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Abstract

" This thesis develops a flow generation model using the Markov
stochastic process and describes its application to the evaluation of
flood control benefits.

The model is developed specifically for the study of var-
iability of the benefit-cost ratio as presented in part I. In dealing
Qith a particular flood control project the authors have fqund a
surprisingly large possible variation in B/C‘ratio's.o I£ is suggested
that ‘the traditional method of presenting the B/C.ratio really yields
insufficient information on which to base a decision.

| Four~ancillary studies present an analysis of several factors
such as interest rate and project size in the light of the prOposedm
method. The study is proposed as a first step towards formulating a

more realistic and reliable decision process for water resource projects.
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CHAPTER T
STATTISTICAL BACKGROUND

A. TFlow simulation

This study lends itself'vefy Well to the use of
flow simulation techniques. The method generates a
synthetic series of random flows following a desired
statistical distribution using parameters obtained from
the historic record. Benefits, or damages assoclated
with each flow, are then calculated, converted to
preseﬁ%;value, Repetition of the procedure gives a
frequency curve of benefit-cost ratios forbthe
bértioular project.

?heoretically, flow simulation téchniques are -
perhaps not necessary in order to calculate the
probability distribution of the benefit-cost ratio.
Using mathematical techniques, equations could be found
to represent the various input data (historical flow -
frequency curve, project benefit éurves, etc.). The
entire problem .could then be solved analytically.
Howéver, the mathematical difficulties are so great that
this would certainly not e expedient. Streamflow
generation uses a stochastic model 1o solve the problem
experimentally.

Tn evaluation of the approach, it must be reaiized

-

that the technigue of flow simulation adds no new



snformation to the analysis or accuracy to the rgsults.
Sincé the statistical parameters of the generated
population are the same as those estinmated from the
historic data, the new information is subject to errors
directly proportionel to unrepresentative features of
the historic record. That is to say that the historic
record may not be representative of the flows which
occur in the future. The flow simulation technique oéﬁ
also yield only approximate solutions which ars subject
t0 random errors. These two limitations are studied in
some detail in the thesis. _The influence of a non-
representative historic record is assessed to some degree
by testing the sensitivity of the systen to changes in
this data. The possibility of random error is checked
by testing the system stability using several runs with
different random Tlows. -
The major advantage of the sequential géneration
process is the production of flow series that are as

likely to occur as a repetition of the higstoric record.

"The application of these flow series to the project

produces a range of B/C ratios rather than an average

B/C ratio which results from the traditional method of

assuming repetition of the historic record duvuring the
project's existence. It is possible to produce as many:

series of generated hydrologic data as desired for use




in the economicvanalysis. This proVidés fiéxibility in
“that a.broad speotfum of results may be analyzed using
4di£férenf sets of generated data.

| The-generation techniqué used in this thesié
assumes that the flows follow a Markov stochastic process.
The basis of this technique is that the stafe of a system
at any-time depends upon a knowlédge.of the state at the
immédiately preceding tiﬁe and a random uncofrelated com—
ponent. A mean and standard deviation may be determined
mathematically from the ﬁistorical record and a serial cdf—
relation céefficient may be found by assessing statistically‘
the effect of flow at time "t-1" upon flow at time "t".
These Sérameters may then Be used in the Markov equation to
g?nerate a synthetic flow seriés, * The Markov equation- is:

xg. = v (x4-1) + (1-r) X + sx (1-r2) (ORD)

‘where: - xt is the value of the flow at time t.

xt—1 is the value of the flow at the preceding
time. ' v

r is the first order serial correlation
coefficient between flows. -

ORD is a random variable‘in standardized form

following a given probability distribution.

X 1s the mean of the generated flows,.

sx is the standafd deviation of the generated

flows.



The mean, the standard deviation, and the serial

correlation coefficient are determined from the historic

record as will be explained below.

The standardized random variable is obtained by
first generating a vniformly distributed random variabie
between O and 1 and then transforming this variable into
one which follows the desirsd distribution.

The process of generating uniformly distributed

- pandom numbers is accomplished by use of a scientific

subroutine package (RANDU) of the IBU-360-65 University
computer. Since the Qalculation is pérformed
mathematically on the computer, the numbers generated aré
better described as pseudo-random numbers. The program
is as follows:

SUBROUTINE RANDU (IX, IY, YFL)

IY = IX * 65539

IF (IY) 5, 6, 6

5 IY = IY + 2147483647 + 1
6 YFL = IY

7 YFL = YFL * ,4656613 E-9

RETURN
END

where % denotes multiplication
and E-9 = (10) -9

The technicue involved is as follows: A



random odd number (IX) of between 1 and 9 digits is read
by the- subroutine. An IY‘Value is calculated as shown.

It is also an odd integer value. A test for negative IY
value is used. If IY is negative, it is converted to a
positive value by statement #5. The uniformly distributed

random number (YFL) is then calculated in statements #6 &

7. The numbers involved in the subroutine are chosen such

that the resulting YFL value always occurs as a number

between O and 1 providing the IX input value 1s an odd

integer of 1 to 9 digits. The resulting IY value may be

used as IX value for the second'generation of a random
number. |

The uniformly distributed variable, YFL, is used
fo obtain corresponding values of ORD (standardized

normally distributed random variable by the relation:
‘ , ORD o
YPL = F (x) dx
-00

3

A normal curve approximation

YFL is used to approximate the
normal curve function with
an error involved of less

\\\\\\\ than 4.5 x 10 —4.

SRD

3apramowitz & Steegun, "Handbook of lathematical
Punctions", U.S. Dept. of Commerce, p. 933



The historic mean may be détermined in one of
several ways. One method is to simply calculate the
aritimetic mean from the historic flow record. Another
method is to derive the mean from existing frequency e
curves. If the flows are normally distributed, the
mean simply corresponds to the 50% level of exceeaence
on the frequency curve. If the flows follow a different

4

statistical pattern, transformation equations™ must be
used to obtain the cesired mean.

The standard devietion may also be calculated
aritimetically or derived from a historical frequency
curve. If the flows are normally distributed, the
Standard deviation is simply the value of the range of
flows falling between exceedence levels of 87.13% and
50%. If the flows follow a different stetistical pattern,
transformation equations4 must again be used.

The serial correlation coefficient is détermihed

by plotting an arithmetically best fit line (least squares

method) through a standardized5 plot of the flow at

time "t" (dependent variable) versus the flow at time

4VoT° Chow, "Handbook of Applied Hydrology", p. 8-17
gives conversion eguations for a log normal distribution..

5A particular value of a variable may be standardized
by subtracting the mean and dividing the result by the standard
deviation. This yields a variable whose mean is 0.0 and
standard deviation = 1.0 (i.e. a standardized variable).



nt-1" (independent variable). By definition, the angle
of regression (x) is the angle which the best fit line
forms with the axis of the independent variable. The

serial correletion coefficient (r) is defined as:

r = tan x
2 . . - .
The value of r° is a direct measure of the portion

of the flow at time "t" which is determined by the value

of flow at time "t-1".

B. TFlow simulation as apnlied to fhe Red River

The previous section haé described the general
method of flow simulation which is applied in this thesis.
This section descibes how this method is applied to
synthetic flood peak generation for the Red River at
Winnipeg. | |

The'input parameters are determined by analyzing
a frequency curve of flood peaks and the historic record
of flood peaks. The flood frequency curve given in the
Royal Commission Report (Plate #4) is adapted for thesis
purposes in Fig. 3.1. From this figure it may be observed

‘that flood peaks above 60,000 cfée6

follow very closely a
straight line on log normal probability paper. This
strongly indicates that the historical flood peaks above

60,000 cfs. on the Red River at Winnipeg follow a

. 6 . . ‘ - .
Note: This thesis only concerns itself with Ilood
peaks greater than 64,900 cfs. since this is the flow at which-
flood demages begin in absence of a floodway.



log-normal distribution.

Both theoretical and empirical evidence suggest
that there is justification for assuming log-normality
of flood peaks. Kuiper7, in analyzing 100 frequency
curves for North Americen rivers concluded that "when
maximun annual flood flows . . o are plotted on
logarithmic probability paper, they tend to fall on a
straight line." Chow8 has considered the situation where
'the occurrence of a random hydrologic event can be re-
presented by nultiplying the effect of a nunber of
contributing factors which are random variables themselves.
The central 1limit theorem9 then shows that, as the number
of such causative factors is large, the logérithm of the
hydrologic occurrence becomes normally distributed.

This argument seems valid when applied to the
hydrologic event, the flcod peak on the Red River. The
major factor involved in croducing a Red River spring flood

peak is the spring snovmelt. Many causative factors

7E, Kuiper, "100C Frequency Curves of HNorth
American Rivers" ASCE Proc., Paper 1395.

8V,T, Chow, Proc. ASCE Vol. 80, p. 536, pp. 1-25,
Nov. '54. . _

9Briefly stated, the theorem states that if the
number of considerations is large, the (theoretical)
sempling distribution of the mean can be closely approximated
with a normal distribution. :



combine to produce this spring run-off. Depth, timé,

and density of winter snowfall, winter snowmelt, ground
water indsx, type of soil, spfing rainfall, presence of
vegetation and suxiliary drainage, wind, humidity,
temperature, and snow albedo are by no means a complete
list. Many of these factors rmust be multiplied in order
to obtain their combined effect on the peak river
discharge. This suggests a log-normal distribution.

It would apvear that the use of a log-normal distribution
for flood peaks is justified and it seems to be borne out
by the straight line tendency of the frequency curve on
log-normal probability paper.

Once a straight line is applied to the fregquency
curve of recorded flood peaks (by "least squares" method
or by eye,) confidence bands may be applied to the line.
The most restrictive bands available in tables (80%) are
applied to historic flood peak data in Fig. 3.2 using
the Xolmogorov-Smirnov Test.lo The 80% statistical
confidence exnrcssed by these bands signifies taat if a
point falls outside these limits, there is an 80%
probability of this occurrence being due to chance onlye.

The resﬁlts in Fig. 3.2 indicate thaﬁ-the
frequency curve of flood peaks falls well within the 80%

level of significance, thus allowing the assumption that

lOThe Kolmogorov-Smirnov Test, American Statlstlcal

Association Journal, liarch, 1951,
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the flood peaks are log normally distributed.
© Phe recorded historical flood peaks of Fig. 3.2
could be used to determine statistical properties for

the Markov generation process. However, the authors

decided to use the extrapolated, upper parﬁ of the Royal

Commissibn's frequency curve (Fig,.3°l) in order to

make the sfudy results comparable to fhoée of the

Royal Commission's study.ll
The mean_and standard deviation of the peak flows

may now be»determined from the Royal Commission frequenéy

curve (Fig. 3.1). This is accomplished first by

trans£§rring the log-normal line td normal probability

paper,ﬁ:The normal mean and normal standerd deviation may

12

be read directly from this graph™ . These parameters nay

be converted to corresponding log-normel mean and standard
"deviation by means of transformation equations4.

The serial correlation coeffiéient is determined
using the method described in Section A of this chapters.
The process is performed mathematically, rather than

graphically, with cbmputer orogram REGAN, which is presented

in Apvendices B & C. The results of the computer run

11Note: Since this thesis is concerned only with
flood flows which cause damage (i.e. 64,900 Cfs.), a best
fit line is drawn only through flood flows greater than
60,000 cfs. :

124, =
The mean corrvesponds to a 50% level of exceedence
while the standard deviation is the range of flood peaks
falling between 87.13% and 50% levels.



reveal nearly zero serial correlation between annual
fiood pesks on the Red River at Winnipeg. This is not
surprising; It could hardly be éXpected that the
magnitude of a spring flood in one year (depending
mainiy on winter and spring conditions) coﬁld be
affecfed by the size of the preﬁious spring flood.

| Having assumed or calculated the various input
parameters of statistical distribution, mean, standard
deviation, and serial cofrelation coefficieﬁt fdr the
particular case of flood peaks on the Red Ri&er, the
Markovian model is used to generate a synthetic record

of flood peaks of any desirable length.

Ce. Reliability, Stability, and Sensitivity of Results

As mentioned previously, it must be ensured that

‘the results of sequential generation are both reliable

and stable before the synthetic flow model can be
accepted as useful.

Reliability may be checked in several ways. .
Several randomly chosen synthetic flood peak series were
plotted with the extrapolated Royal Commission flood
fréquency curve of Fig. 3.1l. Ali.generated series fel;
well within the 80% level of significance indicating

that the generated series are, in fact, closely re-

presentative of the occurrence of historical floods.

Synthetic peak series are checked by comparing the actual

-~
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frequency of occurrence of synthetic floods of several
sizes against the frequency of occurrence predicted by

the Royal Commission frequency curve. The results, which

are summarized below, again indicate close agreement

petween synthetic and historic records.

TABLE 3.1
Flood lagnitude Historical Freauency Synthetic Freqguency
greéter than 65,000 cfs, 20 in 200 years 19.2 in 200 years

- greater than 200,000 cfs. 0.666 in 200 years 0.633 in 200 years

Stability.of results is analyzed by observing the
change in the final result (frequency.curve of benefit-
cost ratios) when the procedure is repeated with a new bétch
of generated flows. This is done by repeating the computer
runs several times using a different starting value (IX
in the computer program FLOGEN. Results, as presented in
Tgbles 5.1, 5.2, 5.3, 5.4, and 5.5 and Figs. 3.3 and 3.4
indicate that the variation in the results due to the
random nsture of the flow generation process is acceptable.

A knowledge of the sensitivity of the system to
a change in the parameters of the flood frequency
distribution is desirable in order to estimate the possible

effect on the final results of using a non-representative

historic record or frequency curve.

The recorded flood data for the river may have been

talken from a predominately wet or dry period of the



population of floods which exist for the partloular river.
This would meen that it is probable that flood peaks which
occur over the life of the projecy possess statistical
properties different than the hlSLOTlC record.

An analysis of the economic effect of such a
condition may be accomplished by using the mean end
standard deviation obtained from the Royal Commission's
flood frequency curve to generate an estimate of the ﬁ
population meén and standard deviation. These generated
parameters may then be used to generate a sequence of
flows which are applied to the projeéto These flows are
statistically distinguishable from the Royal Commission's
frequency curve and yield a frequency_curvé of B/C ratios
which may be compared to those obtained by usingAtde
- Royal Commission mean and standard deviation, A
comparisgn of these frequency curves demonstrates the
system sensitivity to use of a non-representative
historic record.

By the central limit theoremg, it may be stated
that the means of samples taken from a population which
follows any statistical distribution are norﬁally
distributed. The standard deviation of the sample means is:

ée:: é/\/ﬁ_ . ~ (refer to note on Page 16)

By

where: N = number of variables in the sample
A= sample standard deviation



. Thus. an estimate of the populaticn mean may be
génerated using the equation:
A -
iu =x+ (ORD) e
A
where pa= generated estimate of population mean
X = squWe mean
ORD = randon normally distributed
standardized variable
ABe = standard deviation of sample means
Similarly, it may be proved by statistical theory

that sample Vﬂrlunces foWlow a onl—oouarOd distribution as

follows: S ~ Nél (N l)
where . = number of variables in sample

sample sta andard deviation
estlﬂate of population standard
deviation.

I

S

s

A chi-sqguared value may be generated for this
equation using an equation from "The Handbook of
Mathematical Functions™” (Page 941) which 1is Stated as:

x*= o~ f1-2 +(0RD)/_—‘§

where ORD and N are defined previously
in this chapter.

Sixty means and sixty standard deviations were
generated and sevefal velues possessing a high deviation
from the norms were chosen. The ﬂistoric (sample) mean
(31,570 cfs.) and the historic standard deviation (29,893
13

cfs.) may be compared with these values.

13Note: Tn each case, only one generated parameuer
is used. nat is, in runs #1 and 2, a generated mean 1S
used in conganctﬂon vith taelhiutoric standard deviation
(29,893 cfs.). In runs i3 and 4, a generated standard
deviation is used in conjunction with the historic mean
(31,570 cfs.). The results, therefore, indicate systenm
seﬂ51u1v1t to the one generated parameter. :
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TABIE 3.2
Prob. of Excead.
Run #1. Generated llean 26,274 cfs. 3.3%
Run #2. Generated liean 33,193 cfs. 72.1%
Run #3. Generated Std. Dev. 33,193 cfs. 98.36%
Run #4., Generated Std. Dev. 26,274 cfs. 1.60%

The significance of the probability value may be
explained as follows. In the first case,'assuming the
 hypothesis that the population mean 1s actually 26,274
¢fs., the probability that the sample mean could be -
31,570 cfs. or higher is 3.3%. Since this probability
is small, then thé hypothesis 1is unlikely so the assumption
of a 26,274 cfs. population mean representé an unlikely
(extreme) value.

Similarly, in run #2, assuming the hypothesis
that the population standard deviation is actually 33,193
cfs.,'the probability that the sample standard -deviation
could be 29,893 ofs. or lower is 100,0 - 98.36 = 1.64%.
Therefore, this also represents an extremne value. '

The results of this analysis demonstrate the
sensitivity of the frequencj curve of B/C ratios to a
relatively largé change in either mean OT standard
deviation of the historic flood peak record.

Referring to Figure 5.7 and Table 5.5, it may

1, which uses a generated mean

Sk

be seen that, for run
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with a 3.3% probability of exceedence, the meon B/C
ratio decreases by 15 % while the standard deviation
‘decreases by 7 %.

The results may be summarized as follows:

TABLE 3.3
Synthetic Flood Peaks .B/C ratio freg. curve
Gen. Parameter Prob. of Exceed. Mean Staﬁdard Dev.
Run #1 Mean 3.3% : 2.4700 1.9777
Run ',—*/FIZ Mean 7201% : 300657 201916
Run # Std. Deve. 98.4% 3.4836 2.4756

Run 7(7"1‘4- Std. Deve - 106% 291628 107033
Historic ‘ 2,9119 2.1258

In view of the evidence, 1t is suggested that the
application of this particular flow simulation tecinigue
to this particular problem yields results which appear to

be both reliable and stable. . .

NOTE: It is realized that, strictly speaking, the t-distribution
should be used to generate estimates of the population meane.
However, with the large sample size available,'the normal |
distributioﬁ serves as an.adequate approximation of the t =

distributione.
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CHAPTER II
METHODOLOGY

This chapter deals with the method followed in
cdmputing benefit-cost ratios. The main computer
'programs described herein apply to all five studies and
the changes of input to each of the five studies are
given. Before the advent of the electronic computer,
~studies such as the one undertaken here were impractical
due to their vast computational. load. The computer
allows many calculations to be done in a short time and
the effects of many different conditions may be studiled.

The first step which must be performed is the
generation of synthetic flood flow series. These nust
bear the same characteristics as the historic flow record.
such that the generated flow series and the historic flow
record are statistically indistinguishable. The generated
flow must then be applied to a mathematical model of the
flood control scheme to determine the benefits of the
.project, The costs are then calculated and compared with
the benefits to give & benefit-cost ratio. This proceaure
is repeated until enough benefit-cost ratios have been
calculated to obtain a probability distribution of

benefit-cost ratios.
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a) Streamflow Generation

" The synthetic streamflow generation program makes
use ©0f the statistical theory presented in the previous

chapter. The input data for the progrem includes the

mean and standard deviation which the generated flows
are to have. The mean and standard deviation were
determined from the flood frequency curve given by the

1 : .
4 The values determined were a mean

Royal Commission.
of 31,570 cfs. and a standard deviation of 29,893 cfs.
A correlation coeffiéient is included in the input to
take into account any annual persistence in yearly flood
peaks. The correlation coefficient found for the
histofzé flows, when corrected for degrees of freedom
was 0.0. This was expected dues to the generally random
nature of flood peaks. The other inpuf to the progranm
 consists of a random integer value to start the random
value generator and several counters indicating the
number of cycles to be performed by the program.

The mean and stahdard deviation used as input are
those for a log-normal distribution (as given by the ’
Royal Commission). To facilitate the generation of
random variables and to give these vafiables a new distri-

bution the mean and standard deviation must be normalized

14, . s :
, 4Report of the Royal Commission on Flood Cost
Benefit, Winnipez, lionitoba. . Dec. 1950, Plate 4.




19

(made to correspond to a normal distridvution). This is

“done with two transformation equations,15
Jﬁog (1 = sdg) (meanz)

amean = log (mean) - std2

2

std

where: std = normal standard deviation

sd = log normal standard deviation
mean = 10g normal mean
amean = normal mean.

The logarithms are natufal”logarithms to

the base e. A wniformly distributed random variate is then
generated. This is done with a Sciéntific Subroutine
Package progran stored in the University of Lianitoba's
I8 36O computer. The variables generated are between O
and 1.0. The uniformly distributed random variables are
then converted to norm2lly distributed standardized random
variates in subroufine "Norm". To do this the random
variables aré considered to represent areas under a normal
curve. The areas are then converted to ordinates by means
of normal curve approximation formulae.l6

The normally distributed random variates (with a
mean of 0.0 and a standard deviation of 1.0) are then

‘converted to normally disvributed random veriates with a

- _
IJV,Te Chow, Handbook of Applied Hydrology

pp. 8-17.
16Abramowitz and Stegun, Handbook of Ilathematical

Functions (U.S. Devt. of Commerce 1958) pp. 932-933.
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given mean and standard deviation;' This forms the random
part of the synthetic flood flow. The serially correlated
portion is added and the equation becomes:

X=R*Y+ Xp* std */1-R° - amean (R-1.0)

where: X

Il

normally distributed variate with given
mean and standard deviation.
flow in year N-1

i

Lp= normelly distributed random variate
with mean of 0.0 and standard deviation
of 1.0
R = correlation coefficient
std = normal standard deviation
amean = normal mean.

The normelly distributed variate this generated
must be then changed to match the distribution of the
recorded flood peaks (log—nérmal)° This is done by taking
fhe natural antilogs of X and the result is a log normally
distribﬁted‘peak flow with a given mean and standard
deviation.

By putting the above basic steps in a "do loop"
the procedure is repeated many times to get sixfy régbrds
of peak flows, with each record being 200 years long. A
flow chart of the program used, description of variebles,
.and an gctual computer priht out -are included in Appendices
B and C. _ |

| If should be noted that in Studies 1 and 2 flows are
generated for 200 year periods. In Study 3 flows are |

senerated for periods of 50, 100 and 200 yesrs. Studies 4
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and 5 agaln return to 200 year perlods°

" In all studies except Study 5 tne mecan and standard
deviation used to generate the flows are found from the
Royal Commission frequency curve. Since Study 5 deals with
changes in this frequency curve different means and standard.
deviations are used. This is covered in more detail later

in the chapter.

) Benefit Evaluation

The output from the computer program "FLOGEN"
consists of synthetic flow records. The flows are pfinted
out for immediste reference and checking and also placed
on magrretic tape fpr use in program "PRSWTE" which computes
the benefit-cost ratios for the particular‘projecﬁs,

-

In addition to the synthetic flows which are read

- from the tape, three basic curves are needed. Natural

conditions and improved condition rating curves, given
in fig. 4.1, and a stage damege curve shown in fig. 4.4,
Different rating curves are used for different assumed
floodway capacities., (Fig. 4.2, Fig. 4.3). In 21l cases
the curves are identical tb those given by the Royal

17

Commission or were prepared from data given in the

report. The details of the calculations for these curves

: l7Report of the Royal Commission on Flood Cost
Benefit, op. cit.
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are given in a subsequent section. The remaining input
consists of costs at each discount rate and the discount
rates themselves. The calculation of costs‘depends on the
study being performed and are also discussed in a
subsequent section.

The program first reads the three curves used, the
discount ratés, and the costs. The floWs are then read
singly and tested Tor magnitude to insure that they fall
within the limits of the rating curves given. TFlows which
are found to fall outside the upper limit on the natural
conditions rating curve18 are arbitrarily given a value
‘equal to damege associated with the meximum probable
flood.19 The discharge below which no damage resulted,zo
according to values from the rating curve and stage
damage curve, were not considered. If the flows are
within the given range the flow values are applied to the
natural conditions rating curve to determine naturalustage.

This is done by a method of straight line interpolation by

the computer and the points on the graph are chosen in such

18Flows greater than 270,000 cfs.

19y damage of $948,000,000

2OFlows less than (or equal to) 64,900 cfs.
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a manher as to make the error inourréd negligible. When
the natural stage is determined a similar interpolation
process is employed to find the damages under natural
conditions from the stage damage curve.

The synthetic flows are then compared to the
improved conditions rating curve and the stage in the
affected area is found. Again a value below which there

21

are no damages under improved conditions ig found and

- flows below this level are considered to have natural

damages only. When the "improved stage" has been found
the stage-damage curve 1s again used tb determine the
damages incurred under improved conditions with the
particular flow. Therefore each flow whicl falls above
the zero damage level for natural conditions has two
damages assoclated with it; a damage which-occuré.under
natural conditions and a damage which occurs under
improved conditions with the flood control project in
place. The demages prevented or benefits accruing from
the flood control project, are then the difference
between the two damage values. |

The value of benefits thus determined is for one

2

flow at one time in the future. It is necessary now to

determine the present value of the benefits associated

lelows less than (or equal to) 116,500 cfs.



with the particular flow. In the computer program this
-is domne in a separate subroutine called "“PRWIH", The
present worth factors which are multiplied by the benefits
are calculated in the program according.to the standard
formula for a single payment. Therefore, in'effedt, the
benefits at the present time of a flood prevented by the
flood control scheme sometime in the future are determined.

The above procedure is carried. out for all the flows
generated in the particular series. As each flow is
processed the computer program automatically plaées the
following flow. an additional year in the future. FEach
flow is associated with one year even though there may be
no damages caused by it. When the present worth of the
benefits of each flow in the series is determined they are
added up and represent the total present worth value of
the benefits accruing from the project for that particular
flow sequence.

The next step is the application of cosfs. The
costs are used directly as read in and all calculations
to determine cost values are done outside the computer
-program. The value read in is the total present worth_of
costs and when the total present worth of bénefit is
~divided by this value the result is a2 cost-binefit ratio.
This procedure ylelds one benefit-cost ratio for one

particular flow series.




25,

The computer performs the éboveicaibulations as
many times as there are flow series. Therefors many
different benefit-cost ratios are determined depending
on the particular stream flow sequence. When all the

benefit-cost ratios have been determined and printed out,

-

subroutine "IFREQ" is employed to put the values in

descending order and calculate their Weibull plotting
positions. The actual position is calculated with the

formulea:

it

T X 100

FREQ =
Where: FREQ = frequency of occurrence in percent
M = relative position of wvariable
(benefit-cost ratio)
N = number of variables

o

The output from "FREQ" consists of the benefit-cost
ratios and their plotting positions. This information is
'_printed out and in addition punched on cards to facilitate

lotting of the results.
P g

¢) TFrequency Curve Plotting

The authorsvwere fortunaté in having at their
disposal a CALCOLP plotter connected to an IBH 1620 )
computer. Since a great many frequency curves resulted
from the calculations a program was ﬁritﬁen for the
IBM 1620 to plot the results in final form. A program

was written which converted the frequency curve plotting

positions to rectangular co-ordinates (in terms of inches



“the graph according to a calculated ordinate and slope.

26

for the CALCCLP plotter).

- Several frequency cur#es.of bénéfit—cost ratios
were plotted by hand on different types of frequency paper.
It was observéd that the best straight line occurred on
1ogénormal paper. Since the-authors‘were more interested
in general trends than in extreme values it was decided to
use -a log normal plotting system and to use as final results
the least square best-fit straight line through the centre
2/3 of the data. |

The computer program calculates and draws a log
normal grid and then plots the points on this grid. To
find the rectangular co-ordinate vertical plotting position
the log of the benefit-cost ratio isAtaken'and then
converted to inches according to a scaie factor which

depends on the desired height of the graph. The horizontal
P g arap ,

'plotting“position is determined by using the normal curve

approximgtion formula previously cited and converting all
plotting vositions in percents to standard deviations

from the mean. The standard deviations are then converted
to inches with a horizontal scale factor depending on the
length of the graphe

| When the points are plottéd the middle two thirds
of the poinﬁs are used to Caipulate a best-fit straight‘

line by the least squares method. The line is drawn on



It will be noticed that the line drawn is drawn only
througﬁ the points used in its-célcula-ti'o'n° The plotting
of the points is facilitated by an internally stored
subroutine cailed "PLOT" and the characters are drawn
using a subroutine calléd WCHARM,

Essentially then, the calculations are now complete.
Several areas which were previously mentioned will now be
discussed. |

d) Rating Curves

The rating curves used are calculated entirely
from data given in the engineering and economic reports.
The natural conditions rating curve shown in fig. 4.1 1s
as given in the Report of the Royal Commiséion22 and The
Erigineering Investigations Board¢23 The improved
conditions rating curve is calculated with the data giyen
in the Report of the Royal Commission24. The table given
therein gives the assumed operation of the floodway and,
for eacn flow in the entire system, the flow in the river
alone is given. This value is converted to stage and

plotted ageinst the flow in the entire system. The curve

ZzRepQrt of the Royal Comﬁission on Tlood Cost
Benefit, op. cit., Plate 24,

23Rebort on Investications into lleasures for the
Reduction or the rlood Hazard in the Greatsr Winniveg Area,
‘March 1953, Plate 24, Appencaix "C."

24Renort of the Royal Commigsion on Flood Cost
Benefit, op. cit., pp. 72, Table 10.3. -

°

~
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nust then be correctedbfor backwatsr‘according to data
given in the Preliminary Engineering Reports,25 ost of
the work requires only the rating curves (natural and
improved) for the 60,000 cfs. floodway. These curves are
given in fig. 4,1. TFor Study 4 rating curves are required
for the 40,000 cfs. and 80,000 cfs. floodways. These

are calculated in the same manner as for the 60,000 cfs.
floodway rating curves with data from the same sourcss.

See figs. 4.2 and 4.3,

e) Stage—Damage Curves

The stage—damage curve remains the same for all
studies in all cases. The Royal Commission in thelr
calculations divided Winnipeg and surrounding area into
several reaches, and worked separately with each reach,
adding the damages. The approach used here was to consider

the Greater Winnipeg area as one unit. TFor this reason
26

1

the curves given in the report of the Royal Commission

were combined with the assumption of progressive dike

25Report on Investigations into leasures for the
Reduction ©f thne rlood Hazard in the Greater ‘/innipeg Area,
0p. cit., Plate 13, Appendix "G."

2 6 [ T ' . .
Revort of the Royal Commission on Flood Cost
Benefit, op. cit., Plgtes 0, 7, and O.




29

failure. The final result is shown on Fig. 4.4. Table
4.1 shows the damages in each of the Greater Winnipeg

. . . . 27
reaches assuming progressive dike failure 7 and the total

values are used for the curve.

£) Costs

Each study is designed to demonstrate a particular
aspect of the variation of the benefit—éost ratio with
streanflow. Since the benefit-cost ratio is strongly
dependent on costs it follows that the costs must vary
from study to study. To facilitate the use of the sane
basic computer programs for each study the costs were
calculated outside the computer program and entered as
input data depending on the particular otudy, In 2ll
studies costs values were based on discount rates varying
from 1 to 8%. Basically the procedure was 40 calculate
costs as annual charges and then convert these annual
charges to present value. All basic assumptions and cost
figures were taken from the Royal Commission Report in
order 0 make comparisons possible. A description of the

cost values for each study follows,

Study 1

Study 1 shows the variation of the benefit-cost

27 mn ; ¢ e
, 7Tne Report of the Royal Commission shows three
curves. The values used were determined by adding up
damages obtzined by using curve 2, '
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ratio with streamflow for five different discount rafes;
1, 2, 4, 6, and 8%. This study may be considered thek
anchor study to which all other studles may be referred
and compared. It considers the 60,000 cfs. floodway
recommended by the Royal Commission on Flood Cost Benefit
and its purpose, besides shoﬁing the variation of the
benefit-cost ratio with streamflow, is to show the effect
of varying discount rates on the final results.

In this study costs are calculated as the present
worth of all charges associated with building and maintain-
ing the 60,000 cfs. floodway in pervetuity. TFor all
intents and purposes the term perpetulty may be replaced
by a period of 200 years. This may be expiained by
considering benefits. If a flood occurs in the future and
a floodway is in place the present value of damages
prevented or benefits will be less than the actual value
at. the time of the occurrence of the flood. The 1ohéer
the period of time between the present and the incurring
of a benefit, the smaller the present value. (i.e; |
present worth factors decrease with increasing length of
time). When the total present worth of all floods in the
future is found, it may be observed that benefits occurring
after a 200 year period do not add significantly to the

total. Therefore considering floods over a 200 year period
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is equivalent to considering floods in perpetuity. It
should be noted that this fact is true only at the 2, 4,
6, and 8% discount rates. A discount rate of 1% yields a
present value of benefits which is still significant.

The ideal situation would have been the generation of
flows for different periods depending on discount rate,
and the time needed to render additional benefits
negligible. This detail is beyond the scope of the

- study and the errors inéurred at the 1% level, by
assuming 200 years to0 represent perpetuity, are insignifi-
cant. ‘

The costs of building and operating a floodway
consist of interest, amortiZatioﬁ, and mairntenance. The
three components are calculated on an annual basis and
summed to yield the total annual cost. The present worth
of the annual cost is then determined by means of the
aporooriate (depending on discount rate) present worth
faétor for a series payment.

The Royal Cormission used a useful life of structure
of 50 years and hence amortized the cost dver a 50 year
period. By considering benefits in perpetuity or 200
years it is necessary to consider the structure in place Hr
200 years. Following the same useful life of structure

assumption of 50 years, the annual cost of a recurrent

capital expenditure egual to the capital cost of the works
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every 50 years is calculated for eaéh assumed rate. This
is, in effect, providing money to replace The project
every .50 years for a period of 200 years. The amortigza-
tion value based on the above assumption together with the
other components of cost and the present worth is shown

on Table 4.2.

Study 2

Study'Z attemptg to show the effect on the benefit-
cost ratio of a changed interest rate in the future. It
is assuned that the project is started and arrangements
are made for payment at a time when the prevailing interest

rate is 4%. The further assumption (perhaps practically

e

mprobable) is made that the bonds issued to way for the
project are not renegotiated for the entire 200 year
period. Therefore the agency building the project nust
péy for it at the fixed rate of 4%. The study shows what
happens to the benefit-cost ratio should the diScoun%“rate,
at which the agency must discount the benefits, change.in
the future.

.The cost calculations required for Study 2 are
similar to those carfied out in Study 1 in that the sane
basic steps are réquired, The studies differ in that the
costs in Study 2 are amortized over a 50 year period at a
constant discount rate of 4% rather than at the varying

discount rates. This essentially means that the snnual
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costs for each of the assumed discount raﬁeé’are Tthe same.
The prééent velue of the annual costs is “then found
depending on discount rate. Again 200 years is used as
the period.of'consideration and the fesults are shown

in Table 4.3.

Study 3

Study 3 deals with the effecf on the benefit-
cost ratio of considering benefits over a period less than
perpetuity, (200 years). It may be said that this study
attempts to Jjustify the choosing of a 200 year period
by showing that lesser periods reducé benefits and nence
reduce=the benefit cost ratio,

Three economic time horizons wers éhosen for this

study; 50, 100, and 200 years. The cost values are

. ecalculated for each of the five discount rates. The cos®t

calculations for the economic time horizon of 100 years
are similaer to those carried out in Study 1. Study 1,
however, necessitated the building of the project 4 times
to provide protection for 200 years. This study considers
only 100 yezrs, and hence assuming a useful life of
project of SO-years, and a like amortization'period,

the total present worth of the costs must only provide the
funds for aArecurrent capital expenditure every 50 years

for the 100 year period. In a similar meanner the total

present worth of costs for the 50 year economic time
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Study 5

'Study 5 deals with the effects on the overall
eéonomic results of use of‘a non-representative nistoric
record ©o dalculate the statistidal'parameters for flow
generation. This sensitivity analysis is useful in that
it pfesents to decision makers thevconsequénces of
diffefent interpretations of thé basic flood frequency
curVe°

The cost values used are the same in all respects
as those used in Study l; This is done in order}to malke
the necessary comparison of results of this étudy and
those obtained using what was considered to be the
"corréét“ frequency curve. Table 4.2 gives cost values
for Study 1l; the same values as used in this study.

This chapter has presented the methodology followed
"~ generally and in each of the five studies. In some cases
the results obtained were expected, while in other qgses
the results were more revealing. A presentatioﬁ of the
results obtained by following thelabove methods and

discussion of these results follows.
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TABLE /.3
COST VALUES FOR STUDY 2
GENERATION LENGTH = 200 YEARS

FLOODWAY SIZE = 60,000 CFS.

Discount | Anmaal Present
Rate Cost, Interest Amortization Maintenance Cost . Worth
‘l : 63,097,100 2,523,900 413,300 -22h,500' © 3,161,700 316,170,000
2 : 1 | " " ' " " 158,350,000
Lo " B "o " o i i 79,042,000
6_ Soon Con i |  " oo 52,781,000

8 : 11 it i it it . 39, 588,000




COST VALUES FOR STUDY 3

TABLE 4.k

FLOODWAY SIZE = 60,000 CFS.

M ONE N

Discount _ : Annual - Present
Rate Cost Interest Amortization Maintenance Cost Worth
Generation Length = 50 Years
63,097,000 630,971 978,800 224,500 1,834,300 71,897,000
: n 1,261,942 746,000 n 2,232,500 - 70,153,000
u 2,523,88. 413,300 n 3,161,700 67,919,000
" 3,785,826 217,300 L 4,227,650 66,636,000
L 5,047,768 109,900 n 5,382,200 65,841,000
Generation Length = 100 Years
1 63,097,000 630,971 978,800 221,500 1,834,300 115,613,000
2 " 1,261,942 756,000 n 2,232,500 96,211,000
L " 2,523,881 413,300 i 3,161,700 77,477,000
6 " 3,785,826 217,300 n 4,227,650 70,255,000
8 n 5,047,768 109,900 n 5,382,200 67,246,000
Generation Length = 200 Years
1 63,097,000 630,971 978,800 224,500 - 1,834,300 183,428,000
2 LU 1,261,942 746,000 T 25232,500 111,623,000
L L 2,523,81L 413,300 n 3,161,700 79,042,C00
6 " 3,785,826 217,300 u L,227,650 70,458,000
8 n 5,047,768 109,900 il 5,382,200 67,278,000




COST VALUES FOR STUDY L4

GENERATION LENGTH = 200 YEARS

TABLE 4,5

6,697,200

Discount Annusl Present
Rate Cost Interest Amortization Maintenance Cost quth
Floodvay Size = 40,000 cfs;
1 45,196,400 458,900 71?,000 166,900 1,337,800 133,784,000
2 1 917,900 542,600 i 1,627,500 81,374,000
L i l,835;900 300:600 . 2:303:&00 57;585:000
é i 2,753,800 158,100 1 3,078,800 51,311,0C0
8 it 3,671,700 80,000 o 3,918,602 18,983,000
 Floodway Size = 60,000 cfs,
1 63,097,100 630,900 978,800 224,500 1,834,300 183,428,000
2 " 1,261,900 716,000 1 : 2,232,500 111,623,000
L " 2,523, 900 113,300 " 3:121§7oo 79,042,000
6 1t 3,785,800 217,300 1 4,227,650 70,458,000
8 1 5,047,800 110,000 " 5,382,200 67,278,000
Floodway Size = 80,000 cfs.,
1 78,579,600 785,800 1,219,000 273,900 2,278,700 227,868,000
2 R _ 1,571,600 929,000 i ‘2,77h,600 138,728,000
¢ " SMvhe | 21060 v 255500 a16825000
g " 6:286:AOO 1372000 i ’ ’ ’ ’

83,715,000
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APPENDIX B




DESCRIPTION OF PROGRAM FLOGEN

This program generates a series of random variates using
~ & given mean, standard deviation, and serial correlation coef=
ficient. A Markov stochastic process is used in the generétion
process.

The program is used, in this case, t0 generate a synthetic
séries of flood peaks following a log—normai distribution using
‘an historic mean, standard deviation and serial correlation

coefficient. The flows are stored on tape for use in program

PRSWTH,

Subroutines used: NORM



FLYGEN

DESCRIPTION OF VARIABLES:

R - SERIAL C@RRELATION C@EFFICIENT FR GENERATED FLOWS

- AMEAN - ESTIMATED P@PULATION MEAN

SD - ESTIMATED POPULATION STANDARb DEVIATION

N - - NUMBER F GENERATED FLOWS IN A SERIES

NgS - NUMBER ¢F SERIES TQ BE GENERATED

Y - GENERATED VARIABLE ¢F YEAR N-I

IX - STARTING VARIABLE FOR SUBRQUTINE RANDU

STD - N@RMAL STANDARD DEVIATIQN |

ANGRM -~ N@RMAL MEAN

I YEAR - CQUNTER INDICATING YEAR FLOW OCCURS

AT¢T. - SUM ¢F THE FLOWS

~  BTgT - SUM QF THE SQUARES QF THE.FL®WS 

X - GENERATED N@RMAL DIMENSIONLESS VARIATE

"PEAK ~ - PEAK FLOW GENERATED ACCORDING T¢ DESIRED DISTRIBUTION
@RD - NUMBER ¢F STANDARD DEVS GENERATED VARIABLE.IS FROM

EST. MEAN

SQR - SQURCE @OF THE FLOWS

AMIX - MEAN §F GENERATED PEAK SERIES -
BMIX - MEAN @F SQUARES QF GENERATED PEAK SERIES

STAND - STANDARD DEVIATION @F GENERATED PEAK SERTES



FLOWCHART FOR FLOGEN

DIMENSION
PEAK
AT@T = 0.0
READ BI¢T = 0.0
R,AMEAN ,SD
N,NOS
Y,IX
WRITE
AMEAN
SD,TX CALL N@RM
STD X=R*Y+JRD*STD*
f <1+éD**2 | ' V1.0-R¥*2-ANPRM (R-1.0)
: \L¢G AVEAN **2)
AN@RM
LPG(AMEAN)-STD* * 2
2
A
PEAK(K)=0.0
Y
Gp T¢
I YEAR = 1968 Y PrAK(K)=EXP(X)
A

WRITE
7 WRITE

' YEAR ,@RD
XY

PEAX(K)

&



#

9]

_ ATGT=ATPT+PEAK(K)

SQR=PEAK(K)**2

BT@T=BT@T+SQR

I YEAR=I YEAR+1

IX=1Y

AMIX=AT@T /N

BMIX=BT{@T /N

STAND

V%ii(BMIX-AMIX 2)

CONTINUE

RETURN




DESCRIPTION OF SUBROUTINE NORM

This subroutine is used in the main program FLOGEN, Its
purpose -is to generate normally distributed random_standardizéd
pumbers which are converted to log normally distributed flood
peaks. in the main program.

The subroutine takes uniformly distributed random numbers
generated by RANDU (a scientific subroutine package of the IBM
360-65 computer) and converts them to normally distributed

standardized random numbers.

- Subroutines used: RANDU



SUBRGUTINE N@RM

DESCRIPTION OF VARTABLES:

X

Iy

YFL

ORD

STARTING'(Z)DD INTEGER F@R RANDU
INTERMEDIATE QUTPUT FROM RANDU

@UTPUT FROM RANDU - UNIFGRMALLY DISTRIBUTED RANDGM
VARTATE

USED IN QRD CALCULATION
USED IN (RD CALCULATION

NPRMALLY DISTRIBUTED STANDARDIZED RANDOM VARIATE



FLPW CHART FOR SUBRQUTINE N@PRM

‘ B l l ; l
SUBR@UTINE ‘

N@RM

PRD=T- 2.515517+0.802853T+0,010328*T**2

1+1.432788T+0.189269*T**2+0. 001308*T** 3

£
1l :
$RD=-@RD ¥
P=1.0-YFL
TX=TY
Gy TP
v Y L
RETURN
— $RD=0.0 “* =P
GP TP Y
L___.___fl__ ﬁ
P=YFL
T Y
1
106 (5753)




DESCRIPTION OF PROGRAM PRSWTH

This program reads generated flood peak series from tape,

< and usiﬁg stage-&amage curves, rating curves, and project costs,
determines a benefit-cost ratio for each flow series entered.

- The program orderé the benefikfcost ratios from highest to
lqwest and outputs a table of benefit-cost ratios and corres-
ponding Weibull plotting positions for plotting'frequency curvese.
Punched cards bearing this information are produced also and

used as input data for program PLOT.

Subroutines used: PRWTH

FREQ



PRSWTH

DESCRIPTION OF VARIABLES:

ELEV
Q

FLOW

H
DAM

DAMAGE
PWDAM

DISC
HT -

ELIMP
ELNAT
DAMIMP
DAMNAT
BINT
T@TAL
C¢ST
BNCST
SUM

BSUM

AMEAN

BMEAN
AEXP
SD
ADD
DARRAY
FREQUE
PERC.
Ng

NU

'] CPPRDINATES OF RATING CURVE FOR NATURAL CONDITIONS

THE GENERATED FLOWS

l C@PRDINATES OF STAGE DAMAGE CURVE

DAMAGES PREVENTED BY FLOOD C@NTRPL WORKS

PRESENT WORTH OF ABOVE DAMAGES
C¢¢RDINATES OF RATING CURVE F@R IMPROVED C@NDITI@NS"

STAGE UNDER IMPROVED CONDITIONS

STAGE UNDER NATURAL CONDITIONS

DAMAGES UNDER IMPROVED CONDITIONS

DAMAGES UNDER NATURAL CONDITIONS

DISCOUNT RATES USED

T@TAL PRESENT WORTH OF DAMAGES PREVENTED (BENEFITS)
. C@STS CALCULATED ACCORDING TO ABOVE DISCOUNT RATES
BENEFIT-COST RATIOS

SUM OF B-C RATIOS

SUM OF SQUARES OF B-C RATIOS (IAEXP)

MEAN OF B-C RATIOS

MEAN OF SQUARES OF B-C RATIOS

SQUARES OF B-C RATIOS

STANDARD DEVIATION OF B-C RATIOS

T@TAL DAMAGES PREVENTED

ORDERED B-C RATIOS

RECURRENCE INTERVAL

FREQUENCY OF EXCEEDENCE

NUMBER OF SﬁRiEs GENERATED

NUMBER OF VARIABLES PER SERIES



-

FLYW CHART FQR PRSWTH

DIMENSIQN
WRITE
HEADINGS
WRITE
JJ
HEADIN
I YEAR=1968

WRITE

ELEV,Q,HT

DISC,H
INT ,C@ST

Gg TP

Gp T@




Gp TP

CONTINUE

IF

TLOW(K)=Q (N

G@ T@

MN=N-T

FACT@R

FLOW (1) -Q (1)
Q(N)-q(mv)

ELNAT(K)

FACT¢R* (ELEV(N)-ELEV
© (MN) )+ELEV(MN)

G@ TP

EINAT(K)=ELEV(N)

)

| \ W

G@ TP

FLOW(K)SDISC(J

Go TP

CONTINUE

[

G@ TP

MJI=J-1

FRACT

FLOW(K)-DISC(MJT)
DISC(J)-DISC(MT)

ELIMP(K)

FRACT*(HE(J)—HT(MJ))
+HT (MT)




Gp T¢
— Y
CONTINUE
L
Gg T@
MI=I-1
RATI(
ELNAT(ﬁﬁ—H(MI) Y
H(I)-H(MT)
l
DAMNAT

RATI¢*(DZM{I)—DAM
(MI))+DAM(MT) ,

I

N

Y
IF
FLOW(K)5116SQO—~ G@ TP
<§Eifii;ijfﬁ;)*— 6o TP
i
CNTINUE
[
GP TP
MI=I-1
?.
APART

ELIMP(;)-H(Mi)
H(I)-H(MI)

0




U?@

DAMIMP(K

APART*(DAM(I)—DAM
(MT))+DAM(MI)

Gg TP
1

DAMIMP=DAM(T)

\J

¥ CONTINUE

DAMAGE(K)

DAMNAT (K ) -DAMIMP (K)

DAMAGE(K)

GY T@ —

DAMNAT (X )

DAMAGE(K)

$210,000

.

Gg TP R —

CALL
PRSWTH

TPTAL(L)

T@TAL(L);PWDAM(L)

CANTINUE

ADD(JJ)

ADD(JJ)+DAMAGE(X)

WRITE

I YEAR,FLOW(K)
DAMAGE(K)
PWDAM(1,5)

I YEAR=T YEAR+1

CONTINUE




WRITE
% L,T¢TAL(L)

CONTINUE

WRITE
HEADING

BNCST(JJ,L)

T¢TA£(L>
COST(L)

WRITE

A L

BNCST(JJ,L

BSUM (L)

BSUM(T,) *ARXP (L)

CONTINUE

WRITE
HEADINGS

XN@=Ng

AMEAN (L)

| SUM(L) /o

BMEAN(L)

BSUM(L)

/%@

SUM(L)

SUM(L)+BNCST(JJ,L)

SD(L)

XNg-1

Xg

(BMEA{-AMEAN? )

AEXP(L)

BNCST(JJ,L)**2

VR




Q; |

CONTINUE

|

WRITE
HEADING

WRITE
JJ ,BNCST(JJ),
DARRAY(JJ)
REQUE(JJ)
PERC(JJ)

CONTINUE

A WRITE

CONTINUE

/  WRITE
DARRAY (JJ)
PERC(JJ)

CONTINUE

CALL
FREQ

RETURN

=




«

DESCRIPTION OF SUBROUTINE PRWTH

This subroutine takes input data of flood-damages (with
and without flood protection) and time of occurrence of the
particular damage in the flow sequence. For any number of
different discount rates, the present worth of this damage is

calculated and returned to program PRSWTH,

Subroutines used: None,



SUBRJUTINE PRWTH

DESCRIPTION OF VARIABLES:

DISCOUNT RATES

BINT -

K - COUNTER - REFERS TO YEAR IN THE SEQUENCE
PWDAM - PRESENT WORTH OF DAMAGES PREVENTED
DAMAGE - DAMAGES PREVENTED

L - COUNTER - REFERS TO DISCOUNT RA?ES

PWr - PRESENT WORTH FACTOR



. FLOW CHART FOR SUBRQUTINE PRWTH

SUBROUTINE
PRWTH
(BINT ,K ,PWDAM,
DAMAGE,L)

DIMENSI@N
PWDAM, BINT
DAMAGE

PWF

1.0/(1.0+BINT)**K

PWDAM(L)

DAMAGE(K)*
PWF

RETURN




DESCRIPTION OF SUBROUTINE FREQ

This program accepts an array of variable;(in this case,
benefit=cost ratios) as input data. The program orders the
variables from highest to lowest and calculates the corresponding
Weibull plotting positions. Results are returned to main program

PRSWTH.

Subroutines used: ORDERED



SUBRGUTINE FRg
=-WUTINE FREQ

DESCRIPTION OF VARIABLES:
T —————=_ YARIABLES

N
BC

BCI
FREQUE
PERC

DARRAY

SUM

COUNTER - Tgrar wg, op VARIABLES

VARIABLES TO BE gRpERmp (ONE p1MENSTONAL)
VARIABLES TO BE gRpERmp (Two DIMENSIONAT,)
COUNTER - REFERs 1o DISCoUNT RATEs-
RECURRENCE INTERyaL,

FREQUENCY OF EXCEEDENCE

THE $RDERED VARTABLRg

éOUNTER ~ RELATIVE POSITTON o VARIABLE

SUM OF VARIABLES




FLYW CHART FPR SUBRPUTINE FREQ

-
SUBRGUTINE
FREQ
N ,BC1,M,L,FREQUE
PERC ,DARRAY

I

DIMENSI@N
BC,FREQUE,
PERC ,DARRAY,
BC1

K=K+1

BC(K)=BC1(M,L)

@A

PERC

XM
X+1.0

SUM

SUM+BC (M)

DARRAY (M)

BC(1)

CPNTINUE

CALL
@RDERED
(DARRAY ,IV)

C@NTINUE

RETURN




DESCRIPTION OF SUBROUTINE ORDERED

This subroutine takes, as input data, variables (benefit-
cost ratios) calculated from main program PRSWTH and passed
through subroutine FREQ. The subroutine places the variables
in order from highest to lowes%t and returns them to subroutine

FREQ.

Subroutines used: None.



SUBR@UTINE @RDERED

DESCRIPTION @F VARIABLES:

THE VARIABLES TO BE ¢RDERED
NUMBER OF VARIABLES

TEMPPRARY VARIABLE

C@UNTER

C@UNTER



FLYW CHART FPR SUBRGUTINE PRDERED -

SUBRGUTINE
@RDERED
- (A,N)

DIMENSI@N
A

K=N-1

A(T)=A(T+1) ¥

A(J+1)=TEMP

CONTINUE

U

RETURN

END




DESCRIPTION OF PROGRAM REGAN

This program calculates straight line regression between
~two arrays of input variables;. Output consists of the slope and
intercept of the best fit line through a plot of the independent .
versus dependent variables, the correlation coefficient, standard
error of estimate, and residuals.

In the thesis, this program is usea to determine the serial
correlation coefficient between annual peak flows by setting the
independent variable equal to flow in year N and the dependent

variable equal to flow in year H+l.

Subroutines used: LINE



REGAN

. DESCRIPTION OF VARIABLES:

XI

X2

QL
Q2
X1NAME

X2NAME

SBAR

BXT

RES

"LENGTH OF INPUT ARRAY OF DEPENDENT VARIABLE

DEPENDENT VARIABLE x 10,000
INDEPENDENT VARIABLE X 10,006

INPUT DEPENDENT VARIABLE

INPUT INDEPENDENT VARIABLE

NAME OF DEPENDENT VARIABLE

NAME OF INDEPENDENT VARIABLE
OUTPUT INTERCEPT (OF BEST FIT LINE)
SLOPE |
CPRRELATIGN C@EFFICIENT

C@RRECTED C@RRELATIGN C@EFFICIENT
STANDARD ERROR OF ESTIMATE
C@RRECTED STANDARD ERROR OF ESTIMATE
ESTIMATED XI

RESIDUALS



FLOW CHART F@R REGAN -

. _ l B l
DIMENSI@N C
[¥1,X2,EX1,RES

Q1,Q2,LeC, ' WRITE
X1 NAME , XONAME _ VARTABLE
y S DESCR.

N-99999

A [EXL(I)=B(x2(1)+A

RES(I)

X1(I)-EX1(I)

_ WRITE .
HEADINGS

A X1(I)=Q1(I)*10000

WRITE
,X2(1),%X1(T)
EX1(T)
RES(I)

¥2(1)=@2(1)*10000




~ DESCRIPTION OF SUBROUTINE LINE

This subroutine calculates for input errays of independent
and dependent veriables the slope and intercept of best fit line,
correlation coefficient, adjusted correlation coefficient,

standard error of estimate, and adjusted standard error of estimate.

=

The calculations are relayed back to program REGAN for output

purposes.

Subroutines used: None.



SUBR@UTINE LINE

DESCRIPTION OF VARIABLES:

X1

X2

RBAR

SBAR
X1SEM
X2SUM
X1M

XM

LENGTH OF INPUT ARRAY OF LEPENDENT VARIABLE

DEPENDENT VARIABLE

INDEPENDENT VARIABLE

INTERCEPT

" SLOPE

CPRRELATION C@EFFICIENT

CPRRECTED C@RRELATIQN C@EFFICIENT
STANDARD ERR¢R $F ESTIMATE

C@RRECTED STANDARD ERRGR @F ESTIMATE
SUM ¢F DEPENDENT VARIABLES

SUM (/F DEPENDENT VARIABLES

MEAN ¢F DEPENDENT VARIABLES

MEAN ¢F INDEPENDENT VARIABLES



FLOW CHART FOR SUBRPUTINE LINE

SUBR@UTINE
LINE

RBAR,S, SBAR

N,X1,X2,A,B,R.

DIMENSI@N
X1,%2

v

X128UM=0.0

X228UM=0.0

X1SUM=X1(T)

X128UM

X125UM+X1(1)2

X2SUM=X2(T)

X2280M

X225UM+x2(1)2

X15UM

X1SUM+X1(T)

EXX12

X1SUM?

X -
125UM N

X28UM

X2SUM+X2 (1)

EXX22

X25UM2

X228UM~ X

X1M=X15UM
XN

EX1X2=0.0

X2M=X25UM
XN

J

3




<o

EX1X2

EX1Xo+(X1(T)*
x2(1))

ESX1X2

EX1X2-X1SUM*
X28UM/ XN

EsX1X2

B= Txxos

A= XIM-BX2M

_ESIX2

EXX12*EXX2d

R =

SBAR=

(

V

EXX12-B*ESX1X2

W-2.0

RBAR=MAX'V1.O—(1.O—R2)*

or 0.0

5= \/

1.0-RBARC*EXX12

XN-1.0

@

RETURN

END




DESCRIPTION OF PROGRAM PLOT

This program is written for an IBM 1620 computer witﬁ a
.CALCOMP plotter. The program accepts an array of input variables
(benefit-cost ratios, in this cése) versus corresponding Weibull
piotting positions en punched cards. | | |
The program is set up to draw a two cycle log versus
probability grid, plot the benefit-cost fatios, and.draw a best
fit straight line through the center two-thirds of the plotted

points. The pfogram also letters the axes and completes the

title box. Size of graph is scaled using input variables.

Subroutines used: Nones



PLYT

DESCRIPTION OF VARIABLES:

EXTH - HIGHEST VERTIbAL VALUE
EXTL - LOWEST VERTICAL VALUE
AL@NG - HEIGHT OF GRAPH IN INCHES
BC - VARIABLES (INPUT) ORDINATES
P¢S - VARIABLES (INPUT) ABSCISSA
o MM - NUMBER OF POINTS TO BE PLOTTED
HSCALE - HORIZ. SCALE IN INCHES PER STANDARD DEV. (INPUT)
VSCALE - VERT. SCALE IN INCHES PER LOG VALUE (CALCULATED)
VABOVE - CALC. PLOTTING POS. FOR HPRIZ. GRID
L - STUDY NUMBER
R - DISC@UNT RATE
S - TFL@PDWAY SIZE
AN - GENERATION LENGTH
Q - Y - C@PRDINATES F@R PL@YTTING HORIZ. GRID

P - X - C¢¢RDINATES FPR PLPTTING VERT. GRID



GENERAL FLOW CHART FOR PL@T

DIMENSION
QTIPSX’YJBC DP¢S

PLGT
VERTICAL
GRID

READ
SIZE
ARAMETERS

LETTER
AXES

CALCULATE
SCALE
FACT@RS

LETTER
TITLE
BOX

NGTE
GRAPH
EXTREMETIES

READ

ERT. & H@RIZ.

GRID
C@-@RDS.

READ
POINTS &
L@T. PgS.

TEST FOR
END OF
JOB

CALCULATE
VERTICAL
PLPTTING P@S

I

PL@T
CP-@RDINATE
AXES

CALCULATE
HPRIZ@NTAL
PLYTTING P@S

|

CHECK IF

PTS ARE WITHIN

BQUNDS OF
GRAPH

PLET
HPRIZGNTAL
GRID

\



PLYT
PPINTS

CALCULATE
C@-@RDINATES
OF BEST FIT LINZ

PL@T BEST
FIT LINE

I

LIFT PEN
& MZVE TO
NEXT GRAPH

RETURN




