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I. Objective

Large cost overruns on public projects make good newspaper copy. Journalists
appear duly horrified and the world seems to continue as before. There is little
historical perspective presented on typical cost overruns in such articles.

In 1966 the questioca of the emerging cost overrun for San Francisco's rapid
transit project sold a lot of newspapers and started sn attitude of criticism
toward the Bay Area Rapid Transit (BART) District. The purpose of this paper is
to present some findings on cost overruns so that, for example, we can look at
the 45 per cent by which .BART exceeded its forecast costs and decide whether

that experience is poor or not.

I1I. Summary

Many of the large, risky investments in the past two centuries have had
enormous cost overruns, but for many benefits have exceeded expectations by even
greater margins. Economic development has not been hampered by low cost estima-
tions.

Studies of military procurement have shown that cost overruns can be
explained to some extent and even predicted. Other studies on water resource
projects, highways, and buildings also imply that overruns can be predicted and
may have been anticipated in some recent cost estimates. Unfortunately, antici-
pating overruns in cost estimates sppears to lead to laxity in cost control.

Cost overruns studied are positively related to size of project, incomplete-

ness of preliminary surveys, engineering uncertainty, inflation, project scope
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enlargement, length of time to complete project, exogenous delays, complexity of
administrative structure, and inexperience of administrative personnel.

We present cost estimates and overrun experience for almost 200 large pro-
jects in Tables 8 through 12. The BART cost overrun of 45 per cent does not com-
pare unfavorably with other rapid transit projects but is poorer than the average
overrun for other types of projects. Our extensive data may prove useful for
further investigations of cost overruns and policy recommendations for cost

estimating.

III. Problems in Analysis of Cost Overruns

There are two principal reasons for examining past cost overruns. One is to
be able to predict cost overruns and to intervene to prevent them. Another is a
more modest goal. That is simply to observe the historical facts and know what
to expect. Our purpose in this study is rather limited. We propose to survey
cost estimation experience in several categories of projects and compare that to
cost estimation experience in recent urban rapid transit projects in this country
and abroad. This modest effort is not to prevent cost overruns but merely to
discriminate the truly unusual from the more pedestrian. Furthermore, it may be
true that the effort to prevent cost overruns by "debiasing" cost estimates will
result in a worse problem: that of higher costs.

In gauging the seriousness of cost overruns, it is importent that we look
at estimated and actually realized cost figures that are comparable. Often
several cost estimates are made as a project progresses toward completion.
Summers/lo/ and Tucker/ll/ have shown that these tend to improve as the project

advances. The particular estimate important for resource allocation is the one

W



upon which the investment decision was based. For public projects this is gen-
erally the estimate used when the project is authorized. Although future esti-
mates may differ from the authorization estimate, projects are seldom discontin-
ued. We have opted to use only the authorization estimate for comparison with
actual costs in our data.

Sometimes cost estimates are given for only part of a project, or for the
whole project minus one part (such as a dam exclusive of power generating facil-
ities), and this partial nature may not be readily apparent. The necessity of
the estimate's corresponding to the unit used for actual cost hardly needs to be
emphasized. Also it is sometimes difficult to tell whether estimates are made in
terms of constant or current dollars. Tucker has noted that in the case of news-
paper reports which do not specify otherwise, costs may safely be assumed to be
in current dollars (of each year in which they accrue), so that no price indexes
need be applied to each year's expenditure figures to compare total cost with
estimated cost.

If a contingency factor for inflation has been included in the cost estimate,
it should be removed before a price change adjustment is made. Although this may
seem obvious, it should not be overlooked. One wonders if an error of this type
is responsible for the reported recent consistent overestimation of costs by the
Corps of Engineers and Tennessee Valley Authority.

Cost overruns occur for uncontrollable and controllable reasons. The most
important cause of overruns is inflation which is uncontrollable but often can be
foreseen. The proper price deflator to use may be economy-wide, industry-wide,
or specific to an area. There exist geographic differences in price changes that
are not equalized by the movement of factors of production, especially in the

short run. Price changes in San Francisco may be quite different from those in
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Atlanta. There are some indexes available that differentiate between geographic

areas. The Construction Cost Index published in Architectural Record and those

in Engineering News Record are examples.

The second usual cause of overruns ls unforeseen scope changes after the
authorization of the projects. These may be due to technological problems which
could not be predicted in the best of preliminary surveys. Also some delays in
construction may be entirely unforeseesble; e.g., those caused by wars, new laws,
or jurisdictional strikes.

Controllable overruns are due to poor administration of projects, starting
with incomplete surveys of engineering, financial and legal problems which might
have been anticipated ahead of time. Poor administration may also include overly
complex organizational structures for planning and constructing projects, poor
contracting practices, unnecessary scope changes, and simple inexperience of per-

sonnel for the type of project or the area in which the project is undertaken.
IV. Some Studies of Cost Overruns

Cost overruns are disturbing if a problem arises as to the source of financ-
ing for the unexpected costs, as it did with BART. They are also troublesome
if a benefit-cost analysis and decision was predicated on one cost estimate
which was later found inaccurate hence misleading. Nevertheless, thpse attentive
to cost overruns only may fairly be called Scrooge. A very provocative paper by
John E. Sawyer/9/ surveys historical cost experience. He shows that if the true
costs were known beforehand many projects would not have been undertaken, to the
country's economic detriment. Construction of the Troy and Greenfield Railway

opened from northern Massachusetts a gateway west to the Hudson. Tunneling
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through Hoosac Mountain cost ten times what was projected; nevertheless in the end
it was a wise enterprise. In the planning of the Welland Canal between Lakes

Erie and Ontario the promotor estimated "at 30 feet a cut through a ridge that
nature had fixed at not less than 60 feet." The Suez Canal cost twenty times its
1838 estimate and three times its 1887 estimate. The Panama Canal cost twice its
original estimate and 1.7 times its first U. S. estimate. The author concludes,
"One cannot read far in the history of great economic undertakings -- particularly
great developments in transport and the opening up of new resources, for example
~--without being struck by the recurrence of an apparently quite contrary phenom-
enon: instances in which entrepreneurial error or misinformation not only is

massively present but where it appears to have been a condition of successful

enterprise." Of course, this does not negate the theory behind benefit-cost
analysis. It simply means that benefits may be more grossly underestimated than
costs.

Robert Summers /lO/ wrote an early paper on cost overruns which was quite
controversial at RAND. He showed that past cost overruns could be "explained" to
a large extent. Some argued that the results ought to be used to "debias" cost
estimates so that a better idea of true costs could be used as inputs to the deci-
sion process. Others claimed that expected cost overruns would lead to even
greater cost overruns. I am of the second persuasion. I believe that keeping
costs low is more important than estimating costs correctly. Therefore, if a low
cost estimate acts as a restraint on costs, then it is better than a more "real-
istic" estimate.

In observing cost estimation experience for weapon systems Summers studied
the ratio of actual cost to estimated cost, which we call R. On the average,

actual cost was 3.25 times estimated cost. After making adjustments for the
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quantity procured and inflation he found the mean ratio of adjusted actual cost
to estimated cost (adjusted R) to be 1.79. The equation which best explained the
variation in adjusted R (together with standard errors of the regression coeffi-

cients) was
In R = 2,479 + .097t - .032tA - .311A

(.205) (.019) (.189)

+ .015A2 + .008L - .075(T-1940) + u

(.007) (.002) (.020)

where t = fraction of project length complete at time of cost estimate
A = estimated degree of technological advance
L = length of development program in months
T = calendar year in which the estimate was made
U = an error term

Summers' estimated formula is not too useful in predicting cost overruns
because several of his predetermined variables cannot be known at the outset of
a project. This is true of t, the time of the estimate within a development
program and L, the length of the development period. Before a development is
complete, there is no way of knowing how long it will take.

One approach that may be fruitful is to explain the error without regard to
whether the variables are ex ante or ex post, and then try to find ex ante sur-
rogates for the ex post variables.

A more recent study of the military procurement area by the General Account-

/15/

ing Office found that the estimated cost of 77 weapon systems increased $28.7

billion or 31 per cent from initial cost estimates. This represented an improve-
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ment from the previous year's performance in which a 40 per cent increase was
reported on 61 weapon systems. Such reports are usually taken to mean that cost
experience has improved over time. It may, however, mean that initial cost esti-
mates have become more liberal. This may be a benefit in the sense that the
Office of the Secretary of Defense is better informed about what it is getting
into when it initiates work on a weapon system proposed by a particular Service.
James Tucker/ll/ addressed the problem of cost estimation in civil works
projects by observing cost predictions and results for 39 water resources proc-
jects, 39 highway projects, and 29 building projects. Unfortunately, he compared
estimates immediately prior to construction rather than estimates at time of
project authorization with actual cost results. Tucker found cost prediction
experience worst in buildings, followed by highways and water projects. Table 1

summarizes his results.

Table 1  COST ESTIMATION EXPERIENCE IN SEVERAL AREAS OF PUBLIC WORKS

Type of Project Mean R Standard Deviation
Water resources 1.11 (.31)
Highways 1.15 (.41)
Buildings 1.46 (.16)

Source: James F. Tucker/1l/

The degree of cost escalation in buildings is relatively predictable whereas
experience in highways and water projects is more erratic.

Tucker's estimated regression equation to explain cost estimation inaccuracy
(with standard errors in parentheses) is:

R = .0233L - .0092 (T-1940) + .0019¢C - .0066t
(.0017) (.0033) (.0008) (.0032)
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T = calendar year of estimate
L = project length in years
C = estimated project cost

t = fraction of project length complete at time of cost estimste
It is interesting that larger projects are more gifficult to manage. This was
demonstrated in the Oskland subway experience where the contract had to be divided
into smaller parts to obtain reasonable bids. Project cost management seems to
be getting better over time, however. The most significant fact is that the
longer the project continues the greater is likely to be the cost overrun. This
is not surprising at all. Project delay and cost overruns tend to go hand in
hand even after adjusting for inflation and scope.

Meynard Hufschmidt and Jacques Gerin/h/ explored the estimation behavior of
the Corps of Engineers, U. S. Army, the Tennessee Valley Authority, and the Bur-
eau of Reclamation for water resource projects,looking at the extent, nature and
causes of cost estimate errors.

Aware of possible changed estimation behavior for the Corps of Engineers
after a 1951 House Committee on Appropriations hearing, Hufschmidt and Gerin
show that for 184 projects completed between 1951 and 1965 (some estimates prior
to 1951) the raw R was 1.361 and an R adjusted for price changes was .817. TFor
68 projects, originally surveyed in 1951 or later, "the total of actual cost and
original estimated costs were less than 1 per cent apart,”™ and the adjusted R,
R

The Tennessee Valley Authority between 1933 and 1966 had an R = .947 and the
frequency of overruns was 32.4 per cent (TVA estimates include projected price
level changes). Many of the projects surveyed were either delayed or accelerated

due to World War II.



A Bureau of Reclamation 1955 survey/le/ showed cost overruns for 90 per cent

of the projects. A 1960 survey/l3/ would seem to show improvement. Table 2

records cost estimating accuracy for two overlapping periods.

Table 2 BUREAU OF RECLAMATION COST ESTIMATING EXPERIENCE*
Period Mean R Mean Adj. R
1935-1960 1.36 1.13
1946-1960 1.09 0.96

¥Some 1960 "actual" costs are estimates for unfinished projects. The Bureau
of Reclamation uses its own cost index.

éoufce: /4, p.272/.

Table 3

TVA

Corps of Engineers:
since 1954 raw R
since 1954 adj R

Bureau of Reclamation

1955 report
1960 report

Source: /4, p.280/.

COMPARISON OF AGENCY PERFORMANCE:
DISTRIBUTION OF ESTIMATING ERRORS

No. projects Mean R std. dev.
61 .983 (.175)
68 1.1066 ( .45)
68 .9052 ( .33)
103 2.63 n.a.
79 1.27h4 ( .58)

In the case of each agency, frequency of overruns was slightly over 50 per cent

for postwar performance.

In summary, Hufschmidt and Gerin concluded that TVA

and recent Corps of Engineers performance, as well as Bureau of Reclamation re-

cent estimation taking into account construction price level adjustments, show no

consistent bias toward underestimation of project costs.

/4, p.279/
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Hufschmidt and Gerin also point out that large price adjustments made with

a crude index (the Engineering News Record Construction Cost Index) tend to dis-

tort the true relationship of price adjustment to other factors. Thus the price
effect may be overstated.
In 1951, the public works agencies furnished information on the causes of

estimation error:

Table L ANALYSIS OF COMFONENTS OF COST INCREASES - 1951
Per Cent
Bureau of Reclamation Corps of Engineers

Price changes 30.2 57.T
Changes authorized by law 43.3 17.6
Structural and engineering

modification 2.8 6.3
Changing local needs and

unforeseen conditions 6.6 12.6
National emergency 5.7
Administrative decision 8.0
Inadequacy in plenning 5.7 5.8
Other 2.9

Source:/4, pp. 299, 308/ and /12/.

Tennessee Valley Authority errors were mainly caused by changes in the construc-
tion schedule and incomplete estimates. Typically, all agencies' errors could
be accounted for because of time lags (price and scope changes) -- exogenous --
and estimates based on inadequate, sketchy prdiminary surveys and changing con~
cept of the project. Approximately 80 per cent of the deviations could be
characterized as exogenous. Yet the remaining 20 per cent does reflect upon
agency areas for control.

The 1960 report by the Bureau of Reclamation/l3/ showed price level in-

creases responsible for 55 per cent of the deviations from actual costs. Scope

-10-



changes were resgponsible for 22 per cent of the deviations./s/ Other elements

were unforeseen conditions and structural modifications (responsible for 1l per

cent), reanalysis of work quantities and unit costs (12 per cent)./h’ p.283/
The Corps of Engineers 1964 survey, after adjustment for price changes,

broke down the remaining variation as in Table 5.

Table 5 SOURCES OF COST OVERRUNS, ADJUSTED FOR INFLATION, PER CENT

Land acquisition 1h
Relocation 31
Design changes 51
Higher bids than

expected ok

Source: See text.

Hufschmidt and Gerin proceed to discuss and illuminate the factors influ-
encing cost estimate accuracy:
1) Project type and timing of survey and comstruction

The higher overruns occurred in flood control projects (levees, channel
excavation, reservoirs, and local protection which involves land acquisition
and relocation). Lower estimate overruns occurred in straightforward rivers
and harbors projects.

Timing between survey and construction again appear important in cost
overruns with TVA having short time-lag projects, while the other two
agencies have lengthy authorization to construction periods with numerous
project backlogs.

2) Planning and decision process
Hufschmidt and Gerin accept the view that estimation errors vary with

administrative and organizational context. The best estimation performance
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is exhibited by an agency centrally staffed, where decisions are internal and
construction is undertaken by the agency force, indicating tighter construction
scheduling control. The Corps of Engineers and the Bureau of Reclamation rely on
independent contractors and the resulting variable construction performance.

Interestingly, these two decentralized agencies show variable performance
by geographic divisions, higher overruns in the North Pacific and Ohio River than
the North Central and South Atlantic divisions. Hufschmidt and Gerin noticed no
significant change in the rankings when analyzed by project mix, thus corrobora-
ting their feeling that institutional changes over time influence the estimation
accuracy. Accumulation of experience, knowledge of area environment, anticipating
sources of problems, and management technique all probably improve with the pas-
sage of time.

A study of estimation performance in India by J. M. Healey/3/ indicates the
need for institutional and management maturity in estimation accuracy. There,

50 per cent of the error was attributed to poor management and planning --
uncertain knowledge of overhead costs, poor accounting and management controls
in a developing country -- 25 per cent to estimation error, and 25 per cent to
price increases.

In the United States, Hufschmidt and Gerin report that recent Corps and
Bureau experience show no significant bias toward underestimation of project
costs. Persistence of a sizeable variance of error still apparent in recent
agency estimating performance even when adjustment for scope is considered sug-
gests room for improved planning methods and cost estimation techniques. They
conclude, "Although technical uncertainty may be an important factor for a par-
ticular class of projects . . . overall it appears to be much less important as a

cause of error than administrative and institutional factors.”/h: P-295/ When

-12-



price adjustments are made, there in fact appears to be an overestimation bias.
Hufschmidt and Gerin readily indicate that "real improvements should be measured
as net reduction of error, thus the present trends toward overestimation are not
real improvements in accuracy."/h’ p.273/

Hufschmidt and Gerin proposed the following policy and administrative recom-
mendations:

1) The problem of incompleteness in preliminary surveys, loglcally, can
account for the major part of cost estimate inaccuracy. Patently, the informa-
tion basis for cost estimates should be as near complete and detailed as possible.

2) When the cost of additional information to reduce uncertainty is beyond
the given estimate and survey funds, then cost estimates should be presented in
ranges. Also, the contingency factor could be used as a residuals index; i.e., a
large contingency factor would indicate an inadequate information base.

3) Certainly, the large share of estimate inaccuracy has been price level
changes and will probably continue to considerably affect estimate reliability.
Therefore, the authors suggest that projected price changes could be included in
the cost estimate.

L) Change administrative structures to reduce the time lags between auth-
orization and beginning construction. They also advocate closer agency authority
over planning, design, construction, and management for public works projects.

The recent agency bias toward overestimation is possibly more disturbing
than underestimation in that such estimates institutionalize some of the inef-
ficient agency operations. As mentioned by Hufschmidt and Gerin, this overcon-
servatism is not an improvement in net estimation accuracy.

Now that we have explored the nature of the cost estimation problem, let us
take a look at the problem in urban rapid transit projects and a closer look at

the Bay Area Rapid Transit District performance.
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V. A Synopsis of BART District Cost Estimate Errors

In 1962 the BARTD project was estimated to cost $923 million/s/without
rolling stock. As of 1971, BART was expected to cost $1,390 million to complete,
a 51 per cent overrun. Tucker's appendix/ll/ on ad hoc projects adjusted the

BART raw R for price changes using two price indices of Engineering News Record,

(the Construction Cost Index and the Building Cost Index). If we adjust the BART

estimate for price changes there is virtually no cost overrun.

Adjusted R
Raw R ENRCCI ENRBCI
BART 1.51 .978 1.122

a Source: Tucker/ll/

There are two factors confounding these comparisons. The BARTD cost estimate
included some projected price increase and Tucker compared the cost of the struc-
tures without the transbay tube to actual costs with the tube. These factors tend
to counteract one another.

Our synthesis should include rolling stock. If it is, the 1962 cost estimate
was $O94 million. Predicted total costs as of April 1971 were $1,391 million.

This yields a raw R of 1.40. The 1962 estimate, however, contemplated the acquisi-
tion of 430 cars while the 1971 estimate is based on the planned procurement of
only 250 cars. If 430 cars were procured, the entire system would cost about

$1,441 million and the raw R would be 1.L45.%

*This estimate accounts $66.7 million as the cost of the first 250 cars and
$275,000 per car for the next 180. That is the price of B cars. A cars with the
control pod should be more expensive. Two factors are operating. The learning
curve suggests that the price of subsequent cars should go down, but inflaticn
suggests that the current dollar price would go up. Apparently, inflation is
swamping the learning curve in this case. Even if all R&D costs are included, the
average price of the first group of cars was $267,000. If we deduct the cost of
%ezeloping the prototype vehicle, the average cost of the first 250 cars was
247,000.
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A letter from the Californie Legislative Analyst in April 1966 to State

Senator McAteer substantiated the major error factor to be inflation. PFactors in

the cost overrun according to this letter were:

unanticipated inflation $ L46.6 million
delays 145.1
inflation and delays combined 107.0

$ 298.7
design changes 69.3

$ 367.0 million

The report cites inflation, delays, poor community cooperation, 'cost plus"

latitude for the Joint Venture, inadequate assessment of bidding climate for con-

tract size causing design changes, misspecification, and added engineering costs

as factors affecting the cost overrun.

A disaggregated analysis of cost overruns by component shows large overruns

for stations and train control. Utility relocation under San Francisco Bay was

more costly than forecast as were engineering changes. These statements are based

on Table 6.

Table 6 RAW R RATIOS
Components of BART from 1971 Estimate

Construction Costs

Track and Yards & Train Util. Engr.
Structures Stations Shops Elect. Control Reloc. Charges

1.805 2.335 2.003 .798 2.305 997 2.2hk9

Transbay Line

Track and Train Util. Engr.
Structures Elect. Control Reloc. Charges
1.835 415 3.72k4 2.831 1.268

Rolling Stock
1.7L

Source: Calculated from Merewitz and Sparks /6’ p- 12/.
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MAJOR COST OVERRUN COMPONENTS OF BART CONSTRUCTION

BASIC SYSTEM
Raw R 2 2.0
stations
train control

engineering charges
yards and shops

2.0 >R > 1.0

track and structures
right of way

Raw R £ 1.0

utility relocation
electrification

Derived from Teable 6.

=16~

TRANS-BAY LINE

Raw R 2 2.0

train control
utility relocation

2.0>R>1.0

track and structures
engineering charges

Raw R ¢ 1.0

right of way
electrification



Vi. BART by Comparison

Taebles 8 through 12 present Raw R ratios for over 180 projects in water
resources, highways, buildings, miscellaneous construction, and rapid transit
systems. Our objective is to compare BART's cost overrun with those of other

rapid transit systems and with all other projects.
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Table 8

New Hogan Dam;

Carbon Canyon Dam2
Coyote Valley Dam3
Middle Creek Leveesu
Sommerville Reservoir?
Milford Reservoir6
Terminus Reservoir/!
Success Dam8
Hills Creek Reservoir & Dam9
Cougar Dam & Reservoiri©
Dardanelle Lock & Damtl
Keystone Reservoirt?

Sam Rayburn Reservoirt3
Greers Ferry Reservoirlh

Garrison Reservoirls

Walter F. Gegrge Lock
& Damt

Bonneville Rese£¥oir
(lO unit)

Bonneville Reseigoir
(2 unit)
. 19
Shasta Dam & Reservoir

Keswick Dam20

Fall Creek Dam & Reservoiral
Lookout Point Reservoire?
Green Peter Reservoirc3

2l

Detroit Dam & Reservoir

Fern Creek.25

WATER RESOURCES PROJECTS

Est.
18
6
15.2
1.6
18.8
61.2
23.6
61.2
32.1
30.8
9k.6
137.0
50.0
52.1

129.4
87.0

75.0

Lo
116.3
9.2
13.3
68.4
3k4.9
60.0

L.6

Year
(61)
(58)
(56)
(59)
(62)
(62)
(58)
(58)
(52)
(47)
(57)
(57)
(57)
(57)
(45)

(58)
(39)

(34)
(47)
(55)
(47)
(47)
(47)
(47)
(47)

w18~

Act.

1k,
5.

8

2

17.6

2.
23.
L8.
19.
L48.
Ls.
5k,
82.

123.
60.
46,

292,

82.

81.

b2,

118.

7

o @ W N9 w3

L
8

16.2

21.
87.
82.
62.

5.

2

9
3
7

0]

Year
(6k)
(61)
(62)
(67)
(67)
(67)
(62)
(62)
(62)
(64)
(67)
(67)
(67)
(k)
(6k4)

(64)
(bk)

(37)
(58)
(58)
(67)
(57)
(67)
(58)
(51)

Yrs.to
complete

o F w w

E~ = \n i

10
17
10
10

10

19

11

20
10
20

11

R
0.82

0.87

1.26
0.79
0.83
0.79
1.43
1.78
0.87
0.90
1.20
0.90

2.26

1.06

1.02

1.59
1.29
2.36

1.05



Table 8 WATER RESOURCES PROJECTS (continued)

Yrs.to

Est. Year Act. Year complete R
S o s, Upper 10.3  (50) 8.4 (63) 13 1.79
o Anzggig6Falls’ vover 10.2 (50) 12.4 (63) 13 1.22
T v 81 08 ok (36) 0.3 (6k) 28 0.75
Alme Harbor2S 0.08  (62) 0.06  (6k4) 2 0.75
Wabasha Harbor2d 0.0  (62) 0.04  (6k) 2 1.00
St. Paul Harborsd 0.2 (62) 0.2 (64) 2 1.00
Baker Project®? 0.2 (31) 0.3 (32) 1 1.50
Burnt River Project®d 0.5 (35) 0.6 (38) 3 1.20
Belle Fourche?d 2.1 (ok) 5.4 (38) 3k 2.57
Friant-Kern Canal3° 36.8 (47) 61.3 (58) 11 1.67
Delta-Mendota Canal3° 71.2 (u7) 184 (58) 11 0.68
Madera CanalS? 2.6 (47) 3.4 (58) 11 1.31
Contra Costa Canal System3o 5.4 (47) 7.8 (58) 11 1.4h
Chief Joseph Dam>t 141.0 (46) 145.0 (62) 16 1.03
The Dalles Dam32 326 (50) 2L (64) 14 0.76
Fort Randall33 133 (L6) 183 (56) 10 1.38
Clark Hill Reservoir3' 37 (15) 78 (55) 10 2.11
Kerr Reservoir3? 40 (45) 86 (57) 12 2.15
Wolf Creek Reservoir30 35 (41) 78 (53) 12 2.23
McNary Lock & Dam3( 130.7 (46) 28k (58) 12 2.17
Oroville Dam3% 550 (58) 497 .4 (67)
Sacramggzgngigsr beep Hater 16 (46) 41.8 (62) 16 2.61
Glen Elder Dam*C 17 (k) 78 () k.59
St. Lawrence Seaway ™’ 600 (54) 650 (59) 5 1.08
Niagara Power Project*t 625 (58) 720 (61) 3 1.15
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1964 Act.: Annual Report of the Chief of Engineers, 1964

1957 estimate: Ibid., 1957, p. 802
1967 Act.: Ibid., 1967, p. 775

1957 estimate: Ibid., 1957, p. 84O
1967 Act.: Ibid., 1967, p. 818

1957 estimate: Ibid., 1957, p. TS
1967 Act.: Ibid., 1967, pp. T726-T727

1957 estimate: Ibid., 1957, p. 819
1964 Act.: Ibid., 1964, p. T7hO

1945 estimate: Ibid., 1945 I:2, p. 1385
1964 Act.: Ibid., 196&, p. 870

1958 estimate: Ibid., p. 480
1964 Act.: Ibld l96h, p. 501

1939 estimate: Ibid.,, 1939
194k Act.: Ibid., 19uu I:2, p. 1628

=20~



18.

19.

20.

21,

22.

23.

2k,

25.

26.

27.
8.

29.

30.

31.

32,

33.

3k,

1934 estimate: Ibid., 1934, p. 133k
1937 Act.: Ibid., 1937

1947 estimate: Ibid., 1947
1958 Act.: Ibid., 1958

1955 estimate: Ibid., 1955
1958 Act.: Ibid,, 1958

1947 estimate: Review of Survey, Willamette River and Tributaries, Oregon,
U. S. Army Corps of Engineers, October 15, 1947, p. D-135
1967 Act.: Annual Report of the Chief of Engineers, U. S. Army, 1967, p. 1523

1947 estimate: Review of Survey, Willamette River and Tributaries, Oregon,
U. S. Army Corps of Engineers, Oct. 15, 1947
1957 Act.: Annual Report of the Chief of Engineers, U. S. Army, 1957

1947 estimate: Review of Survey, Willamette River and Tributaries, Oregon,
U. 8., Army Corps of Engineers, Oct. 15, 1947
1967 Act.: Annual Report of the Chief of Engineers, U. S. Army, 1967

1947 estimate: Review of Survey, Villamette River and Tributaries, Oregon,
U. 8. Army Corps of Engineers, Oct. 15, 1947
1958 Act.: Annual Report of the Chief of Engineers, U. S. Army, 1958, p. 1685

1947 estimate: Review of Survey, Willamette River and Tributaries, Oregon,
U. S. Army Corps of Engineers, Oct. 15, 1947
1951 Act.: Annual Report of the Chief of Engineers, U. S. Army, 1951

1950 estimate: Ibid., 1950, p. 1h4l
1963 Act.: Ibid., 1963, p. 1200

1964 Act.: Ibid., 1964,

1962 estimate: Ibid., 1962, p. 1350
1964 Act.: Ibid., 1964, pp. 800 and 1100

Estimates: Bureau of Reclamation, Project Feasibilities and Authorizations,
U. S. Dept. of Interior, 1957

Actuals: Summarized Data on Federal Reclamation Projects, U. S. Dept. of
Interior, 1939

1947 estimate: Annual Report of the Chief of Engineers, U. S. Army, 1947
1958 Act.: Ibid., 1958

1946 estimate: Ibid., Part I, Vol. II, 1946, p. 2u72
1962 estimate: Ibid., Vol. II, 1962, p. 1943

1950 estimate: Ibid., 1951, Part I, Vol. 2, p. 2191
196L estimate: Ibid., 1964, Vol. 1, p. 151L

1946 estimate: Ibid., 1946, I:2, p. 1530
1956 estimate: Ibid., 1956, I, p. $37

1945 estimate: Ibid., 1945, I:1, p. 707

1955 ACt.: Ibid., 1955) I, P. 339

=21 -



35. 1945 estimate: Ibid., 1945, I:l, p. 586
1957 Act.: Ibid., 1957, I, p. 38k

36, 1941 estimate: Ibid., 1941, I:2, p. 1328
1953 estimate: Ibid., 1953, I:1, p. 12ko

37. 1946 estimate: Ibid., 1946, I:2, p. 2321
1958 Act.: Ibid., 1958, I, p. 1787

38. 1958 Est.: Ibid., 1958, I, p. 1569

39. 1946 estimate: Ibid., 1946, pp. 2272, 227k
1962 estimate: Ibid., 1962, pp. 1521-1526

40. U. S. Congressional Record, 87th Congress, 2nd session, 1962, p. 21323. The
10LL estimate was $1( million to supply water to irrigate 26,000 acres of
farmland and provide a storage capacity of 300,000 acre-feet. The 1962 -
estimate was $60 million and it was to irrigate 21,000 acres of farmland and
a storage capaciity of 800,000 acre-feet.

41. Robert Moses, Public Works: A Dangerous Trade

.



Table 9

Carquinez Br. Superstructure

Carquinez Br. Substructure

Contra Costa Apgroach,
Carquinez

Crockett Interchangel

Solano Approach, Carquinez
Bridge

Tacoma Narrows Bridge2
Brooklyn Bridge3
Harvard Bridge

Golden Gate Bridge5
Holland Tunnel6

George Washington Bridge7
Key West Extension8
Manhattan Bridge?
Williamsburg Bridgelo
Queensboro Bridgell
Mackinac Bridgel?

Sacramento River Bridge,
Rio Vista

Petaluma Creek Bridgel3
53-7ve30tH

53-7vC38FLt
14

L

5)-5VC2F
5k-8vC2Ft
53- 7ve51FY
56-11vc12tH

56- 7vCLOF

HIGHWAY PROJECTS

Est.

9.
.

7.

ly,

N O

@

o w3

w

p
5

1

7

w

Year
(55)
(55)

(55)
(55)

(55)
(38)
(1867)
(1887)
(30)
(19)
(27)
(07)
(Ok)
(1897)
(1895)
(51)

(56)
(56)
(52)
(52)
(53)
(53)
(53)
(55)
(55)
~23-

Act.
9.8
5.9

7.4
hot

1.9
6.k

13.2

0.5
35.0
35.0
55.0
49.0
14,1
1k.2
13.5

100.0

1.1
2.5
3.0
2.6
1.2
2,7
1.3
3.3
3.6

Year
(58)
(58)

(58)
(58)

(58)
(ko)
(1883)
(1892)
(37)
(27)
(31)
(13)
(09)
(03)
(09)
(57)

(59)
(59)
(55)
(55)
(54)
(54)
(54)
(57)
(57)

Yrs.to
complete

3
3

Hoow w w W

.03
.07

ot

.06
.07
97

.07
.57
.10
.27
.08
.89
.69
.31

AL
.09
.15
.oL
.09
17
.08
.1k
.13



Table 9

RTE.69, .9 mi, FEastshore
Freewa,

RTE. 34, Ret. Lﬁgcha Plana,
Martinez

RTE. 75, Pleasant Hi}% Road
to Walden Road

Us 101, Dyervil}g to
Englewood

RTE. 1, Patricks_Point to
Big Lagoon15

RTE. 187, Sandja Turn,
Alamorio

UsS 99, Ft. Tejon to
Grapevine

US 101, Hollywood Fwy.Ext.l?
RTE. 4, 3.9 mi. Freeway15

MacArthur Egeeway, Park to
Buell

RTE. 108, Fremont to RTE.
107

US 199, 4.2 mi. S. from
Oregon

S. F.-Oakland Bay Briagel?
Richmond-San Rafael Bridgel8
Verrazano Narrows Bridge19
San Diego-Coronado Bridgezo
Triborough Bridge21
Brooklyn Battery Tunnel22
Marine Parkway Bridge22
Bronx Whitestone Bridge22

Throgs Neck Bridge22

HIGHWAY PROJECTS (continued)

6.4 (56) 5.5
1.0 (56) 1.3
7.5 (56) 9.3
2.6 (56) 7.0
1.3 (56) 1.1
1.5 (56) 1.1
6.9 (56) 8.0
5.9 (56) b7
3.4 (56) 3.2
8.7 (60) 7.8
6.2 (60) 6.0
3.0 (60) 2.5
72.0 (30) 78.0
46.0 (51) 55.6
78.0 (49) 325
33 (62) 48,0
32.0 (29) hh. 2
105.0 (39) 125.0
6.0 (36) 6.0
18.0 (38) 17.8
93.0 (55) 92.0

oL

(59)

(59)
(60)

(59)

(59)

(59)

(61)
(59)
(59)

(64)
(64)

(6k4)
(36)
(56)
(64)
(69)
(36)
(50)
(37)

(39)
(61)

0.86

1.16
0.80

0.9k

0.83
1.08
1.21
b7
1.45
1.38

0.99
0.99



Table 9 HIGHWAY PROJECTS (continued)

22 3.0

Henry Hudson Bridge
Palisades Interstate Pkwy.22 40.0

Road Project in Iran®3 157.1

(35)
(50)
(59)

-25-

3.1
50.0

210

(36)
(58)
(6k4)

(ol



10.

11.

12.

13.

SOURCES

State of Calif., Dept. Public Works, Div. Highways, Thirteenth Annual Report
to the Governor by the Director of Public Works, Jan. 1960, p. 93 and the
Tenth Annual Report, Jan. 1957, pp. 193-195

The Failure of the Tacoma Narrows Bridge, A Report to the Hon. John M.

Carmody, Administrator, Federal VWorks Agency, Washington, D.C., March 28,
1941, pp. 5, 17

1867 estimate: Report of John A. Roebling, C.E., to the President and
Directors of the New York Bridge Company on the Proposed East River Bridge,
1870, p.32.

1883 Act.: Department of Bridges, City of New York, Annual Report, 1912,

p. 272

Harvard Bridge, Boston to Cambridge, by Harvard Bridge Commissioners, 1892,

pp. 13,729

1931 estimate: Golden Gate Bridge and Highway District, Report of the Chief
Engineer, August 1930, p. 71

1937 estimate: Joseph B. Strauss, The Golden Gate Bridge (San Francisco

Golden Gate Bridge and Highway District, September 1937) p. 48, said 23.k;
San Francisco Chronicle, May 27, 1937, said $35 million

1919 estimate: Leg. Doc. #60, Report of New York St. Bridge and Tunnel Comm.,
1920, p. 6k

1927 Act.: Leg. Doc. #92, Report of New York St.Bridge and Tunnel Comm., 1924
p. b

1927 estimate: Scientific American, November 1927, pp. 418-20
1931 Act.: Archibald Black, The Story of Bridges, 1936, p. 1k. These figures
only cover the upper deck construction

1907 estimate: The Outlook, Vol. 86, no. 1, May k4, 1907, p. 11
1913 Act.: Archibald Black, The Story of Bridges, 1936, p. 1u2

1904 estimate: Scientific American, Jan. 23, 1904, pp. 57, 62-63
1909 Act.: Dept. of Bridges, City of New York, Annual Report, 1912, p. 272

1897 estimate: Scientific American, Aug. 7, 1897, p. 91
1903 Act.: Department of Bridges, City of New York, Annual R¢port, 1912,
p. 272

1895 estimate: Harper's Weekly, January 19, 1895, p. 52 (Does not include
the terminals)
1909 Act.: Department of Bridges, City of New York, Annual Report, 1912,
p. 278

David B. Steinman, Miracle Bridge at Mackinac, 1957, pp. 25, 21

California Highways and Public Works, State of California, Dept. of Public
Works, Sacramento, Nov.-Dec., 1956,

Annual Report to the Governor of California by the Director of Public Works,
State of California Dept. of Public Works, Sacramento, 1959-62

-26-



1k,

15.

16.

7.

18.

19.

20.

21.

22.

23.

SOURCES (continued)

California Highways and Public Works, State of California, Dept. of Public
Works, Sacramento, 1952

Annual Report to the Governor of California by the Directors of Public Works,
State of California, Dept. of Public Works, Div. of Highways, Sacramento, 1955

California Highways and Public Works, State of California, Dept. of Public
Viorks, Sacramento, Nov.-Dec., 1956, pp. 32-33

Annual Report to the Governor of California by the Directors of Public Works,
State of California, Dept. of Public Works, Sacramento, 1959-1962

California Highways and Public Works, State of California, Dept. of Public
Works, Sacramento, Nov.-Dec., 1960

Annual Report to the Governor of California by the Directors of Public Works,
State of California, Dept. of Public Vlorks, Sacramento, 1962-196k

1930 estimate: Report of the Hoover-Young S. F. Bay Bridge Commission to the
President of the United States and the Governor of the State of California,
August 1930, p. 160

1936 Act.: "The San Francisco-Oakland Bay Bridge" by U. S. Steel, p. 93

1951 estimate: Ralph Tudor and Coverdale and Colpitts, A Report of Public
Works, Division of San Francisco Bay Toll Crossings Richmond-San Rafael Bridge

(Janvary, 1951)
1956 estimate: State of California, Department of Public Works, Division of
San Francisco Toll Crossings, Annual Report Financial Supplement various

years 1965-1969

196L Act.: New York Times, November 21, 1964, p.l
1949 estimate: New York Times, May 26, 1949, p. 31

1962 estimate: Division of Highways, State of California, Report to the
California Toll Bridge Authority on a Toll Highway Crossing of San Diego
between the cities of San Diego and Coronado, Aug. 1962

1969 Actual: Goodsell, Wayne L. "A Comparative Analysis of Estimated Versus
Actual Costs of Public Goods" Course Paper B.A. 202 (University of California,
Berkeley) March 8, 1971, pp. 4, 5

1936 Act.: A. Black, The Story of Bridges, 1936, p. 119

Robert Moses, Public Viorks: A Dangerous Trade

"Transport for Development: A Retrospective Analysis of a Road Project in
Iran," By Robert L. Geske, BA 202, p. 1k

-27-



Table 10

Agnews Farm Colony Wardl

Agnews Ward Bldg. Unit 21
Agnevs Warehousel

Cabrillo Garagel

Cabrillo Physicians
Residence

Napa Vards 2 and 3l

Napa Continued Treatment
Bldgs.

Norwalk Firehouse &
Residence

Patton Tubercular Unit™

Stockton Auditorium &
Chapel

Stodkton Ward Buildingl

Sonoma 5 Ward Buildingsl

Chico State Science Bldg.l

Humboldt §tate Industrial
Arts

Est.

213
585
27
35

28

1104

192

2k

1200

133
433
809
305

130

San Diego State Library Ext.l 95

S. F. State Gymnasium;

San Jose State Womens Gyml

Cal. Poly Lib/Class Bldg.”

School for Blind, Kdgn.l

Berkeley School_for Deaf
.Dorm;tory

U.C. Berk. Chem. Exp.l

La Jolla Library, Museum;

UCLA Bus. Adm. and Econ.t

653
270
600

38

216

800
167

1000

UCLA Student Health Centerl 800

BUILDINGS

Year
(L8)
(48)
(49)
(48)

(48)
(48)

(8)

(49)
(49)

(k9)
(49)
(48)
(48)

(k9)
(48)
(49)
(+9)
(b7)
(48)

(48)
(L6)
(ko)
(L6)

(50)
-28-

(costs in thousands)

"Act.

320
90k
Lo

23

L2
1656

288

36

2100

200
650
1348
350

195
143
1025
405

600

o7

32k
111k
250
1400

1200

Year
(50)
(50)
(50)
(49)

(50)
(49)

(49)

(50)
(51)

(50)
(50)
(50)
(49)

(50)

(k9)’

(50)
(50)
(49)
(49)
(49)
(49)
(50)
(48)
(52)

Yrs.to
complete

2
2

1

1.48

1.51

1.50

1.50
1.50
1.67

1.15

1.50

1.50

1.00

1.50

1.50
1.39
1.50
1.ho

1.50



BUILDINGS (continued)

Table 10
Est.

UCLA Medical School 12,000
Mt. Hemilton Reflecting

Telescopel 1,200
S. F. Hastings College of

Lawl 1,450
U. C. Seanta Barbara Gym: 466

Capitol Add.., Sacramentot 2,400

BERKELEY CITY PROJECTS:

Berkeley Grove Library? 65
Firehouse #12 100
Firehouse #22 194
Firehouse #3° 70
Firehouse #4° 78.6
Firehouse #52 116
Center St. Garage2 52L.7
Animal Shelter? 50
Bowling Greens Clubhouse2 25

2

San Pablo Rec. Center 30,000

City Recreation Center® 165,000

Willard Swim Center® 175,000
Garfield Swim Center® 185,000
Burbank Swim Center® 175,000

Year

(50) 15,500

(4k9) 1,800
(50) 1,450
(50) 700
(k9) 3,600
(57) 66.
(63) 10k
(62) 194
(60) 69
(51) 102
(62) 120
(54) 692.

(54) 63.
(58) 27.

(64) 31,200
(58) 177,800
(61) 200,800
(62) 182,400

(62) 180,800

"Act.

Year

(52)

(5k4)

(51)
(51)
(50)

(61)
(67)
(64)
(62)
(60)
(62)
(57)
(58)
(61)
(67)
(64)
(6k)
(67)
(67)

(costs in thousands)

Yrs.to
complete

2

N W W £ W (@]

w

(All figures below are in Million Dollars]

Rockefeller's Mall (8r
Albany S. Mall) 250
Components -- Cultural ctr.3 65.4

Platform3 134.7

(62) 1,500
(64) 140.5
(6k4) 298.7

-29-

(72)
(70)
(70)

1.29

1.50

1.50

1.02

1.04

1.00

0.99

1.30
1.03

1.33

.27
1.11

1.04

1.08

1.15

0.99
1.03



Table 10 BUILDINGS (Continued)
Est. Year

Meeting Centerd 14,6 (64)
Health Laboratory3 21.6 (64)
Office Tower> he.1 (6k)
Four Agency Buildings3 41.5 (6k4)
Motor Vehicles Building3 36.4 (64)
Legislative Building3 29.6 (6k4)
Justice Building3 10.1 (64)
Hayden Planetarium3 0.80 (64)
Gouverneur Hospital, N.Y.c.} 8.0 (61)
Andrews AFB, Camp Springs,

Md.f 30 unit Bache%or

Officers' Quarters 0.08 (51)
3,000-man airman's barracks?  5.125 (51)
Readiness Room’ 0.165 (51)
Airfield pavement:

836,200 sq. yds.’ 0.650  (51)
Alert hangar? 0.213  (51)

-30-

Act.
48.6
82.7
66.4
78.1
57.9
51.3
25.9
0.80

30.0

0.177
8.175
0.154

1.h4h2
0.330

(costs in millions)

Yrs.to

Year complete

(70)
(70)
(70)
(70)
(72)
(70)
(70)
(70)
(71)

(52)
(52)
(52)

(52)
(52)

MEAN. . . . .

3.33
3.83
1.4k
1.88
1.59
1.73
2.56
1.00

3.75

2.21

1.60

0.93

. 1.63



SOURCES

Tucker, James Franklin, "Cost Estimation in Public Works," Master of Business
Administration Thesis, (University of California, Berkeley), September 1970,
pp. 59, 60

Goodsell, Wayne L., "A Comparative Analysis of Estimated versus Actual Costs of
Public Goods," Course Paper B.A. 202B (University of California, Berkeley)
March 8, 1971, pp. 4, 5

1964 estimate, 1970 estimate: "What Price Glory or the Albany Mall," Fortune,
83, no. 6, June 1971, pp. 92-95, 165-167

"Hospital's Delay Almost Expected," The New York Times, May 23, 1971

Construction of Andrews Air Force Base, Report of the Committee on Expenditures
in the Executive Departments, 82nd Congress, 2nd session, House Report No. 1623

1962 estimate: Wall Street Journal, March 18, 1971, p. 32
1971 estimate: Ibid. $330 million had been spent to that time

-31-



Table 11 AD HOC PUBLIC WORKS PROJECT

Est.

Long Beach Queen Maryt 8.
Stanford Linear Acceleratorc 11k

Damrosch Park Guggenheim
Band Shelld 0.

John F., Kennedy Centerh 31.

New McCormick Place, Chicago5 T2
6

World Trade Center, N.Y.C. 270
U.N. Headquarters7 65
New Queens Zoo! 1.
Zero Gradéent Synchrotron

(ANL) Yo
200 Bev Accelerator,

Veston, 111.9 250
New Orleand Stadium® 35
Kansas City stadiumt 43
Madison Square Gardenl? 75
Lincoln Center®3 55
Container Terminal, Tth st.1* 2l

75

832

- {ear

(67)
(62)

(59)
(61)
(67)
(62)
(W7)
(66)

(66)
(67)
(61)
(58)
(67)

-32-

Act.
57.7
114

1.529
60.0
95

600

68
3.5

108.5

ho3
95
53
150
160

32

Year

(71)

(67)

(69)
(69)
(70)
(69)
(52)
(68)

(68)

(77)2
(68)
(68)
(68)
(66)
(71)

Yrs.to
complete R
b 6.59
5 1.00
10 1.8k
8 1.9k
3 1.32
T 2.22
5 1.05
2 1.8k
2.58
1.61
2 2.71
1 1.23
7 2.00
8 2.91
L 1.33
MEAN. . . . . 2.1h



1.

22.

L.

10.

11.

12.

13.

1k,

SOURCES

1967 estimate: San Francisco Chronicle, 7/9/70, p. 11
1971 estimate: San Francisco Examiner, 2/27/71

1962 estimate: New York Times, May 2, 1962, p. 10
1967 Act.: Ibid., September 10, 1967, p. 15

1959 Estimate: Ibid., October 13, 1959, p. 1
1969 Act.: Ibid., May 23, 1969, p. 36

Newsweek, March 10, 1969, p. 109

Chicago Daily News, January 2-3, 1971, p. &

1962 estimate: New York Times Magazine, November 25, 1962, p. 36
1969 estimate: Reader's Digest, July, 1969, p. 217

Robert Moses, Public Works: A Dangerous Trade

U. S. General Accounting Office, Analysis of Estimated and Actual Costs of
Certain Major Research Facilities of the Atomic Energy Commission," B-159687,
February 20, 1969

Sports Illustrated, May 20, 1968, p. 13

1961 estimate: Time, August 4, 1961, p. 68
1968 estimate: Time, January 5, 1968, p. 68

1958 estimate: Newsweek, December 21, 1964, p. Th
1966 Act.: Nation, March 22, 1965, p. 203

1964 estimate, 1970 estimate: '"What Price Glory on the Albany Mall," Fortune
83, no. 6, June 1971, pp. 92-95, 165-167

Goodsell, Wayne L., "A Comparative Analysis of Estimated versus Actual Costs
of Public Goods," March 8, 1971

Port of Oakland, Port Progress, May 1971
U. S. Dept. of Commerce, Economic Development Administration, A Stddy of the
Future of a Marine Terminal Industry and the Possibility of Developing New

Marine Terminal Facilities in Oakland, California Phase III Report, Kaiser

Engineers, April 1967



Table 12 RAPLD TRANSIT PROJECTS (in millions)

Est. Year Act. Year R’
Lindenvold® 54,2 (62) ol (70) 1.73
Skokie Swift? 524 (62) 700 (66) 1.34
Cleveland Transit System:

Southeast? 19.1 (60) 30 (67) 1.57
0slo, Norway™ 40.1 (54) 60.3 (67) 1.50
Cologne, Germany”’ 240 (68) 255.5 (70) 1.06
Rotterdam (Main Line)® 1468.1 (58) 913.3 (68) 1.95

(Recent addition) 89.4 (62) 125.6 (70) 1.40
MEAN. . . . . . 1.51

S. F. Bay Area Rapid
Transit 1391 (62) 1446 (72) 1.45

1. Civil Engineering 40, No. 9, (Sept. 1970) p. 60

2. Thomas Buck, Skokie Swift, The Commuter's Friend (Chicago Transit Authority,
May, 1968)

3. Gaspare A. Corso, "Green Light for Transportation,'" Cleveland Transit System,

1967

L., Letter from Mr. Ove Skaug, General Manager of A/S Oslo Sporveier, 2 September
1971

5. Letter from Kolner Verkehrs-Betriebe AG dated 13 September 1971

6. Letter from Rotterdamse Elektrische Tram, 1 September 1971

-34-



Table 13 SUMMARY OF COST ESTIMATION.EXPERIENCE

Type of Project No. of Projects Mean Ratio Actual/Estimate
Water Resources ite] 1.39
Highway | 49 1.26
Building 59 1.63
Rapid Transit 8 1.51
Ad Hoc 15 2.1k
Grand Mean 180 1.50

-35-



On the basis of our gross comparisons, as available in Table 13, it appeans
that costs are most seriously underestimated in ad hoc public works. The costs
of buildings are difficult to predict also. Rapid transit projects lie midway in
the subsamples and midway between the mean R of 2.14 among ad hoc projects and
the mean R of 1.26 in highway projects.

Does the evidence suggest that there is a real difference among projects of
the five types we have enumerated? This question would normally be answered by a
statistical test, called an R test.

The question we would be asking, in statistical terms, is: Do all the groups
of the sample appear as if they are drawn from the same population? If not, can
we say that there are significant differences among groups in the sense that ele-
ments of a sample of one group, e.g. buildings, more nearly resemble each other
than they do all other types of public works projects? The distortion of R
ratios is given in Figure 1. It is clear that this distribution is not normal.
Therefore it is not legitimate to do an analysis of variance because the R-test
assumes normality. We must move instead to a test which does not depend on any
particular parametric characteristic of the distribution, a distribution-free or
nonparametric test. Figure 1 makes it apparent that the distribution of R is not
even symmetric, usually a minimum property even for a nonparametric test. Several
transformations of the R varisble were used and it was found that the common log-

arithm (to base ten) was distributed symmetrically.
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8¢

h°e

AN

0°¢

§'1 91 H T AN

0°T

g°0

9°0

h°0

SOILVY d JHL JO0 NOILINGI4LSIM

T sans1g

PR

|
—
-
—~ CT
=
— CC
L
T
b O
L
"
. 0%
L
T



To assess which types of projects have better than average cost estimation
performance, and which types have worse than average, a Wilcoxon signed rank test
was performed.l This nonparametric test permits exact significance levels without
the specification of a particular probability distribution for the R ratios. The
Wilcoxon test does require the distribution to be symmetric, however, so the test
was based on the common logarithms of the data points. This transformation yielded
a distribution with reasonable symmetry.

The arithmetic average of all of the observations was taken, and each type of
project was tested for significant difference of its mean from this average, using
the one-tailed test which yielded the smaller P-value. A two-tailed P-value was
obtained by doubling this one-tailed P-value, With one exception, the results are
exact significance 1evels.2 The results are tabulated below, where in each case
the null hypothesis is that Ry = RO, where Ri is the mean of the distribution of

project type i, and R, is the mean of the entire sample.

1For a description of the method, see Frank Wilcoxon, "Individual comparisons by
1onking methods," Biometrics, 1:80-83 (1945).

2For buildings, the exception, a normal approximation was used because the avall-
able tables did not cover sample sizes larger than 50.
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Table 1L HYPOTHESIS TESTS ON MEAN R IN DIFFERENT PROJECT GROUPS

Project type Alternative hypothesis P-value
Water Resources Ewater < §6 .0335
Ryater * Ry (two-tailed) 0670
Highways Rhighways < Ro .0001
Rhighways * R (two-tailed) .0002
A__d‘ hoc ﬁad hoc > -ﬁo -0062
Rad hoc * B, (two-tailed) 0124
Rapid Transit Riransit > Ro .0977
Ripansit * Ro (two-tailed) .195k
Buildings Rpuildings » Ry .05k
Rpuildings * Fo .108

Also tested was the hypothesis that the man of all rapid transit projects other
than BART is different from the mean of BART, H: Rytper = RpaRT VS-

Aqy: ﬁother )—ﬁﬁART and As: ﬁbther + ﬁfART' These two tests yielded P-values of
4063 and .8126, respectively.

Table 14 can be interpreted as follows: For each class of projects the ques-
tion is posed: is its mean R significantly different from the overall mean of the
semple 1.507 In each case an alternative hypothesis was suggested by the data,
e.g., that water resources cost estimation experience was better than average.

Tn each case the null hypothesis is that the means are equal. The P-value is the
probability of Type I error is given for the two-tailed alternative where cost

experience could conceivably be better or worse within a particular group. This
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probability is always twice the probability of making an error of the first type
in a one-tailed test.

These results allow us to say that cost overruns are smaller in water and
highway projects than they are for sall public works projects. Cost overruns are
higher on the average in ad hoc, building, and probably rapid transit projects
(although there we have almost a 10 per cent cﬁance of Type I error in making that
statement). While BARTD's cost estimating experience is a bit better than average
for all types of projects, there is no evidence to indicate that it is appreciably
different from transit projects in the United States and Europe. That is, BART is
a typical member of the population of rapid transit projects in this respect.

I do not feel that this should end the analysis of these data. More data
could be gathered on rapid transit cost experience. Perhaps there is material for
a Ph.D. dissertation here. Factors affecting these cost overruns could be
studied by regression analysis in the spirit of Summers and Tucker. Care should
be taken, however, to use only variables vhich could have been known before
projects were undertaken if a method to predict and prevent cost overruns is

sought.
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