section's network in terms of size, homogeneity and resources will be

made. These will then be regressed against the curve characteristics

for that section.

Evaluation of Research

Once the estimating equations have been established it is neces-

sary to test them. It is also desirable to investigate the possible

network relationships of the curves.

Definition of the Network

The complete panarama of activities that must be performed on a

single project can be shown by the critical path method (activity on

arrow) network. Appendix B gives a summary of the one hundred seven

separate acitivities. Sixty-nine of these involve the Technical Services

sections being studied. The other thirty-eight are activities performed

by either the project management section or by regional engineer's

offices. It is necessary however, to include these thirty-eight in

order to accurately depict the relationships among activities. This
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general network can be modified by eliminating selected activities to

depict the relationships of various specific types of simpler projects.

The categories that were shown in the previous historical analysis

can each be represented by a reduced version of the general network

model. The goal of this portion of the research is to attempt to cor-

relate the pattern of various sections' manpower utilization with the

network activity structure for that section. In establishing the net-

work the following criteria were used to establish activities:

1. Only one section's manpower could be involved in a single activity.

That is, multiple resource disciplines may be required, but only

within a single section's jurisdiction. The majority (78 percent)

however, require only one discipline.

2. Each activity has an identifiable end result such as a drawing,

document, or decision.

3. Each activity represents roughly one full-time person. The excep-

tions are eight activities that require a crew of up to four men.

Almost half of the activities are less than full-time. The man-

power requirements range from full-time to .05 full-time equiva-

lent.

This breakdown of the network is at the lowest level of definition

that is practical. A breakdown at this level aids in understanding the

interrelationship of various speciality resources. This network break-

down is not necessary for the routine application of the technique being

developed in this thesis. It is only used in this evaluation phase to

help establish general inferences concerning the network structure and

the resulting manpower curves. In defining the categories to be studied,
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this network activity helps represent the fundamental building blocks

which can be grouped together.

Synthesis

The behavior of the aggregate curve at various levels will now be

discussed. The major areas of interest are:

1. How is the aggregate curves' smoothness affected by the number of

projects, the schedule, and the shape of the individual project

curves?

2. What is the approximate statistical confidence interval at dif-

ferent levels of aggregation?

The first question will help evaluate the sensitivity of the aggre-

gate curve to the input variables. If it is found that the aggregate

curve is insensitive to the shape of individual projects, then future man-

power forecasts can disregard this aspect of the input data analysis.

The second question will give management an opportunity to evaluate the

risk associated with the estimates at each level. This will help deter-

mine whether the use of the curves at less than a section level is advis-

able.

The confidence intervals will be established using the standard

error of the estimate on individual projects obtained from regression

analysis. This estimate will only be valid for the project manhour

totals as a whole and not on a monthly basis. There is no confidence

interval on a time framed based since the accuracy of any such interval

would be related additionally to the duration and shape estimate. The

combined interaction of all of these factors could only be determined by

a simulation type approach which is outside the scope of this research.
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The aggregate curve smoothness will be determined using month to

month variation in the curves. When the forecast is made for the entire

Technical Services group for a one-year period, the output will display

a variety of component curves. Since the final category and level deter-

mination resulted in several levels, the smoothness of the curves of each

of these levels will give an indication of how the aggregation affects

the curves. The various conditions that will be modeled are:

1. Subsection level with few projects with dissimilar assymmetrical

curves--Preliminary and Traffic sections.

2. Subsection level with many projects that are dissimilar and have

assymmetrical curves--Location and Final Design sections.

3. Section level with a great many projects of a variety of shapes--

Engineering.

4. Section level with few projects and similar but assymmetrical

curves--Environmental.

5. Section level with many projects and similar but assymmetrical

curves -- Right -of -Way.

6. Section level with many projects and similar but symmetrical

curves--Structures.

7. Technical Services level aggregation of all curves.

Table 9 summarizes these characteristics.

The impact of the schedule can be modeled by re-running any of the

above seven outputs with another schedule that would more evenly disperse

the manpower.



Table 9. Summary of Section Characteristics

Output Relative Number Right Skewness Similar Size and Aggregate
of Projects of Curves Shape Curves Level

Within Categories

Traffic Subsection Small Yes No Subsection

Preliminary Subsection Small No No Subsection

Location Subsection Medium Yes No Subsection

Final Degign and Speci-
fication Subsection Medium Yes No Subsection

Environmental Sections Medium Yes Yes Section

Structures Sections Medium No Yes Section

Right-of-Way Sections Large No Yes Section

Engineering Sections Large No No Section

Total Technical Services Very large No No Total
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Estimation of Confidence Interval

We assume that the random variableS used in 'the linear

regression are independently distributed with normal distributions having

the common variance/52. The variance is estimated by the variance of the

estimate s2.

An estimation of the confidence interval for each category was

obtained by choosing a sample project and calculating the standard error

of the estimate of it. This reflects the variation of all the category's

data because the standard error of the estimate includes a term summariz-

ing these. However, the use of a specific project in the calculation

only gives the confidence interval of the mean value of the regression

plane at the point. Projects with parameters that are at the extremes

would have wider intervals because the interval envelope diverges as it

gets farther from the means. This calculation of a confidence interval

is therefore only a very approximate value. It is not a statistical

confidence interval in the rigorous mathematical sense.

When attempting to obtain an approximate confidence interval. for

subsection, section, and total levels, a weighted average of the vari-

ances of the aggregate components will be made. This weighted average

will be based on the number of projects within each category. The co-

variances will be assumed to be zero so that the resulting calculation

will be:

sa = wi * sl t w2 * si WI *

sa2 = Variance of the aggregate mean

si = Variance of the mean of component i (such as category)

\al .=Iqumber of projects in each category
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Validation

Models are created for specific purposes. The validity of the

model is evaluated in terms of that purpose. The goal is to develop a

model which creates the same behavior as the system being forecast. To

evaluate a model means to develop an acceptable level of confidence so

that inferences drawn from the performance of the model are correct and

applicable to the real world system. The analyst is concerned with the

internal consistency of the model, its correspondence with the real

system, and the correct interpretation of the resulting data.

To insure a valid model the following five things will be done:

1. Use logic and common sense throughout the study.

2. Use the knowledge of those most familiar with the system to maxi-

mum advantage.

3. Perform sensitivity analyses on input variables.

4. Use appropriate statistical techniques to test assumptions.

5. Use actual results from the real world system to check model pre-

dictions.

The first two points have been used through the design and execu-

tion of this study. With respect to the third point, in addition to the

t tests performed on the regression coefficients which were mentioned

earlier, a significance test was also made on the correlation coeffi-

cients of each equation. Multivariate analysis and goodness of fit tests

were also performed.

The test for significance of the correlation coefficient can be

done in the following manner:

For simple linear: t* = r124rn-2

1[17;f2
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If t* > t 0-06 n-2) the correlation is significant.

2
For multiple regression: f* -

r
---7

n-q-1
1-r q

q = number of parameters

If f* > f(1-0(; q, n-q-1) the correlation is significant.

Using multivariate significance tests (Morrison, 1976), it can be

established whether the categories have different curve parameters. That

is, whether the multivariate means of A and P can be shown to differ

significantly between categories.

According to Miller (1965), the Kolmogorov-Smirnov tests are non-

parametric tests for differences between two cumulative distributions.

The one-sample test concerns the agreement between an observed cumulative

distribution of sample values and a specified continuous distribution;

thus, it is a test of goodness of fit. It is sensitive to population

differences with respect to location, dispersion, and skewness. It is

generally more efficient than the Chi-squared test for goodness of fit

for small samples. This test will be used to determine if the Weibull

curve is a good fit. These tests may, however, be inconclusive. When

the amount of data is small, the empirical distribution may seem to be

fit very well by several non-similar hypothesized distributions. This

is an inherent difficulty in empirical mathematical modeling. Small

samples simply do not contain sufficient information to permit fine

discrimination among models (Benjamin, 1970).

Expanding on the fifth item, a recent one-year period (1977-1978)

will be estimated. This estimation will then be checked with the actual

manpower expended on projects for that period. The projects to be esti-

mated were not used in the regression sample.
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Conclusion

An adequate data base to test the ideas developed in this thesis

was identified. A stratified sampling scheme was developed to select

representative and appropriate projects to be analyzed. A least squares

curve fitting rationale based on the Weibull curve was outlined.

Procedural steps were then explained for the estimation of the

curve parameters. The eight steps in the overall procedure are:

1. Establish historical data file.

2. Hypothesize project components.

3. Printout historical time phased manhours of project components.

4. Categorize the projects for each component into similar groups.

5. Establish a mathematical model for each category.

6. Establish the time phasing of the manpower for each category.

7. Establish confidence intervals.

8. Add the component curves together into a hierarchy of summary

reports.

A method to investigate the relationship between general network

characteristics and manpower curves was offered. Finally, evaluation

procedures which would validate the work and perform sensitivity analysis

were discussed.

This combination of an adequate sample, a thorough investigating

procedure, and an evaluation process should enhance the possibility of

reaching the research goals stated in Chapter II.
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Chapter IV

DATA ANALYSIS AND MODELING

This chapter of the thesis will outline the analysis of the data.

The eight step procedure summarized at the conclusion of Chapter III will

be followed. This procedure is flowcharted in Figure 1 on page 9. It

will begin with an investigation of the accounting data base used as

the source, which is Step 1.

Examination of Sample Data

The examination of the data involved three main problems. First,

the difficulties of refining the choice of sample projects is presented.

Next the verification of the accuracy of manhours calculations is pre-

sented. Next the verification of the accuracy of manhours calculations

derived from payroll dollar data is done. Lastly, the seriousness of

seasonal manpower fluctuations is checked.

Sample Selection

The original data set that was available contained thousands of

projects. After a brief ABC analysis (Herron, 1976), it was evident

that a relatively few projects were responsible for the majority of the

manhours being expended. A stratified sampling procedure was used that

reflected the relative size of the projects. This varied from a 100

percent sample of projects over 2000 total manours down to no sample on

projects under 50 manhours in some categories.

This resulted in obtaining samples sizes of approximately ten for

each regression. Approximately 35 separate regressions were to be fit.
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Actual Sample

Almost half of the original sample that was requested was unavail-

able. One of the main reasons was that personnel who were familiar with

the projects were no longer accessible. Other projects were rejected by

section engineers and managers for a variety of reasons. A partial list

of these includes:

1. A consultant did part of the work.

2. The project is still not complete.

3. Inexperienced people such as a trainee from a federal department

did engineering work while on temporary assignment in the section.

As a result, additional projects were added to the sample to replace

those which were unavailable or deleted.

Verification of Payroll Dollars Method of Calculating_Manhours

The actual manhours worked on each project were not directly avail-

able for the entire 1972-1977 study period. However, if the payroll

dollars charged against a project are divided by the average section wage

an approximation is possible. Beginning with the most recent year, 1976-

1977, the actual manhours were available. This provided an opportunity

to check the accuracy of the derived manhour calculations.

When the total hours reported by these two methods for all projects

in each section were compared, the calculated method was always higher,

although a paired t test comparing them showed no statistically signifi-

cant difference. A summary of the results is shown in Table 10. Since

the results are not statistically significant no percentage adjustment

will be made to correct the calculated values.



Table10. Comparison of Actual and Calculated Manhours.2

Section Number of
Observations

Total Calcu-
lated Hours

Total Actual
Hours

Differ-
ence

Calculated
t Value

Tabled t
= .025

Conclusion

Environmental 87 16,620 16,069 551 .2551 1.98 Calculated is 103.4%
of Actual, although
this is not statis-
tically significant.

Structures 47 17,465 17,300 165 .1174 2.01 Calculated is 101.0%
of Actual, although
this is not statis-
tically significant.

Right-of-Way 79 71,198 63,733 7,465 .459 1.98 Calculated is 111.74%
of Actual, although
this is not statis-
tically significant.

Engineering 195 56,452 55,258 1,194 No significance test
run. Calculated is
102.2% larger than
Actual.

2
This analysis was performed by an ODOT statistician, Hugh Coonfield.
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Although the totals were quite close, the percentage differences

on individual projects was high. For instance, in the Right-of-Way

section only eight projects were less for the calculated mahours than

for actual mahours. For these, the average percentage error was minus

12 percent. There were 71 projects where the calculated manhours exceeded

the actual manhours. The average percentage error on these was plus 22

percent. This demonstrates the danger of using this leveling method to

predict an individual project. The combined Right-of-Way totals of all

projects showed that the calculated total was 111.74 percent of the

actual total. The other sections tested had only a three percent, two

percent and one percent difference respectively.

The results of this investigation indicate that the calculated

method can be used in forecasting aggregate totals for projects. An ad-

justing percentage can be used to correct any systematic bias.

Seasonal Fluctuation of Aggregate Manpower Level in Each Section

In order to investigate any systematic seasonal fluctuation that

might affect the manpower pattern of a project, an investigation was made

on the section level for the four Technical Services sections. The total

manpower in each section was totaled by month for the entire 1972-1977

study period. In other words, the average of the January monthly man-

power was calculated for the last six years, the same with February through

December. By averaging six years together in this manner, any unusual

circumstances of a given year would be smoothed. For instance, in any

one year the ending of pay periods could cause single months to be un-

usually high. However, over a six-year period this effect should be

leveled out. The data were arranged on a July-June fiscal year basis to
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eliminate the trend. Manpower level increases tend to occur in July so

no pronounced growth trend should occur during the fiscal year. In addi-

tion, investigation of an individual year period, 1976-77, was done. It

showed even more variation than this six-year average, as was expected.

Tables 11, 12 and 13 show the results. The monthly seasonal indices

varied from .53 to 1.54 of the average.

There are several possible reasons for the fluctuating manpower

levels from month to month. Foremost is vacation periods. July and Jan-

uary appear to be the most severely affected. The last five months- -

February through June--were consistently the highest. The reason for this

is probably twofold, both related to funding. First is growth in staff

size; any hiring that was not done at the first of the fiscal year could

happen during this period. Secondly, a shift from non-project to project

chargeable work will happen during this period as contract letting dates

approach and weather improves.

The results of this investigation caused two study design decisions

to be made. First, no attempt will be made in the forecasting output

system to reflect this seasonality. All months will be predicted using

a seasonality index of one. If adjustments are desired to reflect

vacations and non-project work cycles, they must be done external to this

system. The values shown in Table 11 would be helpful in making this

adjustment. Secondly, from a historical data analysis viewpoint, this

seasonality will distort the stability of individual project manpower

profiles. Depending on the project shcedules, a disproportionate

monthly increase or decrease may occur in project manpower merely be-

cause of this seasonality. To adjust for this, cumulative manpower

usage will be used when investigating curve shapes. This will smooth



Table 11. Seasonality Check for 1971-1977 Average Monthly Manhours by Section

Seasonal Index July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June

Engineering .60 1.27 .79 .90 1.20 1.03 .84 1.04 1.06 1.09 1.10 1.07

Environmental .58 1.08 .85 .89 1.13 1.13 .96 .95 1.09 1.06 1.20 1.09

Right-of-Way 1.01 1.06 1.08 1.01 1.03 .95 .92 1.07 .94 1.06 .92 .96

Structures .53 1.15 .95 .90 1.14 1.10 .90 1.18 1.16 .96 1.06 .97

Combined Sections .76 1.14 .94 ..95 1.12 1.02 .89 1.07 1.03 1.06 1.03 1.01

Table 12. Seasonality Check for 1976-1977 Monthly Manhours by Section

Seasonal Index July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apra May June

Engineering .72 1.18 1.06 .97 .71 1.24 .61 ..86 1.26 1.26 .98 1.13

Environmental .68 1.12 .88 1.16 .85 1.36 .67 .73 1.27 1.19 1.15 .90

Right-of-Way 1.12 1.22 1.25 1.18 1.13 1.03 .74 .95 .54 1.16 .76 .90

Structures .60 .84 1.16 .74 .98 1.54 .62 .85 1.38 1.19 1.14 .91
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Table 13. Range of Monthly Seasonality Indexes

Section One Year (1976-77) Six-Year Average

Engineering .72 - 1.26 .60 - 1.27

Environmental .67 - 1.36 .58 - 1.20

Right-of-Way .54 - 1.25 .92 - 1.08

Structures .60 - 1.54 .53 - 1.18

out these fluctuations that are not representative of the inherent curve

shape. This is in line with the least squares curve fitting of the

Weibull curve discussed in Chapter III. This completes Step 1.

Classification System

In order to find predictable curve patterns that could be used to

predict future manpower utilization, satisfactory categories need to be

established into which similar projects could be classified. These group-

ings could then be investigated to determine the observable parameters

or characteristics within each group that influence project size, dura-

tion, and the manpower utilization curve shape. This involves Steps 2,

3, and 4 of the procedure in iterative cycles. If a satisfactory cate-

gory system can be found, the procedure continues to Step 5. If the

categorization is unsatisfactory, the procedure returns to Step 2 and

repeats itself.
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Level, Category and Parameter Definition

The task of categorization is intertwined with the problem of find-

ing the appropriate level of project subdivision. The approach taken was

to first hypothesize a level, then determine categories at this level and

proceed to study them. If this breakdown proved unsatisfactory, then

either a different categorization or else a lower level must be estab-

lished. The study would continue until an appropriate level with ade-

quate categories is found where stable manpower patterns exist. In

Chapter III it was mentioned that previous successful researchers have

concentrated on either a phase approach or on an end-item approach for

their classification criteria.

For two reasons the possible choices of categorization were limited.

First, the historical data's most elementary form was broken into func-

tional accounts. The classifications needed to be some grouping of

these. This eliminated the popular phase approach. Secondly, from a

practical standpoint, the groupings needed to coincide with existing

organizational structure. This was necessary in order to forecast and

budget manpower within specific "cost centers" of activity. This restric-

tion favored an end-item approach.

Even though a highway survey project produces no hardware (such as

a bridge or paved street), it does produce easily identifiable, tangible

documents such as an environmental impact statement, a set of bridge

specifications, or the condemnation notices to clear a strip of land for

right-of-way. Thus, the first level of classification that was attempted

was along the lines of the most recent organizational structure. Fortu-

nately, past data, even though it occurred under a different organizational
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structure, was in a fine enough breakdown of accounts that it could be

grouped into new category totals for this study. This first attempt at

categorization was of the following four section levels: (1) Environ-

mental, (2) Engineering, (3) Right-of-Way, and (4) Structures. These

functions possess a great deal of independence from each other. On any

given project the level of activity in any of these sections is not

closely tied with that of any other section. For example, the amount

of right-of-way work required on a given project is not related either

in size or complexity with the structures to be built. Thus, to attempt

a classification that artifically combines portions of these activities

would not likely result in stable curves. On the other hand, these

classifications have a great deal of homogeneity internally. The theoret-

ical network implications of this homogeneity will be investigated and

reported in a later portion of this thesis.

Using this initial trial level, experienced engineers and managers

were consulted. These technically competent people were asked to further

categorize the projects. They were given two guidelines:

1. The category groupings must be based on project characteristics

that could be identified for projects two to three years in the

future when little was known about the project. In many cases no

engineering investigation would have yet been made on the project.

2. The categories should be in an inherent or natural manpower group-

ing, not necessarily in agreement with any past or present classi-

fication system used for other purposes.

Specifically, the groupings were to be those which would provide the

most stable, reoccurring manpower curves. The major criteria for stabil

ity was not defined. Among other things it could be associated with:
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(1) location, (2) size (manhours), (3) type of network activities to be

undertaken, (4) funding source, (5) duration, and (6) end-item to be pro-

duced.

In the early stages of the investigation it was found that no

matter when classification system was used, supposedly similar

projects had a-great deal of variation.

That is to say, no classification system was found in which the unex-

plained variation was lower than the explained variation. In fact, in

many categories the unexplained variation was so large it dominated the

explained variation. Due to this fact, any attempt at using a strictly

statistical method of classification such as factor analysis was

abandoned.

As a check the combined Technical Services was tested as a possible

level. As was expected this level produced the most multi-modal behavior

of any grouping. This is evidence that there is little correlation among

the work performed in each of the sections. A category system at this

level would be very difficiult because of the heterogeneous and indepen-

dent behavior of the activities lower in the hierarchy of levels.

After the successful completion of the categorization in Steps 2,

3 and 4, then Step 5 can begin. Within each category variation still

existed among homogeneous projects. The factors which caused this varia-

tion were now focused upon.

Mathematical Model

Perhaps the most time consuming and difficult aspect of the life

cycle approach is the development of the mathematical model. After the
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projects have been successfully categorized, then a mathematical model

for each category is needed. This model will predict the total man-

power required on each component of each project. After this is com-

pleted a subsequent study will timephase the manhours. Figure 4 is a

flowchart of the process. Table 14 is a summary of each of the steps

shown in the flowchart. Appendix F gives a complete numerical example.

First a linear regression model is hypothesized. The independent

variables are then quantified on a set of sample projects. These will be

used to estimate the coefficients in the regression model. The dependent

variable is the actual historical manhours for each component of each

project.

The second and third steps here deal with the art of modeling. A

backward regression technique is used. This starts with the full (most

complex) model and attempts to simplify it in a series of steps. Each

step gives a further reduced model. A choice is then made of the most

acceptable model. Chapter III discusses the criteria for acceptability.

Chapter V shows the numerical results of a large number of modeling

attempts.

Once an adequate model has been established, its regression

equation is used to test its forecasts against actual historical project

results. A byproduct of this residual analysis is the approximate con-

fidence interval that can be attached to forecasts.

Throughout the research only linear models with no interaction were

considered. The main reason for these restrictive models was that the

number of factors was large and the sample size small. It was very dif-

ficult to anticipate either logical interactions or applicable nonlinear-

ities.



Figure 4. Mathematical Model of Manpower.

Establish categories of projects within each
component.

. Obtain potential parameters for each
category. Quantify parameters for
each project.

o Use regression analysis to build
several alternate models.

Successful

4

3. Pick the most promising model.

. Do residual analysis.
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Unsuccessful

Unsuccessful

Successful

5. Specify the model, establish
the standard error of estimate
and variable limits.



Table 14. Explanation of Figure 4 Flowchart.

Flowchart
Step

Purpose Input Technique Used Decision Rules Output

1 Hypothesize functional Categor-
form of model.. Estab- ized pro-
lish model independent jects,
variables.

2 Establish several alter- Step 1
native models. output.

3 Pick one best model. Step 2
output.

Managerial judgement Are there forecast-
and project know- able factors that
ledge, influence manpower

levels?
Scatter diagrams. Is a linear model
Stepwise regres- adequate?
sion. Correlation
analysis for multi-
collinearity.
a) t test on bi,
b) coefficeint of
determination.
c) consistency with
reality and other
models.

4 Test model against Output of Residual analysis.
historical data. Steps 1

and 3.
Tabular and graphi-
cal output.

5 Confidence interval, Output of
Step 4.

Standard error of
estimate.

a) Is each variable
significant?
b) Is the entire
model better than
the previous and
subsequent stepwise
model.
c) Are the signs
and magnitudes of
the coefficients
consistent and
reasonable?
Are residuals inde- Accepted
pendent, normally model.
distributed random
variables? Can out-
liers be explained
and/or eliminated?
Is the interval Statistical
small enough for confidence
practical use? interval.

Quantified
parameters on
each project.

Numerical co-
efficients for
independent
variables.

Regression
equation of
preferred
model.
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The result of this work was a listing of independent factors or

parameters which affected each in grouping of projects. Regression

analysis was then performed on each grouping separately. Total manhours

was the dependent variable and the factors were the independent variables.

Factors were either quantifiable or else (0,1) indicator variables. In

this way the magnitude of a specific project in a grouping could be

statistically estimated using a regression equation.

Limited investigation was also performed on the duration and shape

of the curves in each grouping. Neither the duration nor the shape,

however, were considered to be as critical to the accuracy of the aggre-

gate forecast as the manhours magnitude. This time phasing is Step 5 of

the overall procedure.

Time Phasing of Project

The Weibull curve which was chosen as the basic project manpower

distribution model has a scale factor K. This factor determines the

total manhours for each component curve of each project. The regression

formulas for K have been determined using the method explained in the

previous section of this chapter. At this point, the time phased distri-

bution of this manpower is to be deterthined. Figure 5 is a flowchart of

the overall process. Table 15 gives a more detailed explanation of each

step of the flowchart. The development of the process was presented in

Chapter III and an actual computational example was shown in Chapter V.

This is a general procedure and the individual steps can be easily

modified. For instance, if the monthly manhours do not need to be

smoothed, then the cumulative process in the third step can be eliminated.

Curves other than the Weibull can also be used.
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Figure 5. Flowchart of Determination of Time Phasing for Each Category.

1. Obtain tabular printout by month
for each component curve on each
project.

2. Visually scan the distribution to
see if it is unimodal; if gaps
exist; and for the variance, the
mean, and any skewness.

3. Calculate the cumulative manhours
to date for each month.

4. Estimate the curve parameters for
each project.

5. Establish a representative curve
for each category.

6. Evaluate the aptness of the curves
by using goodness-of-fit tests and
multivariate analysis of variance
(MANOVA).



Table 15. Explanation of Flowchart 5.

Flowchart
Step

Purpose Input Technique Used Decision Rules Output

1 Summarize payroll data
by project component.

2 Screen out inappropri-
ate projects. Hypo-
thesize curve form,

3 Smooth curve.

Parameter estimation,

5 Establish one represen-
tative curve for each
category.

Manhours. Computer sort by
Data
files,
Output
from
Step 1,

.component.

Histogram plot,

Output Cumulative.
from
Step 2.
Output Least squares.
from
Step 3.

Output Bivariate plot of
from A and P on semilog
Step 4. paper.

6 Evaluate the aptness of Output
the curves, from

Step 5
and 3.

Multivariage
analysis of vari-
ance, goodness of
fit,

Project must have
distinct start
and finish.
Is the curve well
behaved? (Smooth,
unimodal)
Symmetrical?

Is the coefficient
of determination
better than for
the uniform dis-
tribution?
Are distinct homo-
geneous groups
representing each
category apparent?
Do the bivariate
plots differ sig-
nificantly? Can
goodness of fit
be established?

Tabular print-
out of monthly
manhours.
Discard in-
appropriate
curves if an
assignable
cause can be
found.
Cumulative..

For Weibull
curves, the
two shape
parameters
A and P.
An average
A and P for
each cate-
gory.
Statistical
significance.
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One of the most significant decisions that must be made is the

method of curve fitting in the fourth step. This decision is partly de

pendent on the type of curve distribution which is chosen as the basic

model.

The fifth and sixth steps represent an attempt to generalize and

verify the results. The fifth step tries to establish a single repre-

sentative curve shape for each category. The sixth step then applies

statistical tools to test the adequacy of the models developed.

After this procedure is completed the complete system model has

been established. A trial forecast is then initiated. A forecast for an

entire year is made and later checked against the actual manhours for the

year. At this point the model is then ready to be used as an operational

system.

Level, Categories, and Parameter Results

Within each component (function and level) the projects were grouped

into homogeneous categories. The two most pervasive category schemes were

the environmental aspects and urban/rural aspects. Other schemes chosen

were:

1. Project size as measured by estimated construction dollars.

2. Task force groupings from an activity network basis.

3. Type of work being performed.

The methodology used in choosing categories was to explain to the

section manager the goal of the manpower research and ask him to recom-

mend homogeneous groupings that were most predictive of the total man-

power to be expended by his section. This process proceeded on a trail
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and error basis through several meetings and discussion sessions until

each manager felt confident and comfortable with his classification

system. These category systems could thus be called subjective groupings

based on technical knowledge of how work was performed in each section.

These categories were strongly influenced by previous informal estimating

systems that had evolved naturally.

The most dramatic insight that was obtained from this search for

categories was the change that occurred when the engineering section

level was subdivided. The new categories used by the subsection levels

such as Traffic and Preliminary Design were entirely different from the

Engineering section level. In other words, the homogeneity criteria on

the engineering level did not hold true on the next lower level.

One surprising result was that in very few of the categories was

the specific task being done chosen as a criterion. For instance,

neither the specific type of bridge being constructed nor the type of

material used in the bridge construction was as important as the con-

struction cost. The type of bridge didn't even appear as a parameter.

As soon as an adequate level was found in any group, further sub-

division was not pursued. The final level definition was not uniform

for all sections. Examples of the final levels along with the categories

are detailed in Appendix D. In summary they are:

1. Environmental--section level, categories based on document being

produced.

2. Structures--section level, categories based on project size.

3. Right-of-Way--section level, categories based both on extent of

development of property being condemned and on a task force type

grouping of liaison activities.
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4. Engineering--mostly by subsection level.

a. Location subsection, categories coincide with Environmental

section.

b. Preliminary subsection, categories based on type of work.

c. Final and Specifications subsections combined, categories

based on type of work. These two were combined because of

task force links and timing similarity.

d. Traffic analysis sub-subsection, categories based on degree

of analysis requested.

e. Traffic signs and signals--no categories. This was separated

from traffic analysis because it has almost no functional or

timing relationship.

A theoretical discussion of why these levels appeared to produce

the most stable patterns will be made later in this chapter. One inter-

esting observation is that despite the extreme divergence of the type of

work being performed in each of these sections and levels, the final

definitions resulted in groupings of approximately the same total man-

power per year.

Influence of Past Experience on Category Definition

It was observed that a number of previous experiences affected the

way the categories were defined. These experiences included:

1. An attempt was made at ODOT several years ago to plan the projects

using a PERT/CPM network which consisted of over 100 activities for

each project. This method included manpower loading. This

previous effort, although later abandoned because it was judged

too complex to be functional, served as an effective groundbreaking



100

predecessor. Many of the current managers were involved in defin-

ing the network activities and their interconnections. They there-

fore understood both the internal and external dependency links

among activities. This type of disciplined, structured framework

for describing projects greatly aided in the more nebulous concep-

tual work involved in trying to establish appropriate categories.

2. The present scheduling system used by Technical Services is called

Program Management System (PMS). This system has seven milestones

which indicate major stages of progress on each project. Sections

are required to input into the computerized system when their

section will have completed each of these milestones. Present

section management is thereby very familiar with a milestone system

and is strongly influenced by it in their thinking. As a result,

the choice of categories was strongly related to which milestones

certain groupings of projects would have.

3. Concurrent with the development of this research, a manpower fore-

cast was made by each section manager on a strictly judgemental,

subjective basis. The managers were asked what the size and dura-

tion would be on about 300 projects that were to be undertaken in

the next three years. In making these estimates the managers formed

almost spontaneous intuitive groupings for the projects so they

could estimate them. The managers were asked to try to formalize

this system and use it as a guide in establishing the new category

definitions.

4. Within the Right-of-Way section binding legal hearings and condem-

nation procedures dictated various groupings.
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5. By far the most extensive influence on all sections was recent

environmental statutes. These completely determined the categori-

zation of the Environmental section; they dominated the Location

section choices and strongly influenced other Engineering sections.

6. The Structures section had previously used the project construction

cost as a grouping criteria. As a result, either because it was an

ideal classification or else because the managers' thinking was

locked onto this single classification system, it was the only one

considered (with some minor modifications).

It was important, as each categorization effort was made, to solicit

the technical expertise of an individual who was not overly specialized

and biased in his thinking. It also required an individual with a broad

enough scope of experience, interest, and skill to focus on the entire

range of project diversity to be categorized. This was not a problem

because high level managers were both available and interested in the man,.

power planning effort. It was additionally evident that a great deal of

cross-training had occurred within the highway division because managers

tended to have a very broad perspective that was not confined to optimiz-

ing within their own special functions.

Parameters

Parameters can be viewed as qualitative subdivisions within cate-

gories. They attempt to explain the variation that is taking place with-

in a somewhat homogeneous category. These were radically different for

each section. This dissimilarity among parameters is an indication of

the heterogeneous differences between sections. If any two sections had

chosen similar parameters, this would have been a clue that perhaps those
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could be merged.

The magnitude and significance of each parameter was determined

using linear regression. As a rule, less than half of the parameters

hypothesized were shown to be significant. The same set of potential

parameters was used on each category within a section. Seldom was the

same set of parameters significant for all categories. The magnitude of

the effect of the parameters differed for each category also.

Appendix C shows an example of the parameters that were used.

Approximately one half of the parameters were indicator variables. These

are sometimes called (0,1) or dummy variables. The remaining variables

were quantitative.

The methodology for choosing candidate parameters was along the

same lines as the method by which each category was chosen. Managers,

through their technical expertise, were asked to hypothesize which

factors influenced the complexity of a project. In other words, the

managers attempted to isolate the causes of heterogeneous differences of

projects within each category.

Conclusion

The procedures outlined in Chapter III were finalized and tested.

They were shown to be successful.

The sampling procedure was found to be adequate after screening out

a number of inappropriate projects. No minor adjustments were found to be

necessary in using payroll figures to estimate manhours. A serious and

unexpected seasonal fluctuation was identified in all sections. The de-

cision was made to smooth the data to eliminate this effect rather than

try to model it.
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A classification system based on managerial judgements was verified

by an analysis of the historical data. The section level was found to be

the most appropriate level except for Engineering where one level lower

was required. Unique category systems were established at these levels

by all sections. There was little similarity among the sections in how

they categorized. This emphasized the importance of the level-category

classifications that were developed. These classifications were the first

level of homogeneity. Within these category systems few parameters were

found to be significant.

The mathematical modeling procedure was further developed. The

time phasing methodology was also expanded. Chapter V will give a compu-

tational example of these. After the computational results are presented

in Chapter V, the final two steps in the overall procedure will be shown.
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CHAPTER V

COMPUTATIONAL EXAMPLE

Now that the historical data base has been established, the results

of the modeling procedures outlined in Chapter IV will be evaluated.

Component Curve Example

The most important concept in this research was the component

curve. Through regression analysis of historical data a tri-dimensional

project component pattern is calculated. The magnitude, duration, and

shape of the manpower utilization curve is predicted. These are repre-

sented by the Weibull parameters K, A and P.

The curve is placed on a calendar start date that is scheduled by

the managers. Norden's research established the relationship both in

size and in starting dates between the component curves. This research

has found that neither of these dependencies can be accurately established

in the multi-project multi-resource environment that was studied. Instead

the size of the component curve is determined by parameters (project

characteristics) that influence that particular component. It was deter-

mined by managerial interviews that the size of one component had little

relationship with the size of others. The timing of the start of the

component curve, on the other hand, did have a relationship with the

other components. However, an equally strong and more predictable in-

fluence was the tentative start date of the work as scheduled by the

section managers. For this reason, no statistical study was made of the

interdependencies among component curves of a project.



105

An example of a component curve is the Structure section's man-

power. A typical project's manpower for this component would be forecast

in the following manner. From previous study, categories and predictive

formulas would have been established. Based on whatever scant knowledge

is available about this proposed project, it would be assigned a cate-

gory and its parameters would be estimated. Suppose it was classified

as a category 5 (widening of an existing structure).

The parametric regression equation for category 5 is:

Total manhours = .00086 (Const. $) + 23.7 (width) 648 (Unusual design).

The parameters estimated for this specific project are:

Estimated construction coast $206,000

Width 27 ft.

Unusual design (yes = 1, no = 0) 1

This results in an estimated manhour prediction for the structures com-

ponent of this project to be:

.00086 (206000) + 23.7(27) +648 (1) = 1465 manhours.

This total amount is then time phased using the Weibull density function:

Monthly manhours in Month t = (KAPTP-1) EXP (-ATP).

For category 5, A = .023 and P = 2.2. The total manhours K for this pro-

ject was calculated above at 1465 by the parametric regression equation.

The monthly manhours are therefore estimated to be:
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Month Formula Manhours

t (KAPT
P-1

)EXP(-atP)

1 (1465(.023)(2.2) 11.2) EXP(-.023(
1)2.2

1465(.049) 71.79

2 (1465(.023)(2.2)21'2) EXP(-.023(2)2'2 = 1465(.105) 153.83

3 (1465(.023)(2.2) 31.2) EXP(-.023 (3)2.2 1465(.147) 215.36

4 (1465(.023)(2.2)41'2) EXP(-.023(4)2'2 = 1465(.165) 241.73

5 (1465(.023)(2.2)51'2) EXP(-.023 (5)2.2 1465(.159) 232.94

6 (1465(.023)(2.2)61'2) EXP(-.023(6)2'2 = 1465(.133) 194.85

7 (1465(.023)(2.2)71'2) EXP(-.023 (7)2.2 = 1465(.099) 145.04

8 (1465(.023)(2.2)81'2) EXP(-.023(8)2'2 = 1465(.066) 96.69

9 (1465(.023)(2.2) 91.2) EXP(-.023(9)2.2 1465(.039) 57.14

10 (1465(.023)(2.2)101'2) EXP(-.023(10)2'2 = 1465(.021) 30.77

11 (1465(.023)(2.2)111.2) XP( 023
(11)2.2

1465(.010) 14.65

12 (1465(.023)(2.2)121'2) EXP(-.023(12)2'2 = 1465(.007) 10.26

TOTAL 1465.00

It should be noted that the effective duration is automatically de-

termined once the values of A and P are assigned. In this case, manhours

after the twelfth month are so small they are summed together and reported

with the twelfth month.

A calendar starting date will be assigned by the Structure section

manager. This will become month one of the manpower distribution. This

curve's monthly manhours will then be added to other projects to give a

total for all the projects in the Structures section by calendar month.

In turn all the sections can be totaled together to give a grand total

for the complete organization. A separate summarization is also made for
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each single project. Each of its component curves is summarized to show

the total manpower predicted for that project.

Aptness of Regression Models

An evaluation will now be made of how acceptable the regression

equations appear. Neither the Preliminary Design nor the Traffic Analysis

subsection categories were regressed. Neither of these subsections had

independent variables, so only the category averages for manhours were

used.

In the remaining categories fairly simple reduced models were

chosen. The number of reduced model variables for each category are

shown in Table 16 along with the number of full model variables. In

nearly all cases the reduced model retained roughly one third of the

original variables. The variables that were discarded were not statis

tically significant.

The results of this investigation were fairly difficult to analyze.

This model building approach is somewhat of an art. One must be careful

in interpreting the results to make sure that the statistical information

can be reconciled with reality. Because of the small sample sizes used

and the high intercorrelated nature of the parameters, only modest re-

sults were realized. Table IU shows the coefficient of determination for

the final regression models which were adopted for each category, These

numbers indicate roughly the percentage of the variation that is being

explained by the parameters. Most of the coefficients of determination

were shown to be significant at the o(= .05 level or better.
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Table 16, Reduced Model Variables

Section Category Number of Variables Number of Variables
in Full Model in Reduced Model

Including Constant Including Constant

Location 1 5 1

2 5 2

3 5 1

4 5 1

Final 1 6 3

2 7 2

3 U 6 2

3 R 7 2

4 7 2

5 7 2

Traffic 4 3

Structures 1 9 2

2 9 1

3 9 1

4 9 3

5 9 3

Environmental 1 6 2

2 6 4
3 6 2

4 6

Right-of-Way 1 3 1

2 3 1

3 3 2

1 L 3 1

2 L 3 1

3 L 3. 1
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Table 17. Statistics on Aptness of Regression Models

Section Category Approximate Coefficient
of Determination r2

(Explained Variation)

Significance
Level

Location

Final

1

2

3

4

1

2

3 U

62%
36%
13%

15%

89%
26%

Used Average

.001

.025

None at
.01

.001

.10

--

.10

3 R 50% .001

4 28% None at .10

5 12% .05

Traffic 86% .001

Structures 1 43% .05

2 93% .01

3 84% .001

4 60% .001

5 79% .005

Environmental 1 52% None at .10

2 68% None at .10

3 45% .01

4 35% .05

Right-of-Way 1 56% .001

2 56% .02

3 66% .05

1 L 78% None at .10

2 L 52% None at .10

3 L 29% None at .10
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One of the reasons the coefficients of determination are so low is

because the category system has already screened the projects into homo-

geneous groups. If this has been effective little explainable variation

should remain. On the other hand it does indicate that substantial un-

explained variation still exists within each category. It appears that

the standard deviation of a category is roughly one third of the mean.

This much variation would indicate that the accuracy of prediction on

individual projects is so low that control of individual projects is not

recommended. A discussion of the effect of this variation on the aggre-

gate prediction will be made later in the thesis.

Table 18 shows the size of the calculated t values for the para-

meters that were retained. Again, they are significant at approximately

the 0(= .05 level or better.

Several interesting and surprising relationships turned up in this

analysis. First, the constant term was significant in all of the environ-

mental categories while only being significant in two of the remaining

23 categories in other sections.

In the Structures, Environmental, and Final sections the categories

did not choose a consistent pattern as to which variables were signifi-

cant. Variables that were significant in one category often were not

significant in any of the others. Also, when a variable was shown signi-

cant in several categories it was not always consistent in sign and

magnitude. When this happened the variable was expelled. Only variables

that exhibited behavior that was logical from a practical technical

point-of-view were allowed to remain in the model.
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Table 18. Tests on Regression Models Coefficient

Section Category Regression Coefficient Tabled

Significance Test t Values Sample

Value t foro(= .05 Size

Location 1 6.445 1.734 19

2 2.87, 2.24 1.725 21

3 5.55 1.729 20

4 7.912 1.645 46

Final 1 9.08, 5.94, 3.88 1.771 14

2 4.83, 1.89 1.725 21

3 U -- 8

3 R 3.17, 2.91 1.717 23

4 8.06, 2.07 1.782 13

5 *5.97, 2.01 1.645 32

Traffic 2.3, 4.3, 3.2 1.717 23

Structures 1 9.2, 2.2 1.771 14

2 10.8 2.015 6

3 11.88 1.833 10

4 *2.7, 3.9, 3.3 1.721 22

5 2.9, 5.2, 2.3 1.796 12

Environmental 1 *8.1, 1.8 2.132 5

2 *3.6, 1.9, 2.0, 3.0 1.833 10

3 *5.5, 2.9 1.782 13

4 *4.2, 2.4 1.782 13

Right-of-Way 1 11.7 1.734 19

2 6.91 1.833 10

3 3.4, 1.67 1.812 11

1 L 5.18 2.353 4

2 L 5.52 2.015 6

3 L 1.99 2.920 3

* = Constants
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Significant variables that were not consistent in all categories

may have resulted from an inadequate sample. In many cases the variable

was not prevalent in most of the sample projects and therefore its true

effect was indeterminate.

Since the unexplained variation in the model was roughly the same

magnitude as the explained variation, chance spurious relationships

showed up as statistically significant several times. After the regres-

sion was completed the final reduced models were presented to managers

for their intuitive opinions. If the relationship indicated by the

regression disagreed in either sign or magnitude from the managers'

experienced opinion, the variable was discarded.

The average sample size per category was ten. With the high number

of variables being offered in the full model, a sample of ten was some-

what small. In order to investigate a wide range of all combinations of

variables, a bigger sample would be needed. Larger samples would have

allowed parameter interactions to be modeled. However, within the prac-

tical constraints imposed on this research, the sample sizes were adequate

to model the major effects.

Although the coefficient of determination may appear small, several

considerations must be remembered. First, this models only the variation

within the categories. The variation between categories themselves is

large and can be thought of as the major variation. The categories

themselves constitute a qualitative independent variable which has already

been accounted for. Secondly, the projects being modeled are extremely

diverse. It was expected beforehand that much of the variation would

remain unexplained. This was based on the premise that the only inde-

pendent variables that could be used in the models were those that could
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be estimated with little knowledge of the specific project.

In summary, these regression models are adequate and reasonable for

the aggregating purpose for which they are to be used. A later portion

of this thesis will discuss the standard error of the estimate at various

levels of aggregation. The r2 values averaged 53 percent for all cate-

gories. The fit tended to be better in the categories that had larger

projects. The poor fit in categories with small projects was less

serious because they have a relatively small impact on the total aggre-

gate manhours.

The results of the research so far have been to determine the man-

power magnitude (K) of each project. A similar but less detailed inves-

tigation will focus on the duration (T) and the Weibull shape parameters

(A and P) for each category. Please note that the emphasis now changes

from an investigation of the individual project to an investigation of

the average behavior of an entire category.

Duration Calculations

After each category was determined, an analysis was made of the

duration of the projects in that category. In most cases there was a

continuous pattern of manpower utilization once a project was begun in

a section. The elapsed time was calculated as the number of months the

project was active in that section. In some projects however, there were

several consecutive months with no manhours reported. These gaps were

caused by a temporary halt being put to the project by administrative

action, a resource shortage, or a precedence type of delay such as wait-

ing for a public hearing. In these cases the entire period including

the gaps was still considered the duration.
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Within each category an analysis was made of the correlation be-

tween the size of the project and its duration. A regression relation

between project size and project duration was also established. Table 19

shows the results for three of the sections. As can be seen, the coeffi-

cient of correlation ranged from .20 to .70. A significance test on the

correlation coefficients showed no statistical significance for eight of

the 11 categories. This indicates that a number of other factors are

influencing the duration. Table 20 shows the means and standard devia-

tions for the duration for all categories. The standard deviations are

quite large when compared with the means.

Table 19. Linear Regression of Duration Against Project Size for
Selected Sections and Categories

Section Category Constant Slope Correlation
Coefficient

Significance
Level

Final 1 11.97 .0022 .44 Failed

3 4.24 .0060 .70 .05

4 3.70 .0024 .59 .10

5 2.08 .0139 .70 .05

Environmental 2 12.8 .0236 .46 Failed

3 8.3 .0053 .38 Failed

4 3.5 .0097 .24 Failed

Right-of-Way 1 11.0 .0094 .28 Failed

2 25.7 .0046 .47 Failed

3 31.0 .0009 .21 Failed

Right-of-Way
Liaison 1 3.59 .0117 .63 Failed
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Table 20. Means and Standard Deviations of Project Durations

Section Category Sample Size Mean Standard Deviation

Final 1 Rural 9 12.38 7.74
1 Urban 28 15.89 9.59
2 Rural 50 17.92 15.62
2 Urban 7 8.50 5.54
3 Rural 42 10.75 --

3 Urban 10 4.22 2.64
4 Rural 23 5.18 3.59
5 Rural 36 4.38 3.19
5 Urban 28 3.93 2.80

Preliminary 1 12 14.58 10.80
2 13 10.42 10.39
3 10 1.90 .99
4 single inter-

change 22 4.00 2.14
4 multiple inter-

change 8 19.14 9.44
5 6 1.00 0.00

Traffic Analysis 1 50 1.00 0.00
2 20 4.00 3.30
3 26 5.80 3.93
4 7 17.00 8.25
5 4 32.25 9.75

Location 1 12 29.92 18.47
2 11 24.40 19.04
3 15 14.73 9.73
4 27 10.44 10.10

Environmental 1 5 28.00 13.00
2 10 21.30 11.42
3 13 13.08 8.77
4 13 4.46 3.28

Structures 1 11 7.00 4.43
2 5 8.40 5.27
3 6 15.50 10.80
4 13 20.54 14.71
5 11 11.82 5.58

Right-of-Way 1 19 10.78 7.83
2 5 22.00 4.95
3 4 20.20 8.18
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Although further analysis could have been performed, it was felt

that an average value for the duration of projects in each category was

sufficiently accurate for the ultimate goal of an aggregate prediction.

Since the number of projects to be predicted is large, the average will

still distribute the project manhours within reasonable limits.

Calculation of Weibull Parameters Using Historical Data

The general approach used to obtain the Weibull curve parameters

A and P was outlined in Chapter IV. The cumulative manhours were regressed

against time using the least squares criteria. This was done for each

project. Appendix G shows a complete computer analysis of one component

curve. Although the analysis was performed on all of the sections, the

results from only two sections will be shown to eliminate the excessive

use of similar tables. These sections will demonstrate the contrast be-

tween sections. This same practice of only showing representative cases

will be continued throughout the remainder of this paper.

Tables 21 and 22 show a summary of results of the attempt to fit

curves from both the Environmental and Structures sections. These tables

show the specific A and P and the coefficient of determination obtained

for each project. It shows that the coefficients of determination r2 are

high, averaging 95 percent.

The coefficient of determination r2 gives an indication of how

well the data could be fit to the Weibull curve mathematical form.

general, low r
2
were a result of historical data that was: (1) multi-

modal, (2) near uniform in distribution, (3) skewed left, or (4) that had

gaps in the manpower usage.
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Table 21. Curve Fitting for Environmental Section

Category Total Manhours Duration Months
K T A P r

2

1 5093 46 10
-5

3.35 94.6
1 4432 39 .0087 1.54 99.6
1 3666 30 .0440 1.55 89.0
1 2965 22 .0037 2.02 91.4
1 2521 21 .0070 2.14 91.2
2 7224 14 .1830 1.39 98.6
2 6299 34 .0024 2.37 97.1
2 5551 40 .0016 2.57 97.6
2 4100 36 .0157 1.45 89.5
2 3839 14 .0770 1.18 92.3
2 3380 14 .0169 1.93 97.7
2 2086 13 .0060 1.91 97.9
2 1662 23 .0670 1.31 96.0
2 1101 9 .2950 1.02 91.8
2 787 6 .0380 2.52 99.6
3A 2335 15 .0365 1.51 93.4
3A 1906 9 .0130 2.96 99.3
3A 1515 17 .0136 2.16 98.3
3A 846 16 .0056 2.55 99.2
3A 823 3 .0580 4.02 99.9
3A 773 8 .0247 2.11 96.0
3A 741 14 .0176 4.04 91.8
3A 675 14 .0050 3.13 99.6
3A 645 26 .0265 1.31 95.0

957.
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Table 22. Curve Fitting for Structures Section

Total Manhours
K

Duration Months
T

Curve
Parameter

A

Curve Coefficient of
Parameter Determiiation

2047 13 .0068 2.06 83.4
3606 26 .0101 1.58 89.7
2681 5 .1409 1.27 90.6
8806 23 10-10 7.18 99.3
944 4 .1437 2.90 97.6
726 15 .0207 1.62 84.0
666 15 .0080 2.46 94.1
764 6 .0550 2.20 93.4
824 6 .0193 2.90 97.1
584 3 .1370 3.14 97.6
670 12 .0202 1.82 95.1
824 7 .0478 1.83 96.4

1295 7 .0578 2.26 98.1
2323 5 .1773 2.02 99.8
788 16 .1165 1.15 99.3

1489 18 .0029 2.33 99.3
1405 15 .0059 2.27 97.3
4961 19 .0057 1.97 93.7
989 6 .1033 1.91 99.0

1140 12 .0005 3.72 99.0
3605 10 .0146 2.10 90.3
1761 12 .0498 1.74 98.0
580 17 .0437 1.74 88.5

1085 17 .0420 1.73 98.4
505 10 10-10 6.57 98.8
544 7 .0119 2.96 99.2

1318 8 .0032 3.46 99.9
1931 12 .0148 1.92 95.0

r
2

= 95%
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Significance tests run on the coefficients of determination showed

that they were significant at a o(= .05 level in all cases where sample

sizes of five or greater were used. For those curves where sample sizes

of less than five were used the calculated coefficients of determination

were not shown to be statistically significant (different than zero).

This indicates the importance of using larger sample sizes.

Because the regression fits were using smoothed cumulative data,

an investigation of the unsmoothed density function was also made. A

sample of four curves was tested for goodness of fit using both the 'X.?

(chi squared) and Kolomogorov-Smirnov methods. The tests rejected the

Weibull curve as the theoretical distribution. The resulting conclusion

is that the Weibull curve is only adequate when giving a general smoothed

shape of the cumulative. The Weibull could not be shown to be the true

curve form when testing the unsmoothed density function.

Although the individual curve fits were adequate, it was desirable

to find a general single curve to represent each category.

Multivariate Plots of Projects

Within each section a sample of approximately 30 projects were

fitted to the Weibull curve form using least squares. The resulting

parameter values A and P for each project were thus estimated. These

values were then plotted on semi-log paper in order to visually determine

if families of curves were evident. Figure 6 is an example which shows

a plot of Right-of-Way projects. It appears that the three Right-of-Way

categories are distinguishable. Although not shown on Figure 6, it

further appears that the project size would have been an effective

alternate classification system if the curve shape had been the major

consideration to be predicted.



Figure 6. Multivariate Plot

120

Right-of-Way Categories:

.-Rural Simple

Parameter P



121

In order to test the apparent graphic groupings by statistical

means, a multivariate analysis was made. A multivariate ANOVA test was

performed.

Multivariate analysis tests if there is a statistically significant

difference in the 7- for each category. 7r is the multi-dimensional

mean or A - P vector. The model was:

Yij = ei;
The analysis showed that the multivariate means l: differed signifi-

cantly at the 0(= .05 level.

The semi-log transformation was used because the Weibull curve

theory developed in Chapters II and III suggested it. The Average "A"

and average P were then calculated for each of the categories. These

averages would then determine the representative shapes to be used in the

future prediction of curves for each category.

In order to understand why the calculated A and P values within

each category were so widely disbursed, an investigation of the Weibull

curve was made.

Behavior of the Weibull Curve as the Parameters are Varied

In order to understand the changes that occurred in the Weibull

curve as its parameters (A and P) changed and interacted, six curve sta-

tistics were investigated. They are:

1. The location of the mode.

2. The location of the median.

3. The location of the mean.

4. The amplitude of the curve at the mode.

5. The variance of the curve.
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6. The duration of the curve.

The parameter range of interest was obtained from the earlier fit-

ting of a wide variety of sample historical curves.

The mean, mode, median, and variance were calculated using the

formulas in table 23. The duration and mode amplitude were obtained by

calculating values of the density function. The mode amplitude is the

maximum value of the density function. The duration is that time when

the remaining area under the density function is less than .5 percent.

Figure 7 shows the relationships which were present. This figure shows

the approximate relative vector directions of A and P which result in

similar curves. As one chooses higher A and P values on vectors parallel

to those shown, the Weibull curve statistics are lower. Stated another

way, A and P are negatively correlated to all six curve statistics. The

mode, median, and mean are affected more strongly by the factor "A" than

are the variance, duration, and mode amplitude. These latter three

curve characteristics are naturally highly correlated and would be ex-

pected to behave similarly. They appear to be influenced more strongly

by the factor P.

Table 23. Formulas for Weibull Curve Statistics

Median = ILN 2)1/P

Al/P

Mean = r(1+1/P)
A 1 /13

Mode = ' =111
P > 1

_Variance -17 1+ 2/13)
/P
r 2 (1+ up)

A2

Density =PATP-1 EXP (-ATP)



Figure 7. Relative Slopes of Iso Characteristic Directions
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As a general rule the mode tends to be in a constant location for

a fixed value of "A". Holding P constant and decreasing "A" results in

both a higher variance and a higher central tendency.

Figure 8 shows how increasing the urgency factor P while holding

"A" constant makes the curve more symmetrical with less variance. The

combination of low values of P and high values of "A" give a right skew.

Relating the earlier historical plots to these characteristics of

the Weibull curve suggests some interesting relationships. The calcu-

lated A - P values within a given category have their smallest variance

about the iso-duration axis. In other words, the project categories in

each section were distinguishable by their groupings along an axis of

equal duration.

This same general pattern held true for the analysis of all sec-

tions. The bigger and more complex projects fell along an iso-duration

axis. The smaller, less complex projects fell along a somewhat higher

parallel axis (with slightly less negative slope).

This analysis resulted in.the specification of one Weibull curve

for each of the categories. The parameters of the curve, A and P, were

the mean of the projects in that category.

Evaluation of Experimental Results

In order to test the adequacy of the predicting equations, statis-

tical evaluation tools will be applied. Next, the historical data will

be compared to managers' estimates to establish the relative tendencies

in each method. Then a complete period will be forecast and compared

with actual data.



Figure 8. Mean, Mode, and Median Relationships
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Prediction Intervals

Table 24 shows a comparison of the estimation limits and the pre-

diction limits. The prediction limits are for a single project while the

estimation limits are for an average of several projects. This demon-

strates why the procedures developed within this thesis are inadequate

to control individual projects. The limits are so wide that they are

meaningless from a managerial control standpoint. The estimation limits,

although wide at the category level, become narrow enough at the sub-

section, section, and total aggregate levels to be worthwhile.

Table 24. Examples of Ninety-five Percent Prediction Confidence Limits

Section Point Estimate 95% Estimation
Limits

95% Prediction
Limits

Right-of-Way 242 93 to 391 -8 to 572

Right-of-Way 564 463 to 665 43 to 1086

Right-of-Way 3906 29721 to 5091 -140 to 7953

Right-of-Way 8641 5293 to 11990 3524 to 13759

Environmental 13089 6428 to 19750 5448 to 20730

Final Design and

Specifications 1852 1267 to 2437 27 to 3677
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Aggregate Standard Error of Estimate

Sample projects were chosen in each category and the standard error

of the estimate for each such project was calculated. Using the weighted

average of category variances method developed in the previous chapter,

a standard error of estimate for each subsection within Engineering was

obtained. Likewise by aggregating the variances of the component cate-

gories the standard errors of estimate of the remaining section levels

were also obtained. Finally the standard error of the estimate for the

combined sections was calculated by summing their variances. Tables 25

to 27 show a sample of the calculations.

Several interesting points can be observed from the coefficient of

variation of components on this table. First, the coefficient of varia-

tion is reduced by one half at each successive higher level of aggregation.

Second, within any one level of aggregation there is a 2/1 ratio between

the lowest and highest coefficient of variation. This shows that the

regression analysis was somewhat uneven in its ability to identify sources

of variation. Upon further investigation this uneveness was closely

correlated with the number of quantitative parameters that were used in

the analysis. For example, Table 28 shows the effect of the type and

number of parameters.

This same pattern held true on the subsection level. This is, how-

ever, not a criticism of the research. It shows the inherent variability

and variety that exists within a grouping. For instance, only by creat-

ing an unreasonably large number of new categories within the Environ-

mental section could a reduction of the coefficient of variation be

realized.



Table 25. Example of Annual Subsection Aggregate Standard Error of Estimates - Location Subsection

Category (Manhours) Category Standard Coefficient s2i Annual Number ni*Xi n2i n2is2i
i Category Mean Error of Estimate of of Projects

x i Si Variation iii

1 6254 1230 .20 1,512,900 1 6254 1 .15 X 107

2 3805 695 .18 483,025 2 7610 4 .19 X 107

3 1305 528 .40 278,780 10 13050 100 2.78 X 107

4 457 88 .19 7,744 40 18280 1600 1.24 X 10
7

5 278 35 .13 1,225 60 16680 3600 .44 X 10
7

TOTALS: 61870

__
4.80 X107

Aggregate Standard Error of Estimate = (4.80 X 107)1/2 . 6920

Manhours Aggregate = 61870



Table 26. Example of Annual Section Aggregate Standard Error of Estimate - Engineering Section

Subsection Manhours
Aggregate

Component Standard
Error of Estimate

Coefficient
of Variation

Variance

Location 61,870 6,920 .11 4.80 X 107

Final and Specifications
103,055 7,890 .08 6.23 X 107

Traffic 13,523 1,770 .13 .31 X 107

Preliminary 21,230 3,190 .15 1.00_X 107

TOTALS: 199,678 12.34 X 107

7 X.

Aggregate Standard Error of Estimate = (12.34 X = 11,110



Table 27, Annual Total Aggregate Standard Error of Estimates - Technical Services

Manhours
Aggregate

Component Standard
Error of Estimate

Coefficient
of Variation

Variance

Engineering Section 199,678 11,110 .06 12.34 X 107

Environmental Section 71,908 9,500 .13 9.04 X 107

Right-of-Way Section 111,230 9,700 .09 9.40 X 107

Structures Section _103,045 6,380 .06 4.08 X 107

TOTALS: 485,861 34.86 X 10
7

Aggregate Standard Error of Estimate = (34.86 X 107 )1/2 . 18,670

Annual Aggregate Coefficient of Variation =
18 670 _

485,861
.038 = 3.8%
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Table 28. Coefficient of Variation for Various Sections

Section Aggregate Coefficient Parameters Used
of Variation

Environmental .13 Only qualitative

Right-of-Way .09 One quantitative

Structures .06 Several qualita-
tive and quanti
tative

Engineering .06 A great many
qualitative and
quantitative

The relatively low coefficient of variation in the Engineering

section was due also to its disaggregation into subsections. The dis-

aggregation of Engineering was necessary because of the heterogeneous

nature of the tasks which are performed by it. The earlier investigation

of the manpower curves exhibited this. Regression on the section level

for Engineering gave unsatisfactory high variance results. Regression

on the next lower subsection level, however, was satisfactory.

Validation

In order to test the adequacy of the estimating procedure which has

been developed in this thesis, a validation study was made. A forecast

of the period July 1978 through June 1981 was made.

A tentative program of projects and a schedule of when they are to

be completed was obtained from the ODOT highway administration. These

projects were categorized and quantified by highway managers. The esti-

mating formulas were then used to predict the manpower pattern of each
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project. These individual projects were then aggregated into a sub-

section, section, and total Technical Services heirarchy of reports.

Appendix H shows the COMPLOT printouts of the results.

The period January 1979 to December 1979 was then analyzed for any

seasonal monthly variation. Table 29 summarizes the results. The period

was chosen so as to minimize any study horizon effects such as start-up

distortion. The most relative variation occurs in the two smallest units- -

Traffic and Preliminary Engineering. A considerable amount of variation

also occurs in the predictions for the Right-of-Way and the Final Design

areas. This is the result of the tentative project schedule used. A

change in the schedule is therefore needed to level the peaks and valleys

out. For instance, the highest month (July) is more than double the

lowest month (December).

These index numbers are reasonable when compared with the actual

historical index numbers calculated in Chapter IV and shown in Table 12,

page 86. Section managers were shown these estimates and they felt they

were acceptable.

As a final validation check actual project manhours were compared

to those forecast on a sample of projects. The structures component was

used in the sample. The structures section was chosen for validation

because it contained the most reliable data for a large number of projects.

Both the Right-of-Way and Environmental sections have changed their work

procedures during the validation study period. The forecasting procedure

is therefore not applicable during the validation period. All of the

Engineering subsections had changes in the accounting prefix classifica-

tions during the validation study period. This made it extremely diffi-

cult to reconstruct the actual totals on any given project.
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The sample taken in the Structures section was based on all 280

projects that were completed and contracted during the 1978 fiscal year.

Sixty-two of these projects involved the structural section. Out of this

sample of 62 projects, 18 were eliminated. Nine of these had accounting

prefix problems. The other nine had changes in work procedures (four had

more complex work and five had less complex work than was used in the

historical base). The changes in work procedure were identified by

project engineers. The validation was therefore performed on all 46

projects that had available actual data.

The total of the historical actuals was 4.2 percent higher than the

total of the forecasts. This is consistent with the coefficient of varia-

tion of 6 percent that was predicted in Table 27 on page 130. Table 30

shows the forecast manhours, the actual manhours, and the difference in

manhours for each of the six categories. Table 31 shows the statistical

tests. Using the paired-sample t test there is no significant difference

between the actual and the forecast values.



Table 29. Monthly Indexes from Predicted Manhours

Month Environmental Structures Right-of-Way Traffic Location Preliminary
Engineering

Final Design

January 1979 .998 1.007 .755 1.040 .966 .450 .785

February 1.008 .963 1.034 1.185 .938 1.047 .864

March .994 .963 1.093 1.096 .882 1.570 1.057

April .953 .875 1.063 .984 .859 1.084 .918

May . ..892 .768 1.045 1.029 .814 .561 .963

June .850 .726 .938 1.555 .803 .262 .980

July 1.118 1.161 1.306 1.118 1.157 1.084 1.505

August 1.096 1.122 1.258 .962 1.185 1.421 1.249

September 1.088 1.197 1.109 .973 1.174 1.794 1.102

October 1.060 1.186 .951 .861 1.123 1.234 .974

November 1.001 1.089 .794 .626 1.078 .785 .894

December .942 .944 .654 .570 1.022 .710 .708

High 1.118 1.197 1.306 1.555 1.185 1.794 1.505

Low .850 .726 .654 .570 .803 .262 .708



Table 30. Comparison of Predicted and Actual Manhours - Structure Section.

Category 1 Category 2 Category 3

Forecast Actual Difference Forecast Actual Difference Forecast Actual Difference

1837 993 844 556 462 94 1484 1691 -207

391 166 225 1251 1057 194 6575 7769 -1194

391 314 77 817 992 -175 949 694 255

391 106 285 688 561 127 1282 1140 142

391 823 -432 552 171 381

391 435 -44 1655 3221 -1566 TOTAL 10290 11294 -1004

391 136 255 980 1767 -787

441 562 -121 588 1434 -846

245 435 -190 1265 344 921

392 242 150
539 442 97 TOTAL 8352 10009 -1657

392 262 130

392 501 -109

512 276 236

490 824 -334

245 371 126

343 406 -63

373 484 -111

490 345 145

588 350 238
710 461 249

526 414 112

343 224 119

441 376 65

440
392

1085

989

-645
-597

1-
u.)

.4---

TOTAL 12478 12022 456



Table 30, continued.

Forecast

Category 4

Actual Difference

Category 5

Forecast Actual Difference Forecast

Category 6

Actual Difference

3138 2477 661 No projects 80 61 19

80 30 50

80 65 15

80 72 8

80 85 -5
80 141 -61

TOTAL 480 454 26

Total of all categories:

Forecast Actual

12478 12022
8352 10009

3138 2477
10290 11294
480 454

TOTAL 34738 36256 -1518

4.2% error
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Table 31. Hypothesis Test Results.

Category Sample Size Mean Difference t t Results
(Number of (Manhours) Statistic Critical Value
projects) 0.. .05

1 26 17.5 .29 1.708 Insigni-
ficant

2 9 184 .73 1.860 II

3 4 -251 .76 2.353 it

4 1 661

5 No projects

6 6 4.33 .29 2.015 Insigni-
ficant
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Sensitivity

The Environmental section was chosen for a sensitivity analysis.

This section has the fewest projects and should therefore be the most

sensitive to curve shapes and project durations.

A three-year forecast was made using the Weibull curve shapes and

durations calculated in the study. The monthly man-months were predicted.

To test the sensitivity of the forecast to different curve shapes, the

most radically different curve, the uniform, was used to predict the

same three-year period. Figure 9 shows the uniform and Weibull based

forecasts. The uniform gave an unrealistically low estimate during the

first one third of the forecast. It underestimated by as much as 31 per-

cent during this start-up phase of the forecast. For the last two thirds

of the forecast the uniform based curve overestimated by up to 37 percent.

The uniform curve is therefore not suitable as a substitute.

A sensitivity analysis was also performed on the project durations.

All project durations were cut in half and a uniform distribution was

again used. The distortion effect of the duration change was the reverse

of the uniform curve effect. During the first year the forecast was too

high by as much as 40 percent. During the last two years the estimate

was too low by as much as 22 percent. The calculation of values for the

durations should therefore be done with as much accuracy as is economical

and feasible.

The general conclusion which can be drawn is that neither the shape

of the individual project curves nor the project duration have a signifi-

cant effect on the long run shape of the aggregate curve. In other words,

the smoothness of the curve is not changed with the changes in these
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factors. However, a major effect is noted at both the beginning and end

of the planning horizon with either of these factors. A shortening of

the project durations shifts the manpower to the left in time. Using a

uniform curve shape has the opposite effect--shifting the manpower to

the right. Figure 9 shows this.

Weibull Goodness of Fit

Although goodness of fit tests such as Kolomogorov-Smirnov and %.

did not confirm the Weibull curve hypothesis, curve fitting regression

assuming the Weibull form did give high coefficients of determination

that were shown to be statistically significant. The Weibull curve form

was therefore retained as the fundamental shape. The justification for

the use of the curve is based only on the theoretical arguments in Chap-

ters II and III. Because empirical evidence did not confirm the Weibull,

a number of other curves of similar form could probably equally well have

been shown to give as good a fit as the Weibull. Some of these other

curves are: (a) Log-normal, (b) Gamma, (c) Triangular, and (d) Beta.

Since no theoretical backing was found to justify these curves,

they were not used. In addition these curves have parameters which are

likely to be difficult to estimate, while the Weibull appears computa-

tionally simpler when using least squares methods. The Weibull curve

also has been found to be relevant in similar previous applied studies.
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Summary

The regression analysis procedure for establishing predicting

equations was shown to be successful. The sample sizes were adequate

to determine statistically significant regression coefficients. The re-

gression of durations was not as successful, however. The correlation

association was so weak that averages for each category were used rather

than predicting equations. The determination of the Weibull parameters

resulted in the establishment of bivariate plots. Multivariate statis-

tical hypothesis testing showed these plots to be significantly different

between categories.

The Weibull curve was used as the life cycle model although statis-

tical goodness of fit tests were negative. From theoretical and past

research rationales it was chosen as an acceptable model. It is doubtful

that any curve can be found which is better due to the variability that

inherently occurs in the multi-project situation being studied.

The mean A and P were chosen to specify the representative curve

for each category.

An aggregate standard error of the estimate was calculated for each

level of the organization. Single project estimates were shown to be un-

acceptable for any control purposes. Only aggregate estimates at the

subsection or higher level appear to be useful for managerial planning

and control.

The estimated coefficient of variation for the total organization

annual manpower estimate will be approximately four percent. The coeffi-

cient of variation for smaller organization components is approximately

doubled at each successive lower organization level. A satisfactory
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validation of the estimating procedure was completed. The estimates made

by the predicting equations coincided closely with the actual manhours

reported for the one-year period checked.

The sensitivity analysis indicated that curve shapes and durations

had a marked effect during start-up but did not affect the long term

smoothness of the total manpower curve.
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Chapter VI

GENERALIZATION OF RESULTS

Three separate things will be discussed in order to generalize the

results of this thesis. First, the operational system will be given an

overview. Next managers' subjective estimates will be evaluated and

discussed as a possible alternative to the approach developed in this

thesis. Finally, an investigation of the activity network's effect on

the manpower curves will be presented.

Making a Forecast

This thesis has been concerned with evaluating the effectiveness of

using a life cycle approach to predict manpower needs. A brief overview

will be presented here; the reader is referred to Appendix E for more

detail on how such a system would operate. Once the proper levels, cate-

gories, and regression equations have been established, a forecast can be

made. A program of projects would first be determined by the highway

administration. This set of projects would be given to each section. An

engineer from each section would assign the appropriate category designa-

tion to each project. He would also estimate the parameters (required by

the regression equations) for each project. Finally, he would establish

a proposed completion time for his section's work on each project. This

information would be input to the computer for editing. Manpower calcula-

tions would then be made by the computer to estimate the appropriate

Weibull curves. The manpower predictions would then be printed out by

project and by section aggregate. The output would be given by month in
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either a tabular or a graphic format. The output would be edited by each

section's manpower representative. Any corrections would be re-entered

and the new output generated.

Implementation Implications

Appendices E and F are two operational documents that were prepared

to aid the implementation of this system in a state highway engineering

organization. Appendix E describes the overall operating system. Appen-

dix F is a procedures manual that gives instructions on how to update the

estimated standards.

It was found that computers are an indispensible part of both the

system design and operation. The volume and complexity of data manipula-

tion are so large that only computerized systems are feasible. Both in

the design and operational stages, graphical output is highly desirable

in order to give the analyst an overall feel of how the curves are behav-

ing. COMPLOT was used as an output aid along with an interactive computer

scatter diagram. Figure 10 is an example of the COMPLOT printout of a

completed forecast.

One of the key differences in this research and previous investiga-

tions is the size of the samples. Past research has centered around a

relatively small number of projects. It is highly recommended that in-

stead large samples be used. A great deal of variation was found to exist

even among the most homogeneous type of groupings. Coefficients of varies

tion of from .5 to 1.0 were common among projects within a category.

Therefore on any one single regression a minimum of ten projects should

be used. This means that the most detailed category breakdown must con-

tain ten or more representative projects.
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With respect to curve fitting, it was found that projects of six

months or less duration were difficult to fit with any statistical signi-

ficance.

Since this entire system is based on the premise that historical

data is an adequate model of the future, it is mandatory that the fore-

casts be evaluated yearly by comparing them with the actuals. If any

significant shifts have taken place in the underlying structure of the

work system, then the regression equations and Weibull curve parameters

should be recalculated using the most current input possible.

Edit of Input Data

The formula construction technique that was used to obtain manpower

estimating formulas for each category has a serious implementation error

potential. These formulas derived by regressing historical data are only

valid within the range of the original data set. Extrapolated projections

are not valid. For instance, if only projects between one to five miles

were used in the original data set, a future project 15 miles long could

not be estimated. In order to automatically prevent such an error, the

computer program which calculates the estimates has a screening edit that

only allows estimates to be calculated if the parameters are within the

stated range of the original system design data. Any project which is

thereby excluded would be manually estimated by the appropriate managers

and resubmitted via an over-ride procedure.

Involvement of Functional Managers

In order to secure guidance during the development of a functional

system of manpower planning, considerable communication efforts took
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place. Indoctrination briefings took place throughout the study to

educate managers on the direction in which the development was proceed-

ing. Suggestions were solicited on any changes or improvements that

managers might feel were appropriate. This two-way communication helped

greatly in data collecting, since the managers understood the nature of

the request and purpose for it. Top management support was continually

evident.

It is felt that this involvement and commitment on the part of

functional managers will also result in a better acceptance of the system

when it becomes completely operational. Appendix E is an example of a

communication document prepared jointly by this researcher and ODOT per-

sonnel to explain the operational aspects of the manpower planning system.

A Comparison of Managers' Estimates With Historical Data

During the time that the thesis research was taking place a subjec-

tive manpower forecast was made. This forecast was needed in order to make

long range program decisions. Managers from each Technical Services

section were given a list of several hundred projects that were tenta-

tively planned for the next six years. The managers gave an estimate of

the start and end date of their work on each project along with the total

man-months that their section required to complete the project. An

estimate of the rate of utilization of the manpower was also made (Waker-

lig, 1977).

In order to see how past historical data compared to managerial sub-

jective judgements, a study of two of the sections was made--Environmental

and Structures. These two were chosen because the method of classifica-

tion used in the historical thesis data approximately coincided with
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the managerial classifications used in the subjective forecast. The

other sections used different classifications in compiling the historical

and managerial studies so that a comparison was difficult,Tables 32 and

33 show the comparisons on a category by category basis. Both sections

showed that elapsed time durations were much higher for historical data

than for managerial estimates. Two factors could account for this.

First, no precise technical definition of start and finish of projects

was made in either study. Historical data durations were measured be-

tween when charges began until they quit. Managerial estimates, on the

other hand, reflected when the major significant effort started and

stopped. Second, the historical data reflect the effect of multi-project

situations where resource competition exists. Also administrative delays,

priority switches, and other delays are apparent. The managerial esti-

mates, on the other hand, reflect a more optimistic schedule on each

project although some load balancing was done.

The impact of the difference in durations on the aggregate model is

significant. In a short run horizon study (two to three years), the

managerial method shows a higher monthly manpower need than the histori-

cal method.

With regards to the total man-months required by each category, the

two sections showed opposite biases. The Environmental section was

higher on three of the four categories when using the managerial estimates.

The Structures section, on the other hand, was lower on three of the four

categories when using the managerial estimates.

A statistical t test was run on category three of Environmental as

a check. The difference between the means of both manhours and duration

was significant at the 04. .025 level.



Table 32. Comparison of Managerial Estimates With Historical Data - Environmental Section

Category Man-Months Elapsed Months Duration

Managerial Historical Percent difference* Managerial Historical Percent Difference

*

1 29.0 22.8 -21% 10.8 28.0 159%

2 21.5 22.0 2% 12.1 21.3 76%

3 8.9 5.5 -38% 7.2 13.1 82%

4 2.3 .6 -74% 5.0 4.5 10%

Table.33. Comparison of Managerial Estimates With Historical Data - Structures Section

Category Man-Months Elapsed Months Duration

Managerial Historical Percent Difference* Managerial Historical Percent Difference*

1 1.5 2.4 60% 2.2 7.0 218%

2 3.9 5.2 33% 3.3 8.4 155%

6.67 7.37 10% 4.4 15.5 252%

4 18.1 15.9 -12% 8.1 20.5 153%

* The managerial estimate was used as the base in the percentage calculation.
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Although a category by category comparison was not possible on the

remaining sections, the total distribution for each section of both man-

hours and elapsed time showed trends similar to Structures sections.

Both the historical elapsed time and the total manhours were larger than

managerial subjective estimates. In a short run study these two condi-

tions would somewhat counteract and cancel out each other. However,

since the magnitude of the difference in elapsed times was considerably

larger than the difference in total manhours, the resulting impact is

that the aggregate monthly manpower level predicted by the managerial
a

subjective method would be higher than the historical data method.

Many computerized resource allocation programs assume that the re-

sources are utilized at a constant rate once an activity is begun. They

also assume that the activity continues uninterrupted until it is com-

pleted. Both of these assumptions are frequently incorrect. An inves-

tigation was made to compare the utilization rates which managers in-

tuitively predicted versus the historical patterns available from records.

No quantitative comparison was made in the rate of utilization

shapes. However, a visual comparison indicated that both had the same

general shapes, with the historical being slightly more peaked (higher

kurtosis) than was the managerial estimates.

The managerial patterns took into account the work procedure as the

managers perceived and experienced it. A very distinct unimodal pattern

was the most common one predicted. However, the utilization rate was

much more uniform than historical data. About one third of the curves

had a right skew with the mode occurring at one third the duration.

Structures was the one notable exception. About one half of its curves

were skewed left.
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The conclusion to this cursory comparison is that while managers

are aware of differing utilization rates during the life cycle of a pro-

ject, they have difficulty predicting it. They tend to be conservative

and predict nearly uniform curves with a slight positive skew. The only

major deviations from this pattern were: (a) Structures' forecast left

skew, and (b) large Environmental projects had a highly positive skewed

curve. There were very few distinguishable repeated shapes among the

patterns the managers intuitively forecast. That is, many projects of

the same type and magnitude had variations where delays were predicted

or where high rates of utilizations were planned.

Network Inferences

An analysis will now be made of the relationship between each

section's network characteristics and its Weibull curve parameters. An

attempt will be made to correlate various section characteristics (inde-

pendent variables) to the resulting curve shape (dependent variables).

Three levels of aggregation are represented:

1. Total Technical Services.

2. Section level.

3. Subsection level.

Homogeneity of Skills Within a Section

One of the characteristics that differentiates the work procedures

used by various sections is the degree of specialization each section

pursues. Table 34 is a summary of the number of separate disciplines and

skills represented in each section. A total of 35 separate manpower codes

are used to identify these specialities. On the section level Engineering
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is by far the most diverse with 24 specialties. The Engineering sub-

sections also reflect this diversity. Several of the specialties within

sections and subsections are duplicated in other sections. Therefore the

subtotals do not add to the totals. It would be expected that sections

having many specialties represented would have more interaction and inter-

dependence which would result in a longer duration if they are sequential

in nature. On the other hand, if they represent parallel activities the

duration may not be increased and a very rapid manpower utilization would

be expected.

Table 34. Section Specialization of Skills

Section or
Subsection

Number of Unique Approximate
Manpower Codes Size of Section

(Number of
employees)

Environmental 35

Right-of-Way 4 106

Structures 6 63

Engineering 24 136

Location 12 40

Specification,
Preliminary and
Final Design 17 75

Traffic 3 17

Technical Services
Combined 35 340

Comments

Includes an environ-
mental team consisting
of a variety of
specialists.

Includes a location
team consisting of
several disciplines.
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Another very important aspect of the utilization rate is the ad-

ministrative procedures. The sections exhibit a wide variety here also.

Structures activities are typically performed by a team of three. These

are a designer, a draftsman, and a checker. They are a tightknit team

that requires little coordination. On larger projects this same size

team is merely duplicated. Environmental work is carried out by a pro-

ject leader. He solicits additional expertise as it is required. The

bulk of the activities are carried on in parallel early in the project.

Right-of-Way work is characterized by a sequence of several specialists.

Their work involves a large amount of interaction with private individuals

and firms outside of the Department of Transportation. Therefore long

delays occurring at sporadic intervals are common. Engineering repre-

sents a mixture of all of the foregoing patterns. It has a great variety

of complex interactions both parallel and in series.

In all sections it is the practice to assign individuals more than

one project to work on at a time. This is because it is difficult to

work continuously full-time on a single project. Even within a single

activity a great many interactions take place. After requests for infor-

mation are initiated, delays while waiting for responses are unavoidable.

Coordination with other individuals is also required within an activity

even though the network interaction links do no show it. The interde-

pendency links shown by the network are only the major ones involved in

precedence. An individual worker will jockey the projects he is respon-

sible for according to the priority assigned by his manager, the infor-

mation available, and his available time.
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Relationship Between the Curve Parameters and Section Characteristics

Within each section approximately 20 of the largest projects were

fit to the Weibull curve. The average characteristics of these 20 curves

were then calculated to represent the general shape of the curve in that

section. These dependent characteristics are shown in Table 35.

The independent factors whieharethe most likely to influence these

curve shapes can be grouped into three categories. The factors are: (1)

size related, (2) resource related, and (3) network related.

It is hypothesized that size factors would tend to dampen and

smooth out the curve form toward uniformity. It would give low "A" and

P values. The average size of the projects is one such influence. The

reasoning here is that larger projects take longer and that minor fluctu-

ations internal to the project cancel each other out. The total employ-

ment of the section is another influence. Large sections would entail

more administrative red tape and in general suffer from the behemoth

syndrome. The third is the number of distinct activities represented in

the network for each section. From the network standpoint it stands to

reason that more activities are an indication of increased interdepen-

dencies and heterogeneousness. Thus the overall curve shape is smoother

and flatter. This would both draw out the duration and increase the

variance.

Within the resource related category there is the organization

structure influence and the number of different disciplines influence.

Organizationally the sections range from the Structures section which has

one small task force of three men who perform the entire project, to the

Location section which is organized into seven functional teams.



Table 35. Section Average Curve Characteristics

Section Horizontal Urgency Coefficient of Duration Mode Mode Amplitude

Scale Factor Determi2ation (Months) (Peak Man- Relative of Mode

Factor A P r power Month Position (eh Total)

(Mbde/Duratioo)

Technical Ser-
vices Combined .0180 1.66 .887 26 7 .22 7.1

Right-of-Way .0480 1.74 .958 15 3 .24 13.3

Environmental .0148 2.17 .949 13 5 .38 13.6

Structures .0230 2.20 .959 11 .37 16.4

Engineering .00662 2.21 .930 20 7 .36 9.6

Location .0248 1.57 .914 20 5 .20 8.9

Final Design,
Specifications,
and Preliminary
Design .0239 1.92 .921 16 5 .30 12.3

Traffic .0390 1.70 .930 17 4 .23 11.8
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As a section becomes more functionally oriented in its organization,

it is hypothesized that the curve shape would tend towards longer dura-

tions and a more uniform distribution. This results from the increased

coordination that is required. Also the amount of specialization within

the section would increase the project time and tend to flatten the curve

in general. It could also cause gaps (while waiting for predecessor

activities to be scheduled and completed) as well as multimodal peaks.

From the network of activities point-of-view there seems to be two

important aspects--first, the total number of separate and unique activi-

ties as was previously mentioned. In addition the "shape" of the network

is important. If the activities are in series then the manhours will be

strung out over a long period of time. If the activities are in parallel

the potential for a quick, compact project exists.

quantification of Independent Variables

Tables 36 and 37 are the independent factors which will be investi-

gated. The calculation of the variable values was accomplished by evalu-

ating the appropriate activity networks, organization charts, and other

sources.

Three of the variables--average project size, organization struct-

ture, and activities in parallel (shape)--were difficult to quantify.

The average project size was not calculated because of the selective

sampling that was used to choose projects for this analysis. Instead a

simple ranking of relative size was done on a scale of five to eight with

five being the smallest. In order to quantify the organizational struc-

ture, the sections were ranked on a one to eight scale with one indicat-

ing the highest task orientation.
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Table 36. Network Characteristics

Section Number of
Activities

Relative
Ranking for
Activities
in Series

Activity Predecessor Links Relative
Average
Project

Size

Inter-

Section
Intra-

Section
Total

Tehnical
Services 107 5 69 107 176 8

Right-of-Way 8 1 2 9 11 5

Environmental 15 3 6 7 13 5

Structures 12 1 3 13 16

Engineering 34 4 28 45 73 7

Location 21 3 7 16 23

Specifications,
Preliminary, and
Final Design 24 2 21 37 58

Traffic 2 0 1 2 3 5

The general shape of the various section networks fell into three

distinct groups. The activities for each section were: (a) almost com-

pletely parallel, (b) half of the activities in series followed by the

remainder in paralle, or (c) almost completely in series. These three

groupings were therefore assigned a relative ranking of 1, 2, and 3 re-

spectively. In addition, 0, 4, and 5 were assigned to extreme cases.

The other independent variables all had measureable units. The

units on all of the independent variables were inversely related to

homogeneity.
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Table 37. Section Resource Characteristics

Section Total Employment
(Number of People)

Number of Different
Professional
Disciplines

Relative Work
Structure
Ranking

Technical Services
Combined 340 35 8

Right-of-Way 106 4 5

Environmental 35 2 3

Structures 63 6 1

Engineering 136 24

Location 40 12 6

Final Design,
Specifications,
and Preliminary
Design 17 3

The magnitude of all of the independent variables were hypothesized

to be positively correlated with the three dependent variables--mode,

duration, and relative mode. The mode amplitude should be negatively

correlated.

Since A, P, and r2 were non-linear in relation to the independent

variables, no hypothesis was made concerning them.

In order to give a general impression of the behavior of the com-

bined dependent and independent variables, the relative rankings were

established within each variable.

Table 38 summarizes the relative ranking of five dependent factors

and nine independent factors. A high intercorrelation can be seen; that
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is, the same relative ranking occurs in almost every factor. For example,

the Traffic subsection was consistently one of the lowest in every vari-

able while the Engineering section was consistently one of the highest in

every variable.

Correlation Analysis

Table 39 shows the cross correlation matrix. The first six vari-

ables are dependent variables. Two interesting relationships are noted.

The scale factor "A" and the location of the mode are correlated at an

r = .83 value. The urgency factor P is highly correlated with the rela-

tive location of the mode; an r = .99 was calculated.

The independent variables 8 - 16 were highly correlated with each

other. Thus only a very small number of them would be needed to estab-

lish the relationship between the dependent and independent variables.

This makes it extremely difficult to analyze which of the factors are the

major influences since their effects are confounded together. In order

to unravel this a new study would need to be done on an organization

which had sections which were identical except in one aspect. This aspect

could then be investigated for its influence. Another alternative

approach would be to set up an ANOVA type of investigation. It would be

desirable to have a fairly large sample size.

Regression Analysis

Due to their nonlinear nature and their high interaction, both "A"

and P were undesirable dependent variables to regress. Instead three

other dependent variables which are transformations of functions of "A"

and P were used. These were: (1) the location of the mode, (2) the dura-

tion of the project, and (3) the amplitude at the mode.
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Table 39. Cross Correlation Matrix

KEY:

1. A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

2. P -.56

3. r
2

.31 .54

4. Mode -.83 .13 -.70

5. Duration -.25 -.54 -.91 .72

6. Mode/Duration -.56 .99 .55 .10 -.58

7. Amplitude of Mode .29 .54 .89 -.72 -.97 .57

8. Number of Activities -.42 -.23 -.79 .76 .81 -.25 -.70

9. Parallel Activities -.74 .04 -.64 .89 .70 .03 -.71 .80

10. Links to own Section -.46 -.16 -.79 .81 .81 -.19 -.71 .98 .79

11. Links to other Sections -.44 -.17 -.78 .76 -.80 -.20 ..69 .97 .78 .99

12. All Links -.45 -.17 -.79 .79 .81 -.20 -.70 .98 .78 .99 .99

13. Average Project Size -.53 -.03 -.72 .86 .79 -.07 -.69 .90 .78 .96 .95 .95

14. Number of People -.26 -.20 -.63 .64 .75 -.24 -.61 .95 .70 .94 .95 .94 .89

15. Task Orientation -.31 -.35 -.68 .70 .86 -.39 -.87 .72 .81 .73 .73 .73 .75 .72

16. Different Disciplines -.53 -.14 -.80 .86 .84 -.18 -.76 .90 .80 .94 .95 .95 .96 .86 .80

16
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These were all three highly correlated to the independent variables.

They are variables which are very desirable from a practical point-of-

view since they can be easily identified in historical data, managers

understand them, they can be predicted, and they create unique, distinct

Weibull curve shapes.

A subset of four independent variables was chosen because of the

high intercorrelation of the other independent variables and the small

degrees of freedom.

A separate regression analysis was performed on each of the three

dependent variables. Table 40 shows the results. The major influences

on the mode location are the number of different disciplines and the

relative amount of parallel activity allowed in the network for the

section. Both of these factors are positive influences. The number of

different disciplines was a significant factor in all three equations

and the only one for project duration. The mode amplitude regression

had two negative factors--the number of activities and the number of

different disciplines. The total number of links was the only positive

factor.

Further investigation in the relationship between the network

structure, size, and resource characteristics would appear to be promis-

ing. However, a large sample size and a limited number of controlled

independent variables is recommended.
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Table 40. Regression Equations Coefficients

Dependent Variable
Z '7, Z HZ UUZ

O 0 000 00 H. H. 0
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Mode Location

Project Duration

Mode Amplitude

.48 .0479 3.23

.3374 12.90

-.83 .157 -.461 15.32

.864

.712 8

.707 8
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A need exists in the field of manpower planning to predict future

project workloads accurately. For the specific problem area studied, the

current methods are too costly, require unavailable information, and are

too naive. Due to shifting mixes of project types a flexible and adap-

tive method is required. The application scope includes any project

oriented work environment where the specific activities within a project

must compete with other projects for the available resources. The acti-

vities must have a well defined network structure that is repeated for

each project. The projects must be forecast for several years in the

future using only scant descriptions of the project. The projects should

have a time phased utilization of manpower which needs to be modeled if

accurate predictions are desired. The combination of parametric equa-

tions and life cycle curves can be used to meet all these needs. This

approach, called the life cycle approach, offers an attractive alterna-

tive to the present methods.

The major alternatives used at present are managerial subjective

estimates, "grass roots" industrial engineering time standards estimates,

PERT/CPM network based resource programs, and simple ratios such as man-

power per construction dollar. In this particular application these

methods were all shown to be impractical when compared to the life cycle

approach.
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Eight Step Procedure

A description of the development of such a model will now be pre-

sented. These steps are flowcharted in Figure 1, page 9, and summarized

in Table 1, page 10. The eight steps are:

1. Establish historical data file.

2. Hypothesize project components.

3. Print out historical time phased manhours of project components.

4. Categorize the projects for each component into similar groups.

5. Establish a mathematical model for each category to predict the

manpower of each component of each project.

6. Establish the time phasing of the manpower for each category.

7. Establish confidence intervals.

8. Add the component curves together into a hierarchy of summary re-

ports.

The goal of these steps is to define the most appropriate component

curves for projects. This includes an organizational grouping of func-

tions as well as the choice of an organization level. Once these compo-

nent curves are designated, then the projects are categorized within each

component. The projects are sorted into from four to six homogeneous

groups. For each of these groups a regression equation is established

to predict the manpower size, K, of the component for each project. The

most representative Weibull curve form for each category is also deter-

mined by specifying A and P parameters. Each step will be briefly ex-

plained:

Step 1: An adequate historical data base is needed to provide the

basis for the model building. The monthly payroll records on several

thousand projects were obtained and stored on computer tapes. The payroll
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on each project was coded by what type of function had charged it. This

provided the means by which various component curves could be isolated

within each project. A sample was drawn using stratified sampling tech-

niques. The non-representative projects were then eliminated by a

managerial screening process.

Step 2: The search for the best way to classify the component

curves which make up the total project was begun. Organization charts

and PERT activity networks helped in hypothesizing the appropriate organi-

zational groupings. A system based on departmental administrative groups

was chosen. There were three reasons for this departmental designation

of component curves. First, the accounting data input was in this form.

Second, the managerial action that would be taken from the output would

be along these same groupings. Thirdly, the process by which work was

performed was along these arganizational groupings. This is quite dif-

ferent from Norden's (1964) organization which was a task force type.

Step 3: A subjective judgement is made concerning the monthly man-

hours printout for the hypothesized components from Step 2. A unimodal

distribution with no unreasonable gaps is expected on the majority of

curves in the sample. If this is not true the process will cycle back to

Step 2 during the next step. The unimodal behavior with no gaps in

monthly manpower are indications of a homogeneous work effort. Multi-

modal distributions and periods of no activity (gaps) suggest that a

different definition of components is necessary. Once the proper defi-

nition is found the life cycle approach assumes that the expenditure of

effort will gradually increase, peak, and then gradually decrease.

Step 4: Within each component the projects are categorized into
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similar groups. Managers representing each component were given almost

complete freedom as to what they considered similar projects. They were

asked to classify the projects into groups that would have similar man-

power use patterns. At this point if satisfactory components and cate-

gories had not been found, then the process returned to Step 1. This was

±latiectilsjudasTent. It depended mainly on a visual inspection of the

monotonic characteristics of the component curves.

Step 5: At this point the process centers on defining the predic-

tive regression equation for each category of each component. This

equation will estimate the total manpower, K, for each project. The

categorization in Step 4 has grouped the projects into categories where

all of the projects are assumed to have the same functional relationships

with project characteristics (parameters). In other words, if the

characteristics of a project such as its length in miles were estimated,

then a single functional form for all projects in the category could be

used to estimate the manhours required. Simple linear relationships with

a minimum number of parameters (independent variables) were used to pre-

dict the dependent variables (total manhours for the component). Step-

wise, least squares regression was used as the basic tool. This completes

the parametric stage. If the residuals are too high new categories are

obtained by returning to the previous Step 4.

Step 6: The time phased or life cycle aspect is next performed.

This step determines how the total manhours for a component will be dis-

tributed over time. A weighted least square of the cumulative manhours

was used to estimate the Weibull curve parameters A and P. After all

curves are fit individually, an average Weibull curve is chosen to repre-

sent the category.
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Steps 7 and 8: Rough approximations of the confidence intervals

are obtained using the standard error of the estimate from the regression

analysis in Step 5. Sample projects are chosen and their standard error

is calculated. These standard errors are used to approximate the stan-

dard error of the aggregate project manhours at successively higher

levels of aggregation. The coefficient of variations range from about

.20 at the category level to .04 for the entire organization. These con-

fidence intervals are for the total manhours only and don't consider any

time phasing.

Fundamental Assumptions

The aggregation technique assumes that the actual project manhours

will vary randomly above and below the estimated values with no system.'

atic bias. The parameters which are being estimated by the project engi-

neers must be unbiased and consistent. The aggregation techniques also

require that the number of projects is sufficiently large that a smooth-

ing effect will result. In other words, the random errors will somewhat

cancel each other. If the reverse of this is true and a systematic bias

is introduced then the errors will not cancel but will be additive and

the resulting aggregate estimate will be grossly inaccurate.

Inconclusive Results

Two important portions of the thesis gave only marginal results.

These were the investigation of managerial subjective estimates and the

investigation of various CPM/PERT type activity network structures.

The managerial subjective estimates could not be compared with

either historical results nor predicted values. A common set of projects
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did not exist between these three. A crude comparison was made however,

between historical results and managerial subjective estimates based on

two different time periods. Projects were segregated into component

categories. The average size (manhours) of project, average duration,

and general curve shape were compared. The managers tended to under-

estimate durations and overestimate the total manhours. The curve shapes

were similar. The underestimation of durations is probably a result of

the inability to predict the complex interactions and resulting delays.

The overestimation of manhours may be a human bias resulting from the

desire to apply a conservative safety factor. However, since the data

was from two different time periods, little confidence can be put in the

comparison. It is the author's opinion that managerial estimates are an

unsatisfactory alternative to the methods proposed in this thesis. The

primary reasons are that they are time consuming and have no quantitative

basis.

Another disappointment in the research was the network study. The

investigation provided little insight into any relationships. The inde-

pendent variables were so highly correlated with one another that the

isolation of probably cause and effect was impossible. The major obstacle

to this study was the experimental design. The use of historical project

data did not allow the systematic study of various network structures.

As the result of this preliminary study it is recommended that any further

analysis of this type be done only with simple hypothetical networks.

Under this more controlled experimental environment single aspects of

the network can be altered one at a time and the manpower curve behavior

noted. In this manner the influence of various network structures on the

manpower curve can be substantiated.
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Future Research Areas

The major contribution that could be made to the present approach

is to simplify it. The art of modeling which was used needs to be reduced

to a well defined set of decision rules. One way to do this might be to

simplify the curve form being used.

Although the present research was completely restricted to a labor

intensive government situation, other environments would also be fertile

application areas. Investigation of the behavior of direct labor situa-

tions would be a useful and informative extension of the present research.

Modeling of resources other than manpower is another possible new

research area.

The author intends to prepare a follow-up report on a more detailed

comparison of managerial estimates, actual data, and life cycle estimates.

This study will help determine the relative merits of the proposed life

cycle approach. The study will become possible as soon as historical

data is available on projects that were forecast for the 1978-1980

period.

Conclusions

The essence of the approach is to predict components of the pro-

ject. Each of the components is an independent homogeneous manpower

curve itself. These component curves exhibit considerable regularity

and predictability. One of the major efforts needed in applying this

technique to an actual work situation is to define these components. The

definition requires both an organizational level and a system of cate-

gories.

Although a complex system with a great variety of interdependence
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is modeled, it was found that a distinguishable stable pattern emerged if

the proper level was found and the proper system of categorization was

employed. For practical purposes these levels and categories should be

established so that they coincide with operational systems. For instance

the levels and categories must mesh with accounting classification

systems so that input data is available for analysis and so that output

data is interpretable for managerial control. The levels and categories

must also agree with organizational boundaries and levels. This is

necessary because the curve behavior is correlated with the organizational

structure and procedures. It is also desirable since any positive admin-

istrative action that is to be taken as a result of the pattern prediction

must be taken within the established organizational framework. The

components specified in these specific applications were the Right-of-

Way section, the Environmental section, the Structures section, and four

subsections of Engineering.

The total manhours for each project component was obtained through

parametric equations. The least squares approach to predicting these

regression equations was shown to be highly desirable. Since the histori-

cal data contained a large amount of random variation, a sound statistical

tool such as least squares was needed to sort out relationships and

verify significance. The method is also desirable since it is computa-

tionally amenable to computerization. It was necessary to exercise con-

siderable modeling skill to find the most appropriate relationships. The

final models were greatly simplified when compared to the initial full

model. In other words, a relatively few independent variables were found

to be useful in predicting manpower.
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The Weibull curve was used to model the life cycle time phasing.

Although goodness of fit tests did not verify the superiority of the

Weibull curve family, it was found to be adequate in modeling the curve

shape and duration. The Weibull curve was found to have more theoretical

justification than other curves. Its cumulative density function (CDF)

was easily linearized for least squares computer analysis. A literature

review revealed that it has been accepted in a number of past manpower

research investigations as being appropriate. Also the Weibull curve has

several easily distinguishable features such as its duration and its mode

location which are related to its parameters. This makes the behavior of

the curve easier to predict and to communicate.

The standard deviation among individual projects was found to be

quite high. This was true of all three dimensions--magnitude, shape, and

duration. In many cases the regression equations used for predicting

were only marginally significant in terms of the regression r2 and regres-

sion coefficient bi. The technique is therefore only recommended on an

aggregate level.

This research has shown that the many individual unique characteris-

tics of each project's progress need not be modeled. These special

characteristics can best be modeled by using averages to form an aggre-

gate forecast. The aggregate level coefficient of variation decreases

as the level increases. The aggregate curve profile also becomes

smoother (with less mean absolute deviation) as each higher level of

aggregation is modeled.

The procedures developed in this thesis are not mechanical nor

straightforward. Its successful use is dependent on considerable applied
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statistical background, managerial expertise, and large samples of past

projects.

With the historical data approach that was taken, disappointingly

little was found concerning the relationship between the different

activity network configurations and the resulting Weibull curves. A

simulation approach using a controlled experimental design appears to

be the most reasonable direction for additional research along these

lines. Investigations using historical data lack a systematic change in

network structure that is necessary for investigating such relationships.

The historical data also contains such high levels of random variation

that it masks any subtle relationships that are present.

Life Cycle Evaluation

The research showed little evidence of unique Weibull curves.

When parameters were calculated for each project's curve a wide range

of values resulted. For example, within a group of similar projects a

considerable number of sets of A and P values were estimated using the

Weibull curve form. This means that not only does the Rayleigh curve

which Norden (1964) recommended prove insufficient, but even the more

general Weibull curve used by Eisenhut (1973) seems inadequate. Instead

a whole family of curves exists within each group of similar projects.

These families are generally statistically distinguishable from other

families, however. An average or typical curve was chosen to represent

each category in this research.

The probable cause of this disagreement with previously published

results is the nature of the system being studied. Previous research was

focused on single projects where resource allocations were not a major
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issue. In the environment studied in this thesis, multi-project resources

competition was one of the major factors influencing the system.

Although the Weibull curve was not shown to be particularly descrip-

tive of the process, nevertheless the concept of a life cycle type of

resource usage was definitely exhibited. The technique of using life

cycle concepts to represent the usage of resources over a period of time

is therefore recommended. However, undue reliability should not be

attached to the prediction of any one project's curve.

The method of defining project components (stages, phases, cycles)

used by Norden and Eisenhut was also inadequate in the multi-project

environment. The components were best modeled on an organizational basis

rather than the task force basis used in previous research and development

applications. Finally the relationship between components was very unpre-

dictable. This is in conflict with the results previously reported.

The conclusion of this research is that while the life cycle approach

is viable, it is not as simple as previous research indicated. No general

curve forms were found that were adequate. Instead a great deal of

categorization and parameterization was required before any homogeneity

began to be evident among projects.

A final caution should be noted by potential users of this theory.

The forecast of the aggregate is deceptive. Since the manpower making up

the forecast consists of many highly trained specialists, the manpower is

not readily transferable between sections. This means that even though

the aggregate forecast may be quite accurate there may be mismatching of

manpower in specific sections at lower levels.
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Section
Responsible

0010 Project Identification (Authority for Survey) Location

0020 A-95 Notice of Intent Project Management
0030 A-95 Review Project Management

0035 Citizen Involvement - Region Region

0040 Program P.E. Project with FHWA Project Management

0050 P.E. Approval Phase I - FHWA Project Management

0060 Preliminary Reconn. Maps - Rural/Metro Location or Design*

0100 Conduct Reconnaissance Studies Location or Design*

0165 Delineate Corridore Alternatives Location

0170 Draft Environmental Impact Statement Environmental

0180 Administrative Approval of Draft EIS Environmental
0190 FHWA Approval of Draft EIS Environmental
0200 Circulate Final Draft EIS - Corr. Stage Environmental

0210 Preliminary Reconn. Study Report Location or Design*

0212 Circulate Draft EIS - Corr. Stage Environmental

0215 EIS Study Committee Environmental
0220 Administrative Approval of Study Report Location or Design*
0230 Gather Corridor Hearing Documents Location or Design*

0235 Advertise for Corridor Hearing Region

0240 Corridor Hearing Region

0250 Final Environmental Statement Environmental
0260 Corridor Study Report Location or Design*

0270 Corridor Recommendation/Approval OSHD Location or Design*

0280 Advertise Intent to Request FHWA Corr. Approval Project Management
0290 Corridor Approval - FHWA Project Management

0300 Advertise FHWA Action Project Management

0310 OTC Corridor Approval Project Management
0315 Admin. Directive to Proceed, Location Study Project Management

0318 Review Reconn. Studies Location or Design*
0320 Project Prospectus Location or Design*

0325 Local Coordination Meetings Region

0330 Project Citizens Advisory Committee Region

0340 Environmental Assessment Environmental

0350 Negative Declaration or Draft EIS Environmental

0352 Circulate Draft EIS - Design Stage Environmental

0360 Administrative Approval, Draft EIS Environmental

0370 FHWA Approval or Concurrence, Draft EIS Environmental



0380 Circulate Final Draft EIS - Design Stage
0390 Update Traffic Report
0400 Field Location Survey
0440 Geological Study and Report
0450 Base Design
0460 Refine Reconn. Studies
0470 Furnish Utilities with Conflict Data
0500 Preliminary R/W Data
0550 Complete Field Location Survey
0560 Review by Region
0570 Review by Location Section
0580 Vicinity Maps to Bridge Section
0582 Hydraulic Report to Bridge Section
0590 Foundation Exploration
0600 Preliminary Structural Design
0605 Preliminary Design Study Report
0608 Preliminary Structural Design Approval
0660 Gather Corr./Design or Design Hearing Documents
0665 Advertise Corr./Design or Design Hearing
0670 Corr./Design or Design Hearing
0680 Corr./Design or Design Study Report
0690 Final EIS or Special Investigation
0700 Corr./Design or Design Approval ASHD
0710 Adv. Intent to Request FHWA Approval
0720 Corr./Design or Design Approval FHWA
0730 Coast Guard Permit
0740 Local Governmental Body Agreements
0750 Survey-Design Approval OTC
0760 Finance Approval OTC
0780 Advertise FHWA Action, Comb. or Design
0790 Program R/W FHWA
0792 Program Constr. FHWA
0800 P.E. Approval Phase II FHWA
0810 Final Structural Design
0860 FHWA Review - Str. Items
0900 Acquire DEQ Permit
0908 Acquire Corps of Engineers' Permit - Non-Str.
0909 Div. of State Lands Easements
0910 Acquire Corps of Engineers' Permit - Str.
0930 Preliminary Roadway Plans
0940 Field Review of Relim. Roadway Plans
0945 Finalize Roadway Plans
0950 Finalize Project Plans
0970 RR Encroachment Maps and Description
0980 Notification and Review, Fish and Wildlife Com.
0990 Div. of State Land Permit
1000 Dept. of Geology and Mineral Indust. Permit
1010 Right-of-Way Map and Descriptions
1020 Traffic Signal Plans and Specs
1030 Preliminary Signing Plans
1032 Final Design Signing Plans
1034 Signing Structural Design
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Environmental
Planning
Region
Region
Location
Location or Design*
Region
R/W
Region
Region
Location
Location
Location
Bridge
Bridge
Location
Bridge
Location or Design*
Region
Region
Location or Design*
Environmental
Project Management
Project Management
Project Management
Bridge
Project Management
Project Management
Project Management
Project Management
Project Management
Project Management
Project Management
Bridge
Bridge
Bridge
Location
R/W
Bridge
Design
Design
Design
Design
Design
Design
Design
Design
Design
Traffic
Traffic
Design
Bridge
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1040
1050

1060
1070

PUC Hearing Documents - Grade Crossings or Strs.
Acquire PUC Permits - Grade Crossings or Strs.
RR Agreements and Estimates
Final Relocation Plan

R/W or Bridge*
R/W or Bridge*
R/W
R/W

1080 Approval of R/W Acq., FHWA or OSHD Project Management
1090 Appraise Purchase or Take Possession R/W
1100 Dispose of Improvements R/ W

1105 Utility Estimates and Agreements Region
1115 Utility Relocation Completed Region
1130 Contract Specifications and Estimates Design
1140 Typing Specs - Printing Plans and Specs Project Management
1150 Prepare and Submit PS & E Data Project Management
1160 PS & E Approval FHWA Project Management
1170 Advertise for Bid Opening Project Management
1180 Estimate of Cost - Roadway Location or Design
1190 Estimate of Cost - R/W R/W
2000 Estimate of Cost - Structures Bridge

*If rural or urban, Location Section will be responsible;
if urbanized (i.e., over 50,000), Design Section will be
responsible, or others appropriate to responsibility.
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APPENDIX C

Example of Component Curve Specification

ENVIRONMENTAL

I. Input

A. Categories 1. Environmental Classification 1

2. Environmental Classification 2

3. Environmental Classification 3A

4. Environmental Classification 3B

B. Parameters Wetlands (0,1)

Estuary (011)

4F (0,1)

Controversial (0.1)

Extensive Relocation (0,1)

II. Formula for Total Manpower

Category 1.

Category 2.

Category 3.

Category 4.

K = 3396 t 1697 (Estuary)

K = 2622 t 3288 (Wetlands) t 2577 (4F)t

4911 (Extensive Relocation)

K = 788 t 1546 (Controversial)

K = 98.6

III. Weibull Parameters and Duration

Category A P Duration
(Months)

1 .006 2 28

2 .01 2 21

3 .03 2.5 8

4 .3 2 4



APPENDIX D

CATEGORIES & PARAMETERS

OF COMPONENTS

ENVIRONMENTAL

A. Categories (as defined in the Oregon action plan)
1. Environmental Category 1 -

Alternate corridors must be studied
Right of Way required.

2. Environmental Category 2 -
Significant Economic, Social or En-
vironmental impact. Investigation
of alternate alignments.

3. Environmental Category 3a -
Major, Improvements using existing
corridor but do not significantly
affect environmental. Negative
declaration required.

4. Environmental Category 3b -
Non-major, Improvements using
existing corridors, but no environ-
mental affects. Non-major action
assessment.

5. Environmental Category 4 -
Emergency.

B. Parameters
1. Estuary
2. Wetlands
3. 4F involvement
4. Extensive Relocation
5. Known controversial project

STRUCTURES

A. Categories (by Construction Cost)
1. Up to $150,000
2. $150,000 - $300,000
3. $300,000 - $500,000
4. Over $500,000
5. Widening of a Structure

B. Parameters

1. Construction Cost
2. Width in feet
3. Stage construction required
4. Pedestrian crossing needed
5. Unusual design, geometry, etc.

185
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RIGHT OF WAY

A. Categories
1. Simple, unimproved Acquisition
2. Unimproved, with serious damage Acquisition
3. Simple, improved Acquisition
4. Complex, improved Acquisition
5. Simple Laison
6. Light Laison
7. Medium Laison
8. Heavy Laison

B. Parameters
1. Number of total files
2. Number of improved files
3. Number of unimproved files

TRAFFIC

A. Categories
1. No traffic analysis
2. Routine traffic analysis
3. Light traffic analysis
4. Medium traffic analysis
5. Heavy traffic analysis
6. Interstate traffic analysis

B. Parameters
1. Number of access points
2. Number of signals

PRELIMINARY DESIGN

A. Categories
1. Urban location & reconnaissance
2. Rural location
3. Channelization (Urban & Rural) and City Streets

4. Interchanges
5. Design Reviews

B. Parameters
1. Number of interchanges
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FINAL DESIGN

A. Categories
1. Multi-Lane highway or city street new construction,

storm sewer.
2. Multi-Lane highway overlay or reconstruction

incl. climbing lanes.
3. Two-lane highway new construction, reconstruction or

channelization.
4. Two-lane highway overlay.
5. Minor Betterments - Minor city street chanelization,

Bikeway, bridge replacement, intersections and signals,
Slide repair and other minor betterment projects.

B. Parameters
1. Rural or Urban
2. Length
3. Width
4. Curb length
5. Storm Sewer Length
6. Number of Structures

LOCATION - Same as Environmental categories
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APPENDIX E

MANPOWER PLANNING SYSTEM

FOR THE

OFFICE OF TECHNICAL SERVICES

PREPARED BY ODOT GENERAL SERVICES

January 4, 1978
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MANPOWER PLANNING' SYSTEM
FOR THE

OFFICE OF TECHNICAL SERVICES

Introduction

The Technical Services Branch and the Industrial Engineering

Section have undertaken a study project to develop a Technical

Services Branch Manpower Planning System (MPS). The development

of this system will enable the Technical Services Branch to:

1. Determine personnel requirements to support

preparation of biennial budgets and as nec-

essary to prepare and evaluate alternative

Six-Year Highway Improvement Programs.

2. Determine potential manpower imbalances among

the various Sections.

3. Compare planned vs actual personnel costs by

project, section and total Branch.

This report will outline the conceptual framework of the MPS

and will also identify the proposed responsibilities for operation

and execution of the system. In order to provide manpower forecasts

for input to the 1979-81 biennium budgeting process, the system will

be operational by May, 1978. Table 1 (page 1911shows the implemen-

tation schedule that will have to be met to meet this date.



TABLE 1
TIME TABLE FOR MANPOWER PLANNING SYSTEM

ACTIVITY * NOV 77 * DEC 77 * JAN 78 * FEB 78 * MAR 78 * APR 78 * MAY 78
******* ******* ************************************************************ ***** *********** ****** ****** *********** ****** **************************

******
1. DEFINE CATEGORIES FOR ENGINEERING SECTIONS

*

*

*

2. DEVELOP ELAPSED TIMES FOR ALL CATEGORIES *********
*

*

*

3. DEVELOP PMS TIME FRAMING FOR CATEGORIES *********

*

*

4. DEVELOP MANPOWER EQUATIONS AND CURVES ***********************
*

*

5. DESIGN & PROGRAM DATA PROCESSING SYSTEM * ***** ********************************* ***** ***
*

*

*

6. DESIGN A TURN-AROUND DOCUMENT FOR INPUT * * * *

*

*

7. DETERMINE THE FREQUENCY OF REPORTS & FORECASTS * * * *

*

*

*

8. IMPLEMENT THE SYSTEM * ***** *********** ****** *********

*

*

*

9. DOCUMENTATION *
*
*
*

10. INITIAL START-UP C200-300 PROJECTS) * ***** *****

*

*

*

11. FEASIBILITY CHECK-OUT OF MANPOWER CURVES *

*

*
*

12. INTERIM SYSTEM DOCUMENTATION *********
*
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SYSTEM DEFINITION

Introduction

The Manpower Planning System (MPS) is a computerized forecast

of manpower. It will give the total projected manpower by month for

the following Technical Services organizations:

Right of Way

Location

Environmental

Final Design

Preliminary Design

Structures

Traffic

The MPS is based on developing two types of engineered planning

values, work and time. The work planning value will be used to deter-

mine the amount of work in man-months for future projects and the

time planning value will be used to determine the number of elapsed

workdays over which the manpower (man-months) will be spread. These

planning values are being developed from an analysis of engineering

work performed during the last six years.
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The system will forecast full time equivalent (FTE) manpower

for each project by section. A computer oriented system will allow

rapid calculations of manpower for alternative programs and changes

in projects or schedules. Thus providing a means for rapidly com-

paring FTE's for different programs.

A history of actual manpower expended versus forecasted man-

power for each project by section will be provided. By careful

monitoring and statistical evaluation of actual versus forecasted

data, forecasts which need improving can be identified and corrected.

Workload

The MPS will cover all types of work performed by Technical

Services. Work will be categorized into one of four categories:

projects, service projects, administration and leave.

Project workload is obtained from a comprehensive listing of

projects compiled and made available from the Project Management

System.

Service projects workload is ongoing projects with their own

prefix which are not related to a specific construction project,

i.e. Bikeway analysis, accident investigation, project assessments,

metric studies, specification manuals, etc.
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Administration and staff workload is the time charged to the

administrative prefix.

Sick leave, holidays, vacation and other types of leave will

be calculated as a percentage of the total workload.

For a general system overview see Chart 1 on page 6.

Categorization & Quantification

Each section has established project categories which will

provide a systematic basis for identifying manpOwer requirements.

All projects in the same category will not all be the same

size or magnitude. To quantitate the magnitude of projects in

the same category, parameters such as road width, length, bridge

width, bridge widening, overlay, traffic signal, etc. are identi-

fied for each project. The effects of the parameters can be

determined using regression analysis and the magnitude of a

project calculated from the resultant equation.

As new projects are added to the program each new project

will have to be categorized and parameters identified. To accom-

plish this a computer generated turn-around document sent to each

section for their completion will have to be developed. The
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turn-around document will be used for new projects and changes

to existing projects as the need arises.

Planning Values

A planning value consists of two measures, one for work and

the other for elapsed time. Work is measured in man-months and

elapsed time in work-days. Planning values will be developed for

the appropriate category in each of the seven sections (Environ-

mental, Location, Right of Way, Traffic, Preliminary Design,

Final Design and Structures).

Total man-days for a project for a section will be deter-

mined from the category of each project. Manpower distribution

curves for each project category for each section will be statis-

tically derived using curve fitting techniques and regression

analysis on typical projects selected by each section. These

manpower distribution curves will be periodically re-evaluated

and statistically verified.

Standard elapsed times will be developed for each category

for each section and compared to historical data for validity.

The manpower distribution curves will spread the manpower over

the elapsed time.
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Level of Effort

The full time equivalent man-months for each section will

be the total of the level of effort for the four types of work-

load. The level of effort is the manpower required to do a

certain amount of work.

The level of effort for projects will be calculated by the

computer using the manpower curves for each category. Each

section will have to identify the category and-parameters for

each project.

The service projects level of effort will be determined

from historical averages for those types of projects. The man-

months for service projects can be modified or estimates made

for new service projects. This level of effort can be spread

according to some seasonality or periodical flucuations.

The level of effort for administration will be projected

by using previous charges made to the administrative prefix for

each section. This.can be modified based on previous experience

or forecasted changes.

Sick leave, holidays, vacation and other leaves will be

calculated as a percentage of the other levels of effort. This
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can be uniformly or statistically distributed over the forecasted

period. The sum of the levels of effort will provide an estimate

for full time equivalent manpower for a given program of projects.

Time Framing

After manpower and elapsed time have been established for

each project, the project must be time framed in the period when

the work will be done. To accomplish time framing of projects

the manpower distribution curves will be attached to a PMS mile-

stone. Each section will identify the appropriate milestone re-

lationship for each curve.

Forecast Frequency

The manpower forecast will be run at least Once per year.

More frequent runs are possible at the discretion of the Section

managers.

Limitations

1. The historical average manpower per project for each

category will be used to forecast manpower for each section.

The use of averages for each project will limit the use of the
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forecast for an individual project. However, the forecasted

manpower for the entire program will be sufficiently accurate

for planning and budgeting purposes. The level of accuracy

will be determined statistically after experience with the

MPS has progressed for 1-2 years.

2. The MPS is dependent on the Project Management System

(PMS) for milestone scheduling information. This information is

necessary for time framing of projects. Therefore, the accuracy

of the manpower spreading is dependent upon the PMS schedule.

3. The Materials & Research manpower will not be covered

under the inital system because the majority of their work is

done for construction and is dependent on the construction sched-

ule, not the preliminary engineering workload.

Reports

Reports need to be simple, clear, and easily read and under-

stood. The following are suggested reports necessary to report

manpower to all levels.

MPS 01 - Manpower by project by section

MPS 02 - Manpower by section and Technical Services

MPS 03 - Manpower by Technical Services by section

MPS 04 - Monthly Actual vs Forecasted by section



REPORT MPS 01
OREGON DEPARTMENT OF TRANSPORTATION

TECHNICAL SERVICES BRANCH

3 YEAR MANPOWER PLANNING SCHEDULE

PAGE 6

RUN DATE 11/9/77
RUN TIME 1100

STRUCTURES*

FY *******************************

JUL AUG SEP OCT NOV
PLANNED MAN MONTHS ****************************

DEC JAN FEB MAR APR MAY JUN*

TOTAL

PLANNED

PROJECT 4 PROJECT DESCRIPTION CAT.

5201996 LONG TOM RIVER BR SEC 78 1,0 1.5 2.0 2.0*
FAS-4456 HIGH PASS RD B2 79 2.0 1.5 1.5 1.0 .5
FUND: FAS-C GD-PAV-STR. 80 * 13.0

*

*

3201904 VALLEY RIV. BIKE/PED. BR. B3 78 1.0 1.5 1.5*
BICYCLE ROUTE 79

FUND: OTHERS STR. & APPR. 80 2.0 2.0 1.0 .5 .5 * 10.0
*

*

*

*

ALL STRUCTURE PROJECTS
*

*

*
*

0301413 HERMISTON-STANFIELD INTCHGE. B1 78
UMATILLA-STANFIELD 79

FUND: FA G-P-SN-STR. . 80 2.0 3.0 4.0 3.5 3.2 3.0 2.5 2.2 2.1 2.0* 27.5

************************************************ *********************************

*********** 78 53.0 55.0 57.0 60.0 60.0 60.0 59.0 59.0 58.5 58.0 57.5 55.1
STRUCTURES * TOTAL *

***********
79

80
55.0
52.0

53.0*

55.0
55.0
57.0

58.0
60.0

59.0
59.0

60.0
59.0

60.0
59.0

60.0
60.0

59.5
59.0

59.0
57.0

58.0
56.0

56.0
54.2

OO
*ONE REPORT FOR ENVIRONMENTAL, STRUCTURES, RIGHT OF WAY, LOCATION, TRAFFIC, PRELIMINARY DESIGN,, FINAL DESIGN



REPORT MPS 02 OREGON DEPARTMENT OF TRANSPORTATION

TECHNICAL SERVICES BRANCH

3 YEAR MANPOWER PLANNING SCHEDULE

PAGE 1

RUN DATE
RUN TIME

STRUCTURES
**********

MAN MONTHS FOR FY ************************** TOTAL PLANNED MAN-MONTHS
TOTAL

***************************** PLANNED
*

JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN *
*

PROJECTS 78

79

80
*

*

*

*

SERVICES 78
79

80
*

*

*

*

ADMIN & STAFF 78

79

80
*

*

*

*

VACATION & SICK LEAVE 78 *

79 *

80 *

*

*

*

*

TOTAL 78 *

79

80 *

O
*ONE REPORT FOR ENVIRONMENTAL, STRUCTURES, RIGHT OF WAY, LOCATION, TRAFFIC, PRELIMINARY DESIGN AND FINAL DESIGN.



REPORT MPS 02
OREGON DEPARTMENT OF TRANSPORTATION

PAGE 2

TECHNICAL SERVICES BRANCH

3 YEAR MANPOWER PLANNING SCHEDULE

RUN DATE
RUN TIME

TECHNICAL SERVICES
********* ********

MAN MONTHS FOR FY ************************** TOTAL PLANNED MAN-MONTHS *****************************
*

TOTAL
PLANNED

JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN *

*

PROJECTS 78

*

79

*

80 *

*

*

SERVICES 78
79

*

80 *

*

*

*

ADMIN & STAFF 78

*

79

*

80 *

*

*

*

VACATION & SICK LEAVE 78

*

79

*

80

*

*

*

*

TOTAL 78

79

* 0
80



REPORT MPS 03

TECHNICAL SERVICES.

OREGON DEPARTMENT OF TRANSPORTATION PAGE 1

TECHNICAL SERVICES BRANCH

3 YEAR MANPOWER PLANNING SCHEDULE

RUN DATE
RUN TIME

********* ********

TOTAL
MAN MONTHS FOR FY ************************** TOTAL PLANNED MAN-MONTHS ***************************** PLANNED

*

JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN *
*

FINAL DESIGN 78

79

80

PRELIMINARY DESIGN 78
79

80
*

LOCATION 78
79

80
*

TRAFFIC 78

79

80
*

***********************************************************************************

*

ENGINEERING SUBTOTAL 78
79

80

RIGHT OF WAY 78

79

80

STRUCTURES 78

79

80
*

ENVIRONMENTAL 78

79

80 . Na
CD
LO

*** ************************************************** ******************* ********

TECHNICAL SERVICES TOTAL 78

79

80



REPORT MPS 04.

ENVIRONMENTAL

PROJECTS
SERVICES
ADMIN & STAFF
VACATION & SICK
TOTAL

FINAL DESIGN

PROJECTS
SERVICES
ADMIN & STAFF
VACATION & SICK
TOTAL

ALL 8 SECTIONS

TOTAL TECHNICAL SERVICES

PROJECTS
SERVICES
ADMIN & STAFF
VACATION & SICK
TOTAL

OREGON DEPARTMENT OF TRANSPORTATION

TECHNICAL SERVICES BRANCH

3 YEAR MANPOWER PLANNING SCHEDULE

ACTUAL VS FORECASTED MONTHLY MANPOWER

PAGE 1

DATE 11/09/77
TIME 13-30-41

MONTHLY FISCAL YEAR TO DATE

FORECASTED ACTUAL VARIANCE FORECASTED ACTUAL VARIANCE PER CENT

O
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Responsibilities

General

The overall responsibility for manpower forecasts should be

with the using organization. Therefore, Technical Services should

be responsible for collecting and checking the program, categor-

izing all projects, inputing categories and parameters for each

project, running the forecasting system and distributing the reports.

The Industrial Engineering Section of ODOT General Services

will be responsible for development of the forecasting techniques.

They will also monitor and update the planning values, verify the

accuracy of the forecasts by checking against historical results

and maintain system documentation. Chart 2 shows a breakdown of

the system and the responsibilities.

Implementation

As with any new system the start-up effort will be significant.

The sections will have to categorize all the projects in the program,

make an estimate of the service projects that will be provided and

estimate the administrations and staff manpower requirements. These

will then have to be input, checked and re-entered until a satisfac-

tory run is achieved.



Chart 2

MANPOWER PLANNING SYSTEM

1. Project Program

2, Program Check

3. Project categoriza-
tion and parameter
identification.

4. Input Check and
Collection

Project Management
Section

Technical Services

Each section within.
Technical Services

Technical Services

5. Data Input Technical Services

6. Time framing of
projects

Project Management

7. Distribution of
reports

Technical Services

8. Maintenance Technical Services
and General
Services
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Collect from 6 year
Programming city/
counties and from any
other source all pro
jects which expect to
have any work done on
them during the fore-
cast period.

Check program for com-
pleteness and feasi-
bility.

Each project must be
categorized and its
parameters listed,
This is the data that
determines the planning
values.

All projects received
from sections must be
checked for complete,
ness and accuracy. Non-

project and administra-
tive and staff time must
be derived.

All data must be input
to the system.

All projects utilizing
manpower must be
scheduled using the
FMS.

All reports will be
handled and distributed
by Technical Services.

Conduct review as
marked to determine the
reliability.
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Prior to start-up of the complete system a controlled test run,

will be made. This test should check the planning values, elapsed

time and time framing of the system.

Maintenance

At least every two years the manpower distribution curves for

each category should be checked against the new historical data.

The elapsed time and manpower per project should be verified. This

should be done more often if a significant variance occurs in the

planning values.

Ongoing Operation

MPS should be run once a year incorporating all program and

scheduling changes. The system can be run at any time to evaluate

different programs, new funding levels, changes in schedules or

just to update the current run.
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APPENDIX F

MPS PLANNING VALUE

PROCEDURES MANUAL

General Approach

This procedures manual is written to give guidance on how to update

the planning values used in the Manpower Planning System (MPS) at Oregon

Department of Transportation (ODOT). These planning values are set using

historical data. Periodically, at one year intervals, these planning

values will be chedked with the actual values for projects recently, com-

pleted. If the planning values have become obsolete and don't agree with

the recent actual values, then they should be re-established at a more

current correct value.

The planned value for each project can be obtained from the man-

power budgeting process performed early each year in April and May. The

actuals can be obtained by requesting a special ADP run.

The total actual manhours should be within 1 20% of the planned

value for every category in each section. If the difference is greater

than this an update is in order.

If a section changes their work procedure or begins to do a new

type of work, then new planning values should beestablished. Three items

are required as the planning value for each category. They are (1) the

average duration of projects, (2) the two Weibull curve parameters, and

(3) a regression equation to specify the total manpower for each project.

The first two items can be determined simultaneously.



209

In order to determine the planning values, a sample of representa-

tive recent projects must be analyzed. With the help of section mana-

gers a minimum of fifteen projects per category should be selected.

These projects must all be classified in the specific category that is

being updated. These projects should represent as broad a spectrum of

conditions, sizes, and factors as is possible. The ADP section will

print out a monthly history of the actual manpower used by the section

for each project.

The first item to be determined is the average duration of the pro-

jects in the category. This is accomplished by calculating the number

of months that the project lasted. The simple arithmetic mean is then

taken. Next the Weibull curve parameters are obtained. Since the exact

shape isn't critical, the following simplified parameters are suggested:

P = 2.0

A = 4.5/(Duration months)2

The value of P is constant. The value of A is obtained by dividing the

square of the duration months into 4.5. This gives a curve with the mode

at one-third of the duration. It is slightly skewed to the right.

The regression manhours. equation is considerably more difficult to

calculate. Two separate methods will be explained. The first method is

when only the values in the equation need to be changed. This will occur

when the same parameters as were previously used are acceptable. The

second method is when an entirely new equation is desired. This occurs

when a completely new category is established. It also occurs when one

or more new significant parameters are to be added to the equation. This

second method includes all of the steps in the first method in addition

to a number of new steps.
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The object of these methods is to establish a new or updated re-

gression equation. The regression equation will be used to predict the

total manpower for each project based on the values of the parameters

for that project. This includes for the first method:

1. Establish new regression coefficients for each parameter.

2. Test the statistical significance of each coefficient and retain

only those which are relevant.

3. Verify the magnitude and sign of each coefficient from a technical

and common sense point-of-view. Check the sign and magnitude of

the coefficients against similar equations in other categories.

4. Plot the residuals to test the randomness of the error (residual).

5. Establish a confidence interval to show the size of the standard

error of the estimate.

6. Calculate the coefficient of determination to show the relative

amount of unexplained variation.

In addition, if a new category is being analyzed or if new parameters

are being added, then the following additional steps are required for the

second method:

1. Hypothesize the form of the full regression equation.

2. Perform scatter diagram analysis to test linearity.

3. Perform correlation analysis to test for multicollinearity.

4. Perform stepwise regression to test the aptness of various equations.

5. Perform residual analysis to look for the causes of unaccounted for

variations.

Each of these methods will now be outlined in more detail. Then

the complete second method will be demonstrated by an actual numerical

example. The first method will be a subset of these steps.



211

First Method Steps

Step 1. The projects which have been selected for the sample will have

the values of their parameters established by section managers.

Quantitative parameters will have the actual numerical values

estimated in the proper units. Qualitative parameters will be

established as either present (1) or not present (0). Figure 1

shows a typical data document.

Step 2. The parameter values and the historical manhours for each pro-

ject will be entered into a file (using Edit OS -3 at Oregon

State University). Figures 2 - 5 on pages 216 to 217 show and

explain this.

Step 3. The regression program will be called and initialized. Figure 6

on page 218 shows this.(using SIPS OS -3 at Oregon State Univer-

sity).

Step 4. The regression program is run and the coefficients calculated.

Figure 13 on page 229 shows this.

Step 5. The coefficients are tested. Residuals are plotted. A confi-

dence interval and coefficient of determination are calculated.

Figures 13-15 on pages 229 to 231 show this.

Second Method

On new regression equations four additional analysis steps must pre-

cede the regression (in Step 4 above) and one must follow. These steps

are numbered with reference to the first method.

Step O. Discussion with the section managers is carried out to define

what types of projects are to be included in the category. The

major factors that affect the manpower of these projects is

then hypothesized.
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Figure 1

INPUT

LOCATION SECTION PARAMETERS

Project Identification Category
4--1 ti 4-4 t0 -. 0 P 0

m W 0 N
.0 .0 .0 0 4-14J
4-1 .0 4.3 1.4 4.1..4 o u o
O 4.1 m tu to .0 o .o
o -c, o 3 0 1.4 . p 04 ..,-.1 w w 4 g 0.1-i

P-3 1 Ca Z CO

12, E. Timber Jct. -
M.P. 39.1
0341452 3a 1.61 721 1 658

13. Hess Cr. -
Chehalem Cr.
0351426 2 0.7 2516' 616

14. Richmond Jct,
Girds Cr. Rd,
13A449 3b 7.56 28' 1 628

15. W. Portland Park
& Ride
621901 2 0.25 76' 5098 1 272

16. Mystic Cr. -
Slater Cr.
0101930 1 4.74 40' 2 2541

17. Skipanon River Br. 1475'

1041405 1041915 2 1475' 50' ea. side 1 2793

18. Four Corners -
Woodburn WCL
1241982 3b 8.18 28' 341

19. Mission -
Bellevue St. Full

3241943 3a 1605' Var. 885' length
ea. .side

1. 133

20, Myrtle Cr. -
Caayonville
6101903 3b :9.5 Free- 4 969

way
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Step 3b. A scatter diagram can be used to regress each independent

variable with the dependent variable (manhours). This is

usually only useful if there is a limited number of variables.

This sometimes helps show if the relationship is linear or

not. Figure 10 on page 222 shows an example.

Step 3c. If several independent variables are highly correlated with

each other, the significance tests on each will be low. In

order to check for this possibility, a correlation analysis is

made. If two variables are highly correlated the analyst

should choose the one to be expelled. Figure 9 on page 221.

shows this.

Step 3d. The stepwise regression will automatically calculate a number

of candidate reduced model equations. The analyst then chooses

that equation which has:

a. A reasonable mean square error (MS E) when compared with

previous and succeeding models.

b. All coefficients Bi are significant.

c. As few parameters as possible.

This includes considering whether the constant term should be

retained in the model. Figure 12 on page 225 demonstrates

this.

Step 4b. Once a likely candidate has been chosen as the regression

equation, its residuals should be calculated and plotted. It

is important to visually analyze these residuals for any dis-

tinctive patterns. The residuals are usually plotted against

any of the independent variables.
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Remedies

If the data is non-linear a transformation of a parameter such as

LN(X) may be needed. If the residuals are non - random then the need for

either a transformation of a current parameter or the addition of a new

one is indicated.

Special Problems

Outliers, cluster, and extreme parameter values are three problems

that are often encountered. An outlier is a calculated regression value

that has a much larger residual than the other projects. This project

should be investigated more closely to make sure all the input informa-

tion was correct, that it is in the correct category, that it is a

"normal" representative project, and that no significant parameter has

been left out of the equation. If the outlier is nonrepresentative, it

should be discarded and the analysis re-done. Otherwise leave the out-

lier in the analysis.

If the input data contains parameters that are very close to each

other, these represent a cluster and are effectively the same as only

one point. It is therefore desirable to have projects in the sample

that have a wide distribution of parameter values.

An extreme value causes a regression problem in the reverse of a

cluster. A single extreme parameter value that is much larger or much

smaller than the other projects exerts an undue influence on the regres-

sion coefficient. It is usually better to discard such abnormal occur-

rences from the data.
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Numerical Example

An actual example of a complete second method analysis will now be

shown. The simplified procedure for the first method will be indicated

by the material that has headings followed by an asterisk (*).

References

More detailed instructions are available from the following two

publications available at the Oregon State University computing center.

For editing:

Fortran: Enteringt_Editing and Running From Remote Units
Under OS -3, CCM-68-39(R), January 1972.

For regression:

Statistical Interactive Programming System (SIPS), Command
Reference Manual, Rowe, Kenneth and Barnes, Jo An, Statis-
tical Computing Report No. 3, October 1976.

Since the SIPS system is currently being improved, it is recom-

mended that the most current publication printed be used. The SIPS

reference cited above will be obsolete by late 1978.

Instructions for Creating or Altering a File*

To log on to the OS-3 computer, you turn on the TTY terminal, de-

press the CTR A (Control and A) keys simultaneously, type in your account

number and password, and then wait for a response. In order to create

a data file after you log on call the EDIT subsystem. You then type

INPUT. The computer is then ready to receive your array of data. When

you have finished entering the data, hit the escape (ESC) key. You then

save your file by typing OUT,*NAME. where NAME is whatever you want to

call your data file. In the example Figure 2 and all following figures
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the underlined portion is your input, the rest is the computer response.

Figure 2, Building A Data File.

#788018,EXXY

rnI

VC!C7r71:12 n/4 f.
10902: 7P 91 11
PeC1(72:'71 EF
P00'24:
1 17, *1-T. UGH
CT'FA7FF. FA!.'Fr FILE scIrtiC1-7

If a change is needed in the file it can be accomplished by call-

ing the EDIT again. Then type FIN,*NAME. This will locate your file.

You can then. ERASE a line or REPLACE a line as shown in the example

Figure 3. You must use the escape key to get out of REPLACE when you are

through. You must also assign a name to this new array using the OUT,*

NAME command. You can use the same name you previously used; however,

this will destroy the previous file. After using FIN,*NAME you can also

request a LIST as shown in Figure 4.

Figure 3. Changing a File.

3 FT 1`1, *141'Glj.

F AFF, 1

r AC 7, 2

<7.C71 ): E.E. 77 PP.

1nT-.^,*11T.TcH1
Cr:FATE!' 7.t 71,r FILE *141 CY.1
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Figure 4. Listing a File.

PIE"'
CP"1:" 00 11

0170T2:ff 7/ Pc'

The commands EXIT and LOGOFF shut off the systems. See Figure 5.

Figure 5. Shutting Off.

IFYIT

#LOG1FF
COrT !T.PP
CrU TI'lE FTC.

FT-771(c:

VC TTP1F

I P

7V
4.6

Example Regression Analysis

The following instructions will demonstrate how a regression analy-

sis is made.

InEut*

Assuming that your data are already on file you first log on to 0S-3.

Figure 6 shows the steps to follow. You call the SIPS system. You

reserve file space by typing VAR,30. You can reserve up to fifty columns.

You then read your file. It is a good idea to list your file information

to insure it was read correctly, that it is the correct file, and also to

use as a reference as you manipulate your model. This is done with the

FORMOUT and OUT commands as shown.



Figure 6. Initialize SIPS.

sirs 1TrsioN 4.1

c.,11t,,T1.1,17

sr rPr., 4,<F:`,11T.,*, 1-2

SFO^MOrr, (1F6.

1-9

3, 7F6)

.4F0 7P. IP F4 F120 1 16P7 /IP

.P.P7 E7 6614 9336 0 2323 17

.670 94 7747 77'22 1 2(772 29 1

.250 76 cPou 0 1 3423 14 1

1.,70 12 1161F 13833 0 449F 13 1

1.720 22 4223 122 FP 1r_73F 21 1

1.200 22 14P6 11 1

.490 70 PPP 26 FA 1 '1687 10 1

1.2910. 211 6727 697? 3 F9P1 39 1

.690 C.6 177F 244E 4 2904 2e

1.200 62 F690 2327 2 1237 32 1

F,P0 216 O LIFE, 3 1

.440 . 267P 1272 722

9.040 7c.) 1 7319 1E 1

6..600 6c, 7 , 7 APPP 22
6.060 1,79P 1114 2716 24 1?

51f,T 52,0; EFT(' 1492 14 P

The data file shown is for Category I of Final Design.

a separate project. The columns are as follows:

1. Length of the project in miles.

2. Width of the roadway in feet.

3. Length of the curbing in feet.

4. Length of the sewer lines in feet.

5. Number of structures.

6. Engineering manhours for the
project.

7. Duration in months.

8. Urban (1) or rural (0) location.

Quantitative

Quantitative

Quantitative

Quantitative

Quantitative
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Each row is

independent

independent

independent

independent

independent

variable,

variable.

variable.

variable.

variable.

Dependent variables.

Quantitative independent variable.

Qualitative (0,1) independent
variables.
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Notice that each column has a fairly wide spread of representative

values. There are neither clusters of similar values nor single extreme

values. Seventeen projects are represented. The only major deficiency

appears to be in the eighth variable where only three rural projects

exist. One possibility here is to regress only urban projects by elimi-

nating these three. Another approach is to get more rural sample pro-

jects. In this expository example no change will be made in the sample.

Range of Input Values.*

The program which will later calculate the manpower predictions

requires the range of the variables. From the data file they are.

Variable Rance

1 .440 to 9.04

2 32 to 84

3 0 to 11615

4 0 to 13833

5 0 to 7

6 456 to 7319

7 not used in regression

8 0 or 1

A record of these should be kept for later use.

Duration*

Figure 7 plots the project size against the duration. There appears

to be a weak positive correlation (R = .4414). As can be seen from the

scatter diagram individual projects vary greatly. No modal or common

duration seems to prevail. Therefore the average of 17.94 = 18 months

will be used. Figure 8 shows this calculation.



Figure 7. Duration Scatter.

!S,CPT-.rr, 6,7

1.7P.r, AEL F. 7
3.72017 PI

.roor 01

2.I09E 91 1

1.299F 01

1

1.rp0r 09 .1

1

2

1

F= .4414

1

1

1
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4.560E 02 2.103E. 03 3.888E 03 5.-E FE 03
VAI7IAELE 6

Figure 8. Means.

:MEAN, 1-8
2.2,62941176

2 64.27529412
3 3722.000000
4. 2847.75892.4

1.352941176
2706.588236
17.94117648
0.8235 2.9411

Weibull Parameters*

For simplicity P = 2 and A = 45/(18)2 = .0139 will be used.

7.182E 03
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Pre-regression Analysis

Two valuable screening methods can be used to aid in later regres-

sion modeling. They are correlation analysis and scatter diagrams. In

the example, variable 6 is the dependent variable. The first seven

correlations shown in Figure 9 are between the dependent variable and

each of the separate independent variables. Variable 1 shows the high-

est correlation. The others are likely to be insignificant in the later

regression. The remaining twenty-one correlations shown are between

independent variables. Since several of these pairs are correlated

rather highly, they will interact with each other in the regression

equation. When both are present, their respective t tests will be low.

Figure 9. Correlation.

sCOrrFLATION,6,1-549,7
6

6

6

6

6

6

6

1

1

1

1

,

,

,

,

,

,

,

,

,

A

1

2

3

4
c

9

7
,2

3

L!

C

=

=

=
=

=

=

=

=
=

=

0.649319712
0.075406510
0,096460199
0.048192023
0.376463161
0.040693F19
0.441392607
0.100876729

- 0.266297034
-0.239806464
0.470026601

1 , 8 = -0.6005F9119
1 . 7 = 0:253566197
2 , 2 = -0.01.5f18586
2 , 4 = - 0.379222662
2 , F c = 0.139212797
2 , F = -0.064309678
2 , 7 = 0.1-4318 FF29

3 , 4 0.701FF7199
3 , F = -0.70695926
3 , 8 = 0.1-FPP39666
3 , 7 = 0.136399041
4 , F = -0.271449107
4 .,' 8 = 0.166718506
4 , 7 = 0.226915952'
F , 8 = -0.F9071988.5
F , 7, = 0.342000614
8 , 7 = - 3.10F666747
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Removing one can either increase or decrease the t value. This phenom-

enon is called multicollinearity.

In order to see if linearity exists, a scatter diagram can be made.

Figure 10 shows a plot of the miles of road (variable 1) against the

engineering manhours (variable 6). Figure 10 is not particularly help-

ful in this respect as is often the case when a number of independent

variables are involved. There appears to be a positive trend (which is

substantiated by the correlation coefficient of .6493). No strong non-

linear behavior is apparent. Therefore no action is taken as a result

of this analysis.

Figure 10. Scatter Diagram.

TSCA77Er,1,6

l'APIPnLE 6

6.976E 72 .

F672E 02 .

2. PPE. 72

2.172E 73 I

I I

1e

4..60E 02 2

r= .6493'

t t t t t

2.577E-01 2.26CF ^ 4.645E 07 6.75FE 70 8.864E VO
VARIABLE 1
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Initial Regressions*

Before entering the backstep stepwise regression program an initial

analysis should be made. This will sometimes identify a number of unde-

sirable variables that can be eliminated. The initial regression equa-

tion given is :.

Y(6) = 2937.3 715.9 X(1) -8.3711 X(2) + .24728 X(3)

-.052061 X(4) + 487.56 X(5) 3860.6 X(8)

Figure 11 shows the output. The coefficient of determination is R2 = .828.

The t tests on the coefficients "A" and Bi indicate that at least two are

probably insignificant (variables 2 and 4) because of the low t values

(-.509 and -.529). The negative values on the constant "A" and on the

coefficients of variables 2 and 4 are undesirable.

The example then drops the constant term "A" from the model and

thus forces the regression through the origin. Unfortunately this makes

all subsequent correlation calculations invalid so they should be disre-

garded in a printout with a "no constant" model. The regression is rerun.

The new equation is printed along with a significant test. Variables 2

and 4 are still negative. The t tests are less positive on all the non

negative variables. The t tests on the two negative variables have in-

creased. No variables will be dropped at this point although 4 is the

most undesirable.

Backstep

The stepwise regression will now be instigated. This program

eliminated one variable at a time as shown in Figure 12. The program

then prints (1) the regression equation, (2) the ANOVA table, (3) R2,

and (4) the significance tests.
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Figure 11. Regression.

SPEGPE'SS, 6, 1 -5,8

Y( 6) = 2.7066E+03

:p717, 1- 5,

Y( 6) =-2.9273E+03 +7.1 590E+02 X( 1)

-8.3711E+00 X< 2) +2.4728E-01 X( 3)

-5.2061 F -02 Y( 4) +14.87 .6E+02 y( 5)

+3.8606E+02 Y( 8)

: PCOEFSE", 7

ITAr S, E. OF PEG/7. CO EF. T

CONSTANT 1 . 673487P E. 03 -2.14815324E 00 '

1 1 .22267488E 02 F04228 FE 00

2 1 . 644 64599 E 01 -5.08989953E-e1
3 1 .17589845E-01 2. 1028.8789 E 00

9 .829 60819E-02 296:28232E-01 ;

C I 727747001 02
9.44188912E 02

n, .9(7905626 scupr Fr=

: tPoP, 0_

2.82191E88E 00
4.08884999E 00

.02,70205F

Y( 6) = +6.0567E +02 X( 1) -2.9269E+01 X( 2)

+2.3632E-01 .X( 3) -9.3771 E-.02 X( -4)

+:).80411F+02 .Y( c) +2.7543E+03 X( 8)

:PCOEFSE,T

1.7AP S.F. OF P.ECP. COEF. T

1 1.28046901E 02 4.73010143E 00
2 1 528, 504712; E 01 -1.91485388E 00

1.354108841 -01 1.74F18.F73E 00

4 1 .11068.300E-01 -8.44268021 F-01

I .90673479E 02 1.99

9 121 62709E 02 -3.01955120E 00



Figure 12. Stepwise Regression.

: FP

VAR I AFL f rErprTING:

YC E) =4-F.9482E+02 "( 1) -2.21 38E +01 XC 2)
+1.4617F-01 Y( 2) +3.'339E1+02 X( F)
+2.284FF+P3 X( 8)

ANALYSIS OF VARIANCE TABLE

SOURCE EF SUM OF SQUARES
TOTAL 17- 1.79971F88 E 08

REGRESSION F 1.6513F40FE OF

RESIDUAL 12 1.48361831 E 07

P SQUARED = .9I7F637F

VAR
I

2
3

S.F. ' OF F'ECT. COEF.
1.2FP67224E
1.2F8F929817 01
8.2273E687F-02
1.80253124E 02
7140F4817E 02

UF.1'IAELF EEPARTING:

YC E).

SOURCE
TOTAL

,---+4.0989E+02 XC 1)
+1.9937E+02 Y( F)-

REGRESSION.

RESIrrAL

MEAN SQUARE
1.0586F640E 07

3.30270810E 07

1.23634859E 06

T

4.72586028E 00
-1.7 F891 278 E 00

1.77662F2FE 00
1.8F16F346E 00
3.19934829E 00

+IOFF7E-01 X( 3)
+1.3010E+03 XC 8)

ANALYSIS OF VARIANCE TADLE

tF SUM OF SQUARES MEAN SQUARE
17 1.79971508E 08 14,05865640E. 07'

4 1.61310422E 08 4.03276054E 07

13 1.86611665E 07 143547434E 06

SQUP.RED = .89631049

S.F. OF REGP. COEF T

1.22229406E 02 4.08161941E 00
P 5e916468 F-r9 1.24067616E 00
1.75979513E 1.13291679E 00
4.78485856E 02 2.71890422E 00

225
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Figure 12, continued:

vAr IAL"?...E DEPAPT I N G:

Y( 6) =4-F.8552E+02 -X( 1) +1.0792E-01 IX( 3)
+1 .3269E+03 X.( 8)

ANALYSTS OF 1TAPIANCE TABLE

SOtTCE pr SUM OF SQUARES MEAN SQUARE
TOTAL 17 1 79971588 E 08 105865640E 07

PEGPESSION 3 1 59467990E es 53155996EE 07

r EST rum. 14 2 05.035984E 07 146454274E 06

P SOVAPEE = .88607314

1.1AP '. E. OF PECP. COEFI. T

1 9 .63213812S 01 6.07880061E 00
3 8.59233453E-02 1 2 .5601513E 00
P. 4.82753451E 02 2.74856033E 00

VAPIAPLE CEFAPTING: 3

Y( 6) = .9836E+02 Y( 1) +1.7357E+03 X( 8) .

ANALYSIS OF VARIANCE TABLE

souncr DF SUM OF SQUARES MEAN SQUARE.
TOTAL 17 1 .79971588E 00 1.05865640E 07

PEGPESSION 2 1.57157565E 08 7.85787825E 07

P. ES / DUAL 15 2.28140230E 07 1.520931487E 06

P souAr rr = .87323542

VAP S.F. OF PEGP. COET T

1 9.76039792E 01 6.13046200E 00
B 3.63307226E 02 4.77753935E 00



Figure 12, continued:

VAPIAPLF DFPAPTING:
1

iY( 6)

FOUPCE
TOTAL

=+7.9450F+02 Y.0 1 )

T'FG°FSSION

ANALYSIS OF VAP,IP.NCF TAU-. F

rF sum OF SOUARFS
17 1.79971588E 08

1.224424076E OF

r EST DUAL 16 5.75291P22F. 07

SOT'AT'ED = .68034298

'YAP S.F. OF FEGP COEF,
1 13614872FF V2

VAPIP.PLF FFPAPTING: 1

**:NO morn, HAS PFEN ESTAELISHEF.

MEAN SCUAPE
1.0586E640F C7

122442406E 08

3. 59 5F7389 E 06.

T

5.83555032E 00
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After looking at the following models, the most appropriate one is

Chosen.

1. Full model (variables 0, 1, 2, 3, 4, 5, 8)

2. Reduced model (variables 1, 2, 3, 4, 5, 8)

3. Reduced model (variables 1, 2, 3, 5, 8)

4. Reduced model (variables 1, 3, 5, 8)

5. Reduced model (variables 1, 3, 8)

6. Reduced model (variables 1, 8)

7. Reduced model (variable 1)

8. Average only Y = 2706

The model chosen was:

Y(6) = 598.36 X(1) 1735.7 X(8)

This was the sixth model which contained only variables 1 and 8.
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It has the following characteristics:

1. Simple equation.

2. Signs and magnitudes of coefficients agree with common sense and

are consistent with formulas in other categories.

3. The next more complex model gives little improvement in the

residual mean square error (MSE). (This measures how far the

regression is missing the actual data points.)

4. The next less complex model has a large increase in the MSE.

5. All of the t tests show the Bi to be significant. Generally a

t value of greater than .1, 2.000 or lower than - 2.000 is

desired.

Notice how as each new reduced model was regressed that the

coefficients and the t tests changed considerably.

Aptness of the Final Model*

Several post backstep analyses will now be demonstrated. First

the constant term will be added back. The R2 now equals .61244. This

shows that roughly sixty-one percent of the manpower is accounted for

by variables 1 and 8. These are the miles variables and the urban/rural

variables. A significance test with the constant term included verifies

that the constant cannot be shown to be significant (t = - .9308) and

additionally the negative sign is undesirable. The constant term is

therefore dropped. Figure 13 shows these steps.
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Figure 13. Final Equation.

: ADC, 0, 1,

Y( 6)

: r- Sr

--,-1.0175E+02 +7.0383E+02 X( 1)
+2.5990E403 8)

.78259024

: PCOEFSE, T

VAT'.

CONSTANT
1

: rPoP,

F VAT? Fr. . 61 241.1749

F.E. OF PET. con-.
.09307557E 03 -9.30829097E-01

1.49838367F 02 4.69726634E 00
9.85705993E 02 x2.62557023E 00

Y( 6) =+5.9836E+02 X(s 1) +1.7357E+03 :Y.( 8)

Next, the residuals and estimated manpower (YHAT) are calculated

for each project. These are then plotted on a scatter diagram as shown

in Figure 14. These residuals should be randomly distributed vertically.

If any one residual number is much larger than the others, it should be

investigated as a possible outlier (maverick project) which is a candi-

date for expulsion. If a project is expelled, the regression should be

rerun to correct the coefficient values. If a pattern of clusters or

high-low-high residual runs is cbserved, then two causes are suspect.

First, the variables may have a nonlinear relationship and should be

transformed. Second, some other important variable is affecting the

manhours and should be included in the model if it can be found.



Figure 14. Residual Analysis.

: FS I DUAL 10

:Y1-1Pr, 11

: SCATTEP, 11,10

VAP I AT31- ET 10

2.0F7E 03

128IF 03

3.119F 0? .

- 6.574E 02

1

2

1

1

- 1627F 02 1 1 1

r. . 1 F13
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1

t- t t t t

.1 Pp Fr 03 3.14FE 03 ' 4. Fl 5E 03 F.777E 03 7.040E 03
VAPIABLF 11

In analyzing the residuals, a table of residuals is often useful.

The one shown in Figure 15 has the following columns:

1. Independent variable 1 Main variables used in the final reduced
2. Independent variable 8 model.
3. Independent variable 2
4. Independent variable 3 Some of the variables that were expelled.
5. Independent variable 5
6. Dependent variable 6, actual manhours of the project.
7. YHAT, calculated manhours from the regression model.
8. RESIDUALS, difference in actual and calculated manhours.



231

Figure 15. Residual Table.

:017,,1,8,2,3,5,6,11,10
.480 1 74 1854 1 1687 2023 -336
;880 1. 68 6514 0 2323 2262 61
.670 1 84 7740 1 2078 2137. ...59

250 1 76 5098 1 3483 -1885 1 598
1.310 1 32 11615 0 4495 2520 1975
1.700 1 32 4822 0 1035 2514 -1479
1.300 1 22 0 0 1486 2514 -1028
.480 1 70 820 1 1687 2023 -336

3.200 1 84 6700 3 5901 3650 '2251
.600 1 56 1775 4 2904 2149 755

1.300 1 68 5680 0 1830 2514 -684
.580 , 1 84 425 0 456 2083 -1627
.440 1 67 2600 0 732 1999 -1267

9.040 72 0 1 7319 7145 174
6.400 0' 60 0 7 4088 3829 ,259
5.050 0 56 1300 2 3016 3922 -f)

5.107 0 84 6500 2 1492 30 52 -1560

The fifth project is one that could be checked. It was a short

(1.31 mile), slim (32 ft.), urban road with no structures but a lot of

curb and sewer footage. Our regression model does a poor job of esti-

mating its 4495 manhours. (We estimated 2520 manhours or amiss of

1975 hours.) It appears that we are not accounting for the extreme

urban conditions that the curb and sewer are suggesting. This is an

example of how the residual analysis is done. This example will leave

the model as it now is.

Estimation Limits*

In order to demonstrate the overall confidence limits on our

regression model, sample values will be calculated.

Two sample projects are chosen and their confidence limits calcu-

lated. The projects were both 5.05 miles long, but one was rural and the

other was urban. An example is shown in Figure 16.
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Figure 16. Estimate.

: ESTIMATE
X( 1) = S.05

( = I

= 4.7F7419E7E 03

ESTIMATION LIMITS
957. ( 3.7L01782F
997 ( 33617328PE

(2+3

03
5.766191E
6.1 F310 FS SE

03 )

03 )

:ESTIMATE
X ( 1) =
X(

Y= 3.02170530E 03

ESTIMATION LIMITS/
957 ( 1.9713320E@3 4.07207 FLIOE 03 )
997 ( 1 .S6912F72E 03 4.117428188E 03 )

Break Time

If another regression is desired, then merely type END and READ

the new data file. In order to shut off the SIPS program EXIT and

LOGOFF are typed as shown in Figure 16.

Figure 17. Sign Off.

:END

SEXIT

#LOGOEE
COST $2.2
CPU TIME SEC. 23.1
S FELK S 20
'TATC TIME MIN. 20.3
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APPENDIX G

Estimation of the Weibull Parameters A and P for a Sample Project

The printout of historical payroll records for this project is:

Month Historical Manhours Cumulative Manhours

1 140 140

2 883 1023

3 1567 2590

4 749 3339

5 482 3821

6 508 4329

7 338 4667

8 94 4761

The goodness-of-fit of a uniform curve will be tested also as a

reference to compare with the Weibull fit.

Let:

K = Total manhours

CM(T) = CAftulative manhours at month T

T = Month since start of project

A) = Weibull curve parameters

B3= Uniform curve parameters

Weibull curve:

CM(T) = K(1-EXP(-ATP))

Uniform curve:

CM(T) = B + D(T)
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First a regression program is accessed and the input data files

read into memory. Variable 1 is the cumulative manhours. Variable 2

is the month.

$READ1,2
= 140 1
= 1023 2
= 2590 3
= 3339 4
= 3821 5
= 4329 6
= 4667 7

END

The uniform curve is then regressed.

$REGRESS,1,2

Y( 1) = 2.8441E 03

:ADD,2

Y( 1) =-2.1643E+02

:R-SQ

R= .97004966 R SQUARED= .94099634

7.6514E +02 x( 2)

The results are a coefficient of determination of R = .94

The equation is:

CM(T) = -216 + 765(T)

This infers that the monthly manhours are approximately 765.

In order to linearize the cumulative distribution function (CDF)

of the Weibull, several transformations are necessary. The function to

be regressed is:

LN(LN(1-
CM(T)
K )) = LN( -A) + P(LN(T))

The following commands on the computer accomplish this:

$SET 6=LN(2)

$SET 3=LN(1.-l/4761.)

$SET 4=LN(-3)
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The results of the regression are:

SREGRESS,4,6

Y( 4) .-3.2239E-01

:ADD,6

Y( 4) =-3.2523Ef00 2.4058Et00 X( 6)

:R-SQ

R = .99100989 R SQUARED= .98210060

:END

A coefficient of determination of R
2

.98 resulted.

LN(-A) -3.2523 A = -.387

P = 2.40

The equation is then:

CM(T) = 4761 (1-EXP(.0387(T)24)

Although the R2 of the uniform and Weibull regressions are not

directly comparable, the Weibull appears to be slightly better. In

order to make a direct comparison, the CM(T) residuals of the Weibull

curve would need to be calculated based on the untransformed equation

above. Then the residuals for the uniform and Weibull could be compared.
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