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ABSTRACT

OPTIMAL OPERATION OF FLOOD CONTROL SYSTEMS

The management and control of multiple-reservoir flood control
systems is studied. Our objective is to devise operating policies which
minimize flood damages as determined by the flood peaks. Methodologies
are presented that employ dynamic programming and stochastic dynamic
programming for the optimal operation of multiple-reservoir flood control
systems with deterministic and stochastic inflows, respectively. The
methodologies are applied to a number of real-world problems involving river
basins in Illinois and elsewhere. We then study the effects of parametrically
varying a number of the input parameters. A Markov renewal flood synthesis
model and a methodology for determining the optimal capacity of a new flood

control reservoir are also presented.

Feng, C-J and Morin, T. L.
OPTIMAL OPERATION OF FLOOD CONTROL SYSTEMS
University of Illinois Water Resources Center Report No. 122

KEYWORDS -- flood control/reservoirs/dynamic programming/operation/water
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PREFACE

This report 1s one of the two volumes comprising the completion
report for Project No. A-O79-ILL. This volume deals with the
operation of flood control systems, whereas the other volume deals
with the planning of flood control systems. The authors would like
to acknowledge useful discussions with E. ginlar, R. Gemmell and

S. Pliska.
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CHAPTER I

INTRODUCTION

1.1 Reservoir System Management and Flood Control

Daspite the substantial expenditures on structural measures for
flood protection, flood damages continue to increase. For example, at
the local level on the upper Salt Creek Wateréhed in Illinois the
annual damages are projected [41] to increase from $412,600 in 1970
to $853,000 in 1995. The increase is even more dramatic at the national_
level, where the total annual flood damage potential is estimated to
increase from $1.7 billion in 1966 to $5.0 billion in 2020 on the basis
of the current status of flood control improvements and the projected
conditions of floodplain use [86]. These dramatic increases have given
rise to increased awareness and interest in floodplain management aﬁd

control. This is precisely the issue to which this study is addressed.

1.2 Review of Relevant Research

Several researchers have applied linear decision rules in discrete
time parameter models in order to determine the optimal capacity of a
flood control reservoir. ReVelle [75] developed a chance-constrained
model for determining the optimal size and operating policy of a multi-
purpose reservoir. Subsequently, ReVelle and Kirby [74] developed the
model more rigorously, modified it to include evaporation lqss, and

used the basic model with four performance objectives, given the



reservoir size. Fastman and ReVelle [25] developed a chance constrained
model for minimizing the required capacity subject to.chance constraints
for water supply, recreation and flood control. Nayak and Arora [62]
considered a chance constraint formlation of multiple-reservoir system
in order to find the optimal reservoir capacity. Recently, Sobel [80]
determined the optimal reservoir capacity by minimizing the maximum
stored quantity and specifiéd operating rules for multiple-reservoir
systemslin the case of independent inflow, assuming that the outflow

of upstream reservoirs does not affect the downstream reservoirs.

There are also.some papers which propose the use of linear decision,
chance~constrained modelé for reservoir management, such as Morton [59],
in which the demand for water is stochastic. Eisel [26] developed a
model for a single reservoir which demonstrates thé mathematical com-
plexities resulting from the convolution problem in chance-constrained
programming. Young and Asce [91] developed recursive algorithm in
order to find the optimal operating policies for a single reservoir
which minimize a strictly convex quadratic loss function while satisfy-
ing pre-specifiéd target releases. They also studied the effects of
stochastic inflows using‘a‘Monte Carlo approach. Roefs and Bodin [76/]
considered the multiple-reservoir system operation problem with energy
production considerations. For other operating models see [87, 88].
However, none of the foregoing models consider the possibility of over-
flow which may be very important in flood control. More importantly,
most models are for long term operation instead of individual storms.

There is also a body of relevant literature on descriptive mathe-
matical models of reservoir systems. ginlar and Pinsky [16, 17] con-

sidered the case where the release function is assumed to be arbitrary
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and the input process to be an additive process. They solved the
storage equation and obtained a number of properties. Cinlar [13]
generalized the model to the continuous time and state space case
with arbitrary release functions. One of the basic features in the
input process.is the dependence on environmental factors. ginlar [14]
also studied one of the most general cases, in which the release
function is an arbitrary continuous nondecreasing function vanishing
at the origin, the environment process is a Markov Process and the
input process is a nonstationary additive process defined on the
environment process. Moran's [50, 51] model considered a constant
environment input proéess and constant release rules. Bather [3]
supposed a,controlled Brownian motion process as a model of a reservoir.
More recently, Pliska [70] considered the water level in a reservoir as
a controlled diffusion process on a compact interval of the real line.
These control models also did not consider the overflows.

Additional relevant literature will be cited and reviewed in the

body of study where appropriate.

1.3 Purposes and Qutline of the Study

The purposes of this study are:
(1) To formulate mathematical programming models for
a). the optimal control of both parallel and series multiple-
reservoir flood control systems for both single-storm and
long~term operation with both deterministic and stochastic
inflows.
b) the determination of the optimal capacity of a new reservoir

to add to an existing flood control system.



(2) To develop methods for sloving these models.

(3) To implement the solution methodologies on a digital computer.

(4) To illustrate and assess the practicality and feasibility of the
solution methodologies using data from a number of real-world
examples._

These purposes are realizéd in the following manner.

In Chapter II, mathematical models of the optimal operation of

both single-reservoir systems and parallel and series multiple-reservoir

flood control systems with the deterministic inflows are formulated.
Dynamic programming is used to determine the optimal release policies.
The dynamic programming élgorithms are coded in FORTRAN IV and imple-
mented on a digital computer. Several real-world examples are solved
to illustrate the methodology.

In Chapter III, mathematical models of the optimal operation of
both single-reservoir flood control systems and parallel and series
multiple-reservoir systems with stochastic inflows are formulated.
Stochastic Dynamic Programming is used to determine optimal release
policies under'the assumptions that the input probabilities are time
independent and time-dependen? respectively. The dynamic programming
algorithms are implemented on a digital computer and used to solve
several real-world examples. The effectiveness of these policies is
compared with both actual policies and standard policies using both
historical flow data and simulated flow data. A stochastic flood
synthesis model is also presented.

The effect of varying various flood control parameters is studied
in Chapter IV. A number of characterizations of optimal flood control

polic¢ies are derived.

——
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In Chapter V, the optimal expansion of flood control systems is
modeled. Dynamic Programming is used to determine the optimal capacity
of additional reservoirs in bdth the parallel and series cases. The
dynamic programming algorithms are implemented on a digital computer
and several real-world examples are solved to illustrate the solution
methodologies.

The study concludes with a summary and recommendations for future

research in Chapter VI.



CHAPTER II

DETERMINISTIC INFLOW

2.1 Introduction

In this chapter, the basic reservoir control model is formulated
in 82.2 and 82.3, assuming a given input hydrograph. The linear
programming and mixed-integer programming solution methodologies are
reviewed and critically evaluated in $2.4. Dynamic programming algo-
rithms, which overcome the shortcomings of these other methodologies,
are presented in 82.5.  The algorithms are implemented on Northwestern

University's CDC 6600 and used to solve several real-world examples.

2.2 The Basic Model

Figure 2.1 depicts the physical structure of the hypothetical
river basin systems under investigation. The extension of procedure
to handle other system topologies should be immediately apparent.

For the series system shown in the Figure 2.la, the basic

assumptions are that:

(1) the water released from reservoir 1l at time t arrives at reservoir 2

at time t, i.e., instantaneous flow;
(2) each reservoir spillway is designed in such a way that it allows
for any kind of release rate;

(3) the capacity C, of the downstream reservoir exceeds that Cl of the

2

upstream reservoir;

i timed
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(4) the releases and inflows occur simultaneously.

The storage equation for the series system can be written as

t t
z, =75 + z[ v (s)ds - l r’(s)ds €= 0, 2.1)

and t t
22 =22 + l Y(s)ds + [ (s) - rP(s))ds £z 0, 2.2)

o

. ] i . A . .

in which r (s) is the release rate of 1th reservoir at time s,

ot . e e e .th .
fY"(t):t = 0} is the deterministic input process of i  reservoir,
i . th L ' .

Zt is the storage of the i reservoir at time t, and Ci is the

L ' . th .
storage capacity of the i reservoir.

The object is to determine {rl(t)|i = 1, 2} in order to

_ 1 Min 2 2 i .
{r” (®), ()} Lu, @) (2.3)
ST =1
subject to the constraints
(L) ‘ 0sztsci |  £>0,i=1, 2, (2.4)
) 0 < r (t) t>0,i=1, 2. 2.5)

Here U(*) is the damage cost function and £ is the peak release rate

AP i i
of reservoir i, i.e., r = max r (t).
t=0

For the parallel system shown in Figure 2.1lb, the basic assump-
tions are as follows.
(1) The water released from reservoirs 1 and 2 arrives at the damage

center at the same time.

[
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(2) Each reservoir spillway is designed in such a way that it allows

for any kind of release rate.

(3) The releases and inflows occur simultaneously.

The storage equations for the parallel system can be written as:

t t
1
zi =z + J v (s)ds - J 1 (s)ds £ 0,
O O
and ¢ ¢
r‘
zi = zg + | v? (s)ds - J 2 (s)ds £ = 0.
O O

The object is to determine {r (t)|i = 1, 2} in order to

Min U(r)
frl (t) + r2(t)}

subject to the constraints:

(1) 0 < At < C, > 0,i=1, 2,

(3) 0 < r (t) t=0,i=1, 2.

(2.6)

@2.7)

(2.8)

2.9)

(2.10)

Here U(+) is the damage cost function at the damage center, r is the

peak flow rate at the damage center, and

r = max [(rl(t) + r2(t))}.
t

Estimating potential flood damages is an important problem in

planning water resources projects. Unfortunately, however, there is

a paucity of published data for use by engineers and planners in making

such damage estimates. However, it is reasonable to assume that flood

damage can be modeled as a monotone nondecreasing function of the depth
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of flood water [42]. On some streams the stage-discharge curve is

roughly parabolic [33], yielding an equation of the type

r=d@ - a)°, (2.11)

where r is the discharge (cfs);
| a, b, d, are constants, and
h is the stage (ft).
Here we can see that the damage cost U is a monotone nondecreasing
function of discharge rate.

The exact amount of flood damage may also depend on the time of
yeur, the velocity of flow, the depth and duration of inunduation as
well as the nature and quantity of silt deposited. It will be assumed
in this study, however, that the critical factor is the peak discharge
and the effect of ail other factors are of secondary importance and
may be neglected. We will also assume that we know or can estimate

the damage cost function U(r).

2.3 Continuous Time Process Approximated by Discrete Time Process

The continuous time process can be approximated by a discrete

time process. From the basic storage equation:

t

Z(t) = zZ(0) + | Y(s)ds - l f(s)ds (2.12)

O%—— ¢t

where Y(s) is the input rate, we have

Z(t) = Y(t) - r(t) (2.13)
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Recall that the object is to determine r(t), which satisfies Z(t) = 0,

Z(t) < C for 0 £t £ T, where T is the duartion of flood hydrograph,

s0 as to minimize the return

I = U(max r(t)), 2.14)
t

The value of the continuous-time state variable Z(t) at the
discrete time
t = iA i=0,1, 2, ...

can be approximated by a discrete-time variable Zi satisfying the

_ difference equation

Z,41 = % +iZJd%_é2 A. 2.15)

i+l

This approximation is illustrated on Figure 2.2.

The difference équation can also be written as

Zi+1 =_Zi + (Y(14) - r(ia))a. (2.16)

Then, if A is sufficiently small, we have

z, ~ Z(id). (2.17)

Now, consider a discrete-time decision process with state variable

Wi, and decision variable Ve The transformation of state is

Wi =W, + (7, - v)A : (2.18)
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The object is to select v, Vl’ cee V so as to minimize the

T/ A

return function

J = U(max(vo, Vis Vos eees VT/A)) (2.19)
subject to the constraints

W,>0, W, <C 1=1,2, ... (2.20)

Notice that the discrete-time decision variable \Z] takes the same
value as the continuous-time decision variable r(t) at t = iA. This
discrete time process is such that as A goes to zerc, the state variable
Wi approaches the discrete time variable Zi' But as A goes to zero,

the approximation (2.17) also become an equality and so

W, = Z(i0) as & - 0, (2.21)

and we have

lim J = 1lim (max(vo, Vi V ceey V )) =1 (2.22)

A0 A0 /A

22
Thus, the discrete-time process tends to behave like the continuous-
time process as the discrete time intérval goes to zero.

The procedure is to divide the time interval into N + 1 stages
and piecewise linearize the hydrograph as shown in Figure 2.3. We
determine the N + 1 cut points, in such a way that all the critical
points of the hydrograph are contained. Then in the interval ATi, the

input is
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b,
Q, = a,AT, + 5 (AT )2 (2.23)
i i i 2 i’ ¢
n
If we denote 2. AT, = Tn’ then the total release in time interval
§=0
ATn is T
n
R = V r(t)dt = r AT .
n J n n
T
n-1
The state transformation is
zn+1-zn=Qn -Rn n=0, l, 2, “oe N (2:24)
The objective function is
e ,rM}?..,r )}{max U,), U(ry)s - U(rN))} (2.25)
Yo7l n’ -
and the constraints are
0z <¢C n=0,1, ..., N
0<R n=0,1, ..., N
S
0 < Qn ' n=0,1, ..., N

2.4 Evaluation of Previous Solution Approaches

Windsor [87] suggested a linear programming method to solve a
similar problem using the piecewise linearization of the damage cost
function. Consider the following three cases.

(a) Convex U(r)

If U is a convex function of r, as in Figure 2.4a, then we have

N + ... +Hd A n=0,1, ..., N (2.26)

Th B dlxl,n +d 2,n m m,n

2

i e i
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A
U(r) (2)
(dirts @300
1
(dilei)' :.
5 i
1 |
1 1 >
dy di+1 r
u(r) (b)
, N
;::f//////’/ ' !
1 |
17 =3 : ;
. I 1
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d¥sq L L -
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Figure 2.4 Damage Cost Functions and Piecewlse linear

Approximations (a)Convex (b)Concave,
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r = d1X1 f d2x2 + ... + dmAm’ (2.27)

U(r) = elkl + ezkz + ... te ) . (2.28)

\ m m

The problem becomes

{(xl,xbﬁ?. . ,xm)}{§(eiki)3 | (2.29)

subject to

Z

n+l 0,1,...N (2.30)

- zn + (d1>\1’n + d2>‘-2,n + ... dmxm,n)AT =Q, n

dlxl + d2x2 + .00 dmxm - (dl)\l,n + oea. + dmxm,n)'z 0

=
]

0,1, ...N (2.31)

Osznsc

=
]

0,1, ...N (2.32) )

This is a linear programming problem.
(b) U(r) Concave

I1f U is a concave function of r, then we cannot use the piecewise
linear approximation that was employed in the convex case. For example,

if d, < r < d, as Figure 2.5, then r can be a convex combination of

3 4

d3 and d&' But it can also be a convex combination of d1 and d5 or d

and dS' In the linear programming process, we will find a variable

which yields minimum the cost value. Hence in this case, we will

2

follow the straight line joining (dl’ el) and (dS’ e5) which obviously

introduces a significant error.
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u(r) } '
) Zctua :
Y Valys '
, :

7 | _#lutlon by LP.
' i ! :
:. | i |
i : ' :

’ PR 1 >
dq do dy r dy - dj

Flgure 2.5 Illustration of the error incurred for a
concave curve approzimated by convex plece-
wilse llnearizatlon.
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t
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_;.-.- ]
1
Y : ,
} i
-1 actual ! \
f
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X d.1 d2 ’ d.3 dlp r
yz solution of :
| mixed-integer
oy programming

Figure 2,6 Illustration of convex concave mlzed cost
function and error introduced by plecewlse
linearization. :
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Windsor [88] suggested another method of linearization for this
case. As shown in Figure 2.4b, define a set of auxiliary variables

hl,n’ h2,n’ ey hm,n and hl’ h2, PR hm such that

0 < hl,n < diki,n i=1,2, ... n (2.33)
0 < hi < diki i=1,2, ... m (2.34)
where
A, =0  or 1 and
i
(2.35)
Xi,n =.0 or 1.
The cost function becomes
m m
+ ' .
i§1sihi. i=1yixi | 2 36.)
In this linearization, every point is a convex combination of the
two nearest points only.
The problem becomes
m m
i . + 2.37
(hl,hMJ;r.l..h ) {E’\lsihi .=1yi)‘i} (2.37)
O XZ o™ i i
1°72° m
subject to
Z 41" 2%, * (hl’n +h, *...+% hm,n)AT =q, n=0,1, ..., N (2.38)

b 2o
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Xl,n + Xz_n + ...+ Xm,n =1 | n=0,1, ..., N 2.39)
0 <h n < d xl N n=20, 1, .;., N
L ’ i=1,2, ..., m  (2.40)
0<h, <d.), Ci=1,2, cee,m (2.41)
1 1 1

h, +h, + ... +h - (h + h + ... +h ) =0
2 m : n m

n=0,1, ..., N (2.42)

The peak release rate is

r=hy +h,+ ... th.

This is a mixed-integer programming problem [88]. The solution
method has a major shortcoming in that it only can find the optimal
peak release rate. But we still do not know how to control the release
rate. Another flaw is that the method only be employed to solve the
pure concave damage function case. Finally, computational limitations
will limit the size of the problems that can be solved. (See [28] and
[31D).

(c) U(r) Mixed Convex and Concave

Sometimes we have a mixed convex and concave damage cost function.
In the simplest case if the release rate is below some value, say L
(flood stage), it will not cause a flood. So we will not incur any
damage. The cost function is illustrated as Figure 2.6. For example,
if we are at a point x, 0 < x < L, then we want to follow the line of
the r-axié. But the mixed-integer programming solution will follow a

line which yields the minimum value of the objective function. Then it
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will follow the line that has negative cost value. This is an obvious
error. Furthermore, there is also another\difficulty in that for a
release rate between 0 and L, the linear and mixed-integer programming
solution will not guarantee choice of the biggest value of release
rate which has the same return. But in a flood control problem, we
need to ensure that the storage space as large as possible to accom-
modate the flood flow during the next stage.

In order to overcome these difficulties we propose a solution by

dynamic programming.

2.5 Dynamic Programming Approach

2.5.1 gSingle-Reservoir Flood Control Systems.

In the dynamic programming approach we divide the time horizon
into N equal time intervals Af and linearize the cost function, whether
convex, concave, or mixed, by piecewise linearization. We also assume
that in each small time interval AT, the release rate is constant. The .
storage at stage n after release (at the beginning of stage n + 1)
is

Zn+1

n+1l

This is also the transition function for dynamic programming. Since
the constraints are Zn > 0, Zn < C, for all n, the upper bound for

r when at state Z_ with input Q_ is
n n n

Ub(Zn, Qn) = (zn + Qn)/AT, - (2.48)
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and the lower bound of r, is

Lb(z > Q) = max{0, z, +tq, - c)/at}. (2.45)

Define fn(zn) as the minimum cost from stage n (time nAT) to
stage N (time T), if the storage level is Zn at time nAT (stage n).
Then, invoking Bellman's principle of optimality yields the following

functional equation of dynamic programming

£ (Z) = Min {max (U(r ),f ,.(Z +Q =~ r AT))}
n'n . n nt+l ™ n n :
rnER(Zn’Qn)_

n=0, 1, «oo, N (2.46)

with the boundary condition

Eyr G © 0 | (2.47)

where

R(Zy» Q) = [max {0, 2, +Q, - ©)/ar}, (7, +Qq)/T]. (2.48)

The dynamic pfogramming algorithm was coded in FORTRAN IV and
implemented on Northwestern University's CDC 6600. A macro-flow
diagram of the algorithm is shown on Figure 2.7 and the FORTRAN pro-
gram appears in Appendix Al. We note that the digital computer pro-
vides a powerful tool for executing the tedius computational work.

One value of the tool comes through its rapid and low cost determina-

tion of the economic consequences of alternative policies. The decision

maker can readily obtain the information he or she needs to predict the
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consequences of his or her choices.

We also note that with any discrete model of a process in which
the state variables vary continuously there is always a problem
associated with deciding on thé class interval scheme upon which the
discrete version of the process is to be based. This is the problem
of how the accuracy of the resulté is related to both the size of the
discrete unit and the geometry of the discretization scheme. The
smaller the discrete unit is the closer the discrete approximation
approaches the exact continuous situation and so the greater the
reliability of the results. However, smaller time units require
larger computation time and the solution process may be very expensive,
if it is possible at all. In actual processeé, the hydrological data
are discrete time and discrete value over a considerably 1arge interval.
ilence, we need to choose the size of discrete ﬁnit based on a
compromise between the accuracy desired and the 4uantity of time and

money available for the analysis.

2.5.2 An Example

The Crooked Creek Reservoir on Crooked Creek River, Pennsylvania
was constructed by the Pittsburgh flood commission [69]. The horizon-
tal area vs. elevation curve is given on Figure 2.10. The capacity of
the reservoir is 3,310,000,000 ft3 and the dam is 918 ft. high. A
historical flood hydrograph from [85] is shown in Figure 2.9. When
the flood is coming, the initial storage in the-reservoir was 840 ft.
high and the volume was 220,000,000 ft3. The actual release rule is

a function of the water level of the reservoir which is shown on

Figure 2.11. The maximum allowable release rate which will not cause
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a flood is 7,500 cfs. The damage cost function is .given as Figure 2.12.
The "Standard" release rule [60] is shown on Figure 2.13.

The optimal release rule determined by dynamic programming is
displayed on Figure 2.9. From the Figure 2.9, we can find that using
optimal release rule the reservoir absorbed the peak flow. Furthermore,
the optimal release rule also performed better than both the currently
used routing release rule which is as a function of the water levels,
and the standard release rule, which is as a function of water‘stérage.

By intégrating the area to the left éf the curve on Figure 2.10,
we can obtain the storagelvolume when the elevation of the reservoir
is z. We can then plot‘the volume vs. elevation curve S, volume with
unit of 6 hr.-sec.-ft., as on Figure 2.15, we can also plot the curve
of § - 9%5 and § + Q%E on each side of S and calculate the input of each
interval At, and then,plbt IAt on curve S. 1In this manner we obtain
the elevation of each sﬁage and the release rate of each stage. These
computations are summarized in Table 2.1.

The optimal release rule, the euffently used routing releése rule
and standard rélease rule for operating’éroéked Creed Reservoir are
shown on Figure 2.9. The initial flood cost is $5.26_millibn, the
routing rule cost is $0.864 million, the standard release rule cost
is $3.876 million, and the optimal release rule cost is $0.758 million.
From this we can see that the stationary, Standard Policy, did notk
absorb the flood peak effectively. The computing time to determine the

optimal policies was 122 CPU seconds on Northwestern University's

CDC 6600.
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N . Iat Pool Elevatlon out flow Rate
Time (bnr-sec~Lt) (ft) (CFS)
25 6250 840 5020
30 9750 C o 841.1 5020
36 13750 ~ 8hs 5510
Lo 18250 "853.1 6067
48 23000 862.5 6870
54 27500 872.5 7606
60 - 30500 881,87 8137
66 30500 o 891,87 8798
72 28850 900 9225
78 26350 . 906,26 % 9553
8L - 22750 911.3 . 9796
90 18250 . 915 9965
96 14500 © 916,25 ‘ 10021
102 111500 , 916.8 10046
108 . 8750 917 - 10055
114 - 6750 916.4 . 10028
120 5800 . 916.3 | 10023
126 3900 - 1 915.63 9993
132 2750 915 ; 9965
138 2250 913.32 9880
144 1750 911.87 9824
150 1250 910 - 9740
156 - 1000 ; 907.5 - 9592
162 - 1000 904,33 - 9L 50
168 1000 902.5 9356

‘Table 2§1, Inflow Data.Computions4and Routing Outflow Results

for Crooked Creek Reservolr
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2.5.3 Multiple-Reservoir Flood Control Systems.

Since it is the middle and lower reaches of a stream which
require flopd protection, flood control reservoirs mus t be located
at the headwaters or upon the upper reaches of the stream; or in the
case of larger streams upon the tributaries which contribute to the
crest of the flood in the main stream. Then, too, it is upon the
tributaries that reservoir sites are most likely to be found which will
meet the physical and economic requirements. For this reason, a system
of reservoirs, rather than a single reservoir, is necessary to control
flood flows, except on small watersheds where é single reservoir at
the upper end may suffice [65].

We will first analyze the case of two reservoirs in series and then

the case of two reservoirs in parallel. Extention to other system

topologies should be immediately apparent.

(a) Two Reservoirs in Series

For two series reservoirs the storage equations can be written.

2y a1l = Z1,n T, rl_"nm: n=0,1 ..., N (2.49)
Z) ntl = Zoon + Q.n + rl’nAT - rz’nAT n=0,1, «.., N (2.50)
Oszl’nscl n=0,1, ..., N (2.51)
0=z <G n=0,1, ..., N (2.52)

where Cl‘and C2 are the capacities of reservoirs 1 and 2, réspectively.
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The objective function is

Min
{(x yeaasl )
1,0 l,N)}

) >
(rz,o""rZ,N

We can also solve this problem by dynamic programming. The upper

bound of r is
1,n

Ub1,n(zl,n’ Ql,n) B (21,n + Ql,n)/AT’

and the lower bound of ri 0 is

by ,0 @100 Qo) = mx(0 @y 0 - 6 /aT]

For a given rl,n’ the upper bound of r2,n is

Ub +tq, + rl’nAT)/AT.

2.n(Z2.n’ QZ.n) B (Z2.n

and the lower bound of r, ig

Lb2,n(22,n’ QZ,n) = max {0, (ZZ,n + Q2,n + r1,nAT - CZ)/AT}'

The transition functions are

zl:n+1 - zlyn + Ql,n h rlynAT n.= o’ 1’ L] N

{mak[(Ul(rl’o) +U2 (rz’o)), cens (Ul(rl’N) +U2(r2’N

NI}

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

(2.58)
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Z + AT - ¢ AT n=20,1, ..., N (2.59)

42,n+1 = 2,n + Q2,n rl,n 2,n

Define £ (Z > Z, _) as the minimum cost from stage n (time nAT)
n'1l,n’ “2,n
to stage N (time T) if the levels of reservoirs 1l and 2 are Z1 0 and
>

22 0’ respectively at time nAT (stage n). Then, invoking Bellman's
>

principle of optimality we obtain the following functional equation

of dynamic programming

£ (2

n l,n’Z

= Min '{ Min [max (U(rl.n) + U(fz.n),

)
2,n”
T a0 T2,0Ron

fn+1(z1,n+l,z2’n+l))]}, 0 =0,1,...N (2.60)

with the boundary condition

) =0 d ' (2.61)

Bl 21 w12 %0 w41
in which
Rl,n - [Lbl,n’ Ubl,n] >
and (2.62)
R2,n B [Lbz,n’ qbZ,n]

A macro flow diagram of the dynamic programming is displayed on
Figure 2.16 and the FORTRAN program appears in Appendix A2.
(b) Two Reservoirs in Parallel

For two parallel reservoirs the storage equation can be written

as
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= -+ -
Zyatl " %10 T Qn T T,
2,n+l B zZ,n + Q2,n " r2,nAT
0 < zl,n < C1

where C1 and C2

The objective function is

Min \{max[U(r rZ,O)’ cees U(rl,N +r

1@10““’1N
Uxy g ee oz )]

n=20, 1,
n=20,1,
n=0,1,
n =20, 1,

are the capacities of reservoirs 1 and 2,

2,N)

We can also solve this problem by dynamic programming.

The upper bound of LS is

3
Ub

and the lower bound of ry is
,n

Lb (zl’n, Ql’n) = max {0, (Zi,n

1,n

Likewise, the upper bound of r, o is
3

UbZ,n(ZZ,n’ QZ,n) = (ZZ,n

and the lower bound of r, is
’n

1,n(zl,n’ Ql,n) = (zl,n

+ Ql’n)/AT

+ Ql n

b

+ Qz’n)/AT

- Cl)/AT].

respectively.

1} (2.67)
(2.68)
2.69)
(2.70)
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LbZ,n(ZZ,n’ QZ,n) = max{0, (ZZ,n + QZ,n ) CZ)/AT}' | 2.71)

The transition functions are

= 7 + Q]_ a rl"nAT n

3

Ii
(=]
-t
.
=2

Z1a#l - Z%1n

2.72)

Zyntl ~ o T Qo n T T n0T n=0,1, ..., N

Define £ (Z > Z, ) as the minimum cost from stage n(time nAT)
, . n"1l,n° "2,n - . ,
to stage N (time T) if the levels of reservoirs 1l and 2 are Z1 . and
‘ )
22 0’ respectively at time nAT (stage n). Then invoking Bellman's
> . .

principle of optimality we obtain the following functional equation

of dynamic programming

fn(zl,n’ zZ,n) = .Mé; { ) Mé; [max(U(rl,nAf r2,n)’
rl,n 1,n 2,n72,n '

Eot1 1 i1 Zp a0 1} 0 = 001N 2.7

with the boundary condition

fer1 @ e 2o 700 _ (2.74)
in which
Ry = [Lby ps Uby ]
(2.75)
R, . = (b, , Ub, 1.

A macro flow diagram of the dynamic programming algorithm is displayed

[T
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on Figure 2.17 and the FORTRAN program appears in Appendix A3.

2.5.4 Multiple-Reservoir Exaﬁples

(a) Two Reservoirs in Series

~ The Los Angeles County Flood Coﬁtrol District was organized in
1915 to control floods on the Los Angeles, Hondo, and San Gabrial River
[69]. There are two reservoirs, San Gabriel No. 2 (or Cogswell), and
San CGabriel No. 1, in seriés on San Gabriel River. The'basic.informa-
tion is displayed on Table 2.2 [49]. Suppose that we know the input
hydrograph of a storm in history [69] as shown on Table 2.3 and plotted’
on figure 2.20. The cost functions for damage areas 1 and 2 are plotted
on Figure 2.19. The stage time interval used is AT = 6 hrs. The flood
stage at damage center 1 is 3500 cfs, and the flood stage at damage
center 2 is 5000 cfs. The optimal release rule for Cogswell Reservoir
and San Gariel No. 1l Reservoir are shown on Tablé 2.4. Assuming no
reservoirs the initial flood damage cost is $2.357 million. The optimdl
flood damagg cost is 80. The standard release rule damage cost is also
50. Reference to Figure-2.21 shows that these two reservoirs when
operated by optimal or standard release rules were completely absorbed
the flood peak on San Gabriel River. On this particular example, the
standard release rule was as good as fhe optimal release rule. The
reason is that the capacities of these two resefvoir flood control
system is sufficient to absorb the flood peak of this given hydrograph.
The computing time for determining the optimal policy was 58l seconds
on Northwestern Uniﬁersity's cpc 6600.
(b) Two Reservoir in Parallel

McDonough County, Illinois, lies wholly in the Illinois River basin.
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Reservolr Type High Length Capaclty Purpose
Name (ft) Crest(ft) (acre-ft)
Cogswell Kf11l Flood
Reservpir Roc 270 620 10915 control

San Gabrlel

Ressrvolr NO.1 Earthfill 285 1500

Flood
control

43928

Table 2.2 Baglic data of ressrvolirs on San Cabriel River.
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At least 90% of the county drains southwestward through the East Fork
La Moine River. Sevéral potential reservoirs sites exist in McDonough
County. 1In particular there are two sites: a potential reservoir site
on the East Fork La Moiune River 4.25 miles west and 3.75 miles north

of Bushnell and another on Short Fork a tributary of the East Fork La
Moine River. There positions are shown on Figure 2.22 and the basic
data is displayed in Table 2.5 [21]. The input hydrograph of a typical
flood is displayed in Tablé 2.6 and shoﬁn graphically on Figﬁre 2.23
[79]. The flood stage of La Moine River is 2000 cfs. 1If ﬁé'reservoirs
exist, the initial flood damage is $3.04 million. If we cdnsider that
these tworpotehtialfreservoirs are independenfiy operated optimally,
the damage cost is $2.26 million. The release rate of each reservoir
and flow rate on damage center of La Moine River’when reservoirs
uperated independently is displayed in Table 2.7 and shown graphically
on Figure 2.23. With the whole system of paralléi reservoirs is
operating optimally, the release rates are as displayed in Table 2.8
and shown graphically on Figure 2.23. The.optimal damage cost is $1.96
million. If we'operated these systems with standard policy, the damage
cost is $3.04 million. The release rate is shown gréphically on
Figure 2.23. 1In this case thg étandard policy éannot reduce the peak.
This iswdue ﬁo the fact that this policy,dpés notyéonsidgr the shape

of hydrograph and the interaction betweep the releasés of these two
reservoirs. The cémputing ﬁime.to determine the optimal policy was

511 seconds on Northwestern University's CDC 6600.

From these results, we may conclude that the system of flood control

reservoirs should not be operated independently.




[E—

45

T MACOMB

SCALE OF HILE
5 10

I I i 1 ¥ -5
{

Figure 2.22 McDonougn County potentlal reservolrs.




46

Lxeang I

S,3T PUT JOATY SUTON TI U0 TIEQ NOTJUI gegz ©1AWL

00ET 00ST 00GT 00ST 004T 0052 004E

0G2h 0029 C0RYG 0029 00719 oomm 0024 00TE 00GZ 0087 €221 eutol ol

059 0S54 0S4 0§ 006 004T 00TZ

0S52 000E 00TE 0562 0092 DOYZ 008T 004T 052T 000T §24 *ho 2703

0S9 0S4 0S4 0S4 008 00TT OOET

oog MTod 3svd

. . 5 \,.
00410022 0042 omwm COSE 000€ 0042 004T 052T €08 0 MOTIUT

8T 4T 9T ST 4T €1 2T

TRl

wWoor 6 8 4 9 S # € z 1 aeas

*IOATH OUTOH ®I UC SITOAISSOH JO vjeq oised G*g oTqel

9 : ; . . = m
IS0 9z owg | we o oor 2o
o0IqU0n . :
k ﬁooam 2tsT 5¢ 89Eh 9eL 00s nﬁowawwwm
osodmg (TEDS)  gin) (33-0%)  (sexov) - (a3) )
. PoYsaegep se yaded Lagoudw) voay Tood ‘*oTH AenTTtde




oS——

6000

5000

Looo

fxy

3000

2000

1000

47

o
g
2
i
kY
I \
b\
! I6 \\\ 1
1 R\
| \y
i %

/] )

} l X- 1:1Inflow rate in LalMolne
,f’f"'“"~3. \ 2:1Inflow rate in EastFork
s f N \ 3:Inflow rate in ShortFork

/ J 0 S MR \\ LyThe flow rate in LaMoine
- S ! Y. \ River when two reservoir
/] i e '% \ operating independently
soi | L) with optimal policy.
/ il \, 5:The flow rate on lallolne
- i A River wnen whole system

v operated on opt. pollcy.
\ 6:Standard release rate.

\

3

;W-\Lr..:.m.—:-:_;,_-;—-'—

. Time

1

! [ 1 3

Flgure 2,23

. 1 i i
L h8 92 96 120 14F 168 192 216 nr

Inflow rate and Qutflow rate at Damage Center of
Ia Molne River under different opsratling conditions,




48

cAtremtado pogexado

WS4 SAS STOUM YL USYM JId3USD a%emed 1% °0%d MOTJ PU® 93¢ 8swoTax Touwizdos geg 81qul
, - . AN S . - TRATE
0002 0002 0002 0002 0002 0002 00TZ 000L 00SE 00LE 004€ 004£ 00LE 00LE 009€ 004Z 00TT 0082 mnwowfmq

- B ) . ,. N
0041 00€T 00€ ©00€ . 004 CO0L OO0ET 006T 00%Z 004T 00SE 006T 008 000T 009T 00LT 00TT COLT 1roirosow
009 004 004T GOLT 009T 00€T 008 OO0TT O0TT 0002 00Z 008T 0062 0042 000Z 004T 000T 0061 Hﬂopnmwwm
‘ ] ) 83eng
8T 4T 9T ST 4T €1 2T IT 0T 6 8. P2 9 g b € Z T oWl
) * £79ULPUSEIPUT PIYRISAO

ITOAIRSAI YOTI UoUM JI2qUs) aJtue 3% @1BI MOTJ Pu® 030vI gs5evsTax Tvuisdo 4*2 oTIqel
0002 0002 000Z 000Z 000Z 000Z 0092 00#E 006E 006E. 006E 0004 00TH 00TH 00TH 009E 0042 0012 osmwwﬂmM
000T 000T GOOT 000T 000T 000T 009T 00TZ 00TZ 00TZ 00TZ 00TZ 00TZ 00TZ 009T OOLT 00TT 000T hao>Qomoq
- R B B . M ER- RN
0007 000T 000T Q00T 000T 000T COOT 00£T 008T 008T 006T 0002 0002 0002 0002 00#4T 000T OOTT Hao»ﬂowom
BT 4T 9T ST 41 €1 2t it o1 -6 8§ 4 9 0§ 4 € oz 1 0038

QUTY]




R egin

[P

49

CHAPTER III

STOCHASTIC INFLOW

3.1 1Introduction

In this chapter, we first formulate a Markov Renewal flood
synthesis model in 83.2. The rainfall during each storm and the times
of occurrence of heavy storms is modeled as a Markov Renewal process.
The rainfall quanfity of the first storm of a synthesized flood and
the successive occurrence times of synthesized floods are also Markov
Renewal Processes. In §3.3 we deve lop stocﬁastic dynamic programming
algorithms to determine optimal.release policies for both series and
parallel multiple-reservoir flood control systems with stochastic
inflows. Examples involving real-world data are provided to illustrate
and assess the effectiveness of the soiution methods. Finally in
83.4 we simulate the real-time use of optimal operating rules obtained

in 83.3 with both historical and simulated Markov model inflow data.

3.2 Stochastic Flood Synthesis Model

In the analysis of floods, it is of interes; to determine both
the distriBution of the times of flood occurrences and the distribu-
tion of the duration of each flood.

The relationship between precipitation and runoff is usually
comp lex and is influenced by various storm patterns, antecedents, and

basin characteristics. Because of the complexities and the frequent
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paucity of adequate data, many approximate formulas have been developed

to relate rainfall and runoff.

Method of predicting flood-peak discharges and discharge hydrographs

from rainfall events have been studied intensively. One method receiving

considerable use to estimate peak discharge rates is called the unit
hydrograph method. 1In this method it is assumed that;ﬁor a given dura-
tion of rainfall, the‘hydfograph time base remains constant. The unit
hydrograph is defined [85] as a hydrograph of direct runoff resulting
from 1.in. of effective.rainfall generated uniformly over the basin
area at a uniform rate during a. specified period qf time or duratiop.
Au illustration of the defivation of the unit hydrograph is presented
on Figure 3.1 [85].

Once a unit hydrograph has been developed for a basin, it can be
used to obtain the surface runoff hydrographs for storm events on the
basin. The runoff records can be extended then,‘for’PeriOds in which
rainfall was measured bﬁt\runoff was not. If_;he unit hydrograph is
applied to the maximum probable rain storm for the basin, then the
max imum probablé.flood peak may be obtained.

Application of a unit hydrograph to design rainfall excess amounts
other than 1 in. is accomplished by simply multiplying the excess rain-

fall amount by the unit hydrograph ordinate . since the runoff ordinate

for a given duration ig assumed to be directly proportional to rainfall

excess. From the characteristic unit hydrograph of each watershed, we
can see that there is a time lag between the flood and the rainfall
duration, e.g., a 1 time-unit rainfall may take 10 time units to run
through the river basin.

In application to storms of longer or smaller durations the

;
Nt e Necann s
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from an isolated storm.
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method of "lagging' often used. It is based on the assumption that the
linear response of the watershed is not influenced by previous storms--
that is, one can superimpose storms and the results are directly addi-
tive. This is illustrated on Figure 3.2. 1In the 2-hr. unit hydrograph,
the tofal rainfall is 1 inch.

In the hydrograph displayed on Figure 3.3, fC is the maximum
allowable streamflow that will not cause a flood. The portion of the
hydrograph Y(t) where Y(t) > fc‘will cause a flood. If t@o storms '
hydrograph durations overlap, .then they may be grouped. The flood
duration is a function of rainfall quantity and the rainfall duration.
From the unit hydrograph; we can determine the level of total rainfall
X such that when the total rainfall of a storm exceeds X, it causes a
flood. We shall call éuch storms "heavy storms''.

Let the rainfall for each storm in .[0, t] be a sequence of random

variables Il’ I ««.. Now consider all those heavy storms, whose

2°
total rainfall, Ii’ in [0, t] exceeds X. Denote by N(t) the humber
of heavy storms in the interval of time [0, t]. WN(t) is an integerw
valued variable. Assume that it satisfies the following éonditions:
a) If two heavy storms occur in a suffipiently small interval, then
it is considered to be a single storm.
b) The. number of heavy storms over disjoint.intervals are independent.
c) The probaBility.of two storms over a time set of ﬁeasure 0 is eqdal
to ze?o. o | | | |
Now, condition (a) says that t — Nt increases by jumps of size 1
only; and (b) says that N has independent increments. Therefore [15]
(Nt) is a nonstationary Poisson process with some mean function A(t).

By condition (c), the expected number of storms over an interval of

(-

[————"")
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zero Lebesgue measure is 0; and hence A must be absolutely continuous,

that is,

cC—

A(t) = | A(s)ds - ' 3.1)
o
for some function A. Then
. o DLE
P{Nt+u - N = k} = il k € N 3.2)
where
t+u
rl
b = A(t +u) - A(E) = J A(s)ds. 3.3)
t

In particular, if we consider only one flood season, )\ (s) = )\ independent

of s, then N becomeé a stationary Poisson process. But.in general, }
should depend on s, and show a periodicity of one year.

Hence the time between each heavy storms are independent if and
only if )(s) = constant, otherwise, if ) varies, time between storms
are still exponenfial but not'independent of each other’[15]. The
cumulative distribution function is

s(t) = 1 - e ML | B4

Let Xo’ Xl’ ... be the quantity of the successivg heavy rainfalls
and T, be the time of the ntb storm. AsSuﬁe the successi?e rainfalls
form a Markov Chain. Then for each n € N, the Xn is a random variable
taking value in a countable set & (the set of all posgsible rainfalls)

+
and Tn is a random variable taking values in R = [0, + «) with

AR

e

[V

[RO——
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OSTOST:‘_ST2 e : (3.5).

Assume that {Xn, n=0,1 ...} is a Markov Chainwith transition
matrix G(i, j). Then {Xn, T;n=0,1, ... } is a Markov Renewal Process

[15] with Semi-Markov Kernel over & as

i

Qs > t) = B{X .4 =i, T .4 - T <tlx =1i]

a - e')‘t)G(i, i) i, j€ & (3.6)

For each heavy storm the quantity of rainfall and. duration of
rainfall are both raﬂdom variables. Hence from the unit hydrograph,
the flood durétion of each heayy storm is also a random variable. It
is dependent on both the rainfall quantity and the rainfall duration,
but is independent of the time which floods accur. For each fixed
rainfall quantity k, the distribution of the flood durétion of indi-
vidual storms' rainfalls are connected together, we consider this a
single storm. Hence we can assume that the time between storms is
longer than the time duration of its rainfall duration. The Stocﬂastic
Flood Model is described below.

Let To? Ty Tgo o+ be the flood durations associated with the
rainfalls occurring at T,s Tys Tys e When a heavy storm with
rainfall quantity i comes, it causes a flood with a time duration Ty
a random variable with distribution ¥(i, *) independent of the time
the flood occurred. If another heavy storm with rainfall quantity j
arrives during the previous flood period, then it will cause a flood

with 7

2 units of time; T

p is random variable with distribution Y{j, *).
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Let Yt be the quantity of rainfall of a heavy storm whose flood
period covers time t. Let L be the length of the first possible
synthesized flood. Assume that at time O, there is a heavy storm of
rainfall i, which causes a flood. The probabiiity that the flood
started at 0 is still going on at time t and the last rainfall before

t was of amount k is

£, t) = Pi{Yt =k, L> t}. 3.7)

Now,

£(i, t) =P(Y, =k, L>t,-T1>t|xo=1)+P(Yt=k, L>t, Tlstlxo=1) (3.8)

From Figure 3.4a, we have

P(Y, =k, L>t, T > t]x, = 1)

I(i, k)[L -2 Q@E, j, )1l - ¥(, t)) (3.9)
j .

From Figure 3.4b, we have

P(Y, =k, L>t, T < t|x  =4i)

1
= = > = 3 »
E[R(Y, =k, L> ¢, Ty < t\xo i, X5 Tp)
=E[P(Y, =k, L>t - Tllx0 =i, X35 Ty)
t N
=2 [eG, i @G, £ - 5. (3.10)

I %
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(b)
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Figure 3.4 Some possible realizatlons of the flood process
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Figure 3,5 _Some possible realizations of the synthesised

process
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Hence, we have

£, t) =g, t) +Q* (i, t) (3.1

g, ©) = I, KW -, §, O - ¥, ©)
J
=101, KWe @ - ¥, ©)  @.12)

This is a Markov Renewal equation [15]. From Markov renewal theory,

the solution of (3.11) is

f = R¥g (3.13)

Where R is the Markov remnewal function corresponding to Q.

-Hence,
t
£, £) = T | RG, 4, ds)B(f, € - )
JASe] o
t
= E .'R(i: 2, dS)I(Z: k) [1 _'Z)Q(‘e': j: t - S)](l = ‘Y(Z, t - S))
268 _ 3 ,
t
B 2%; , R(i, £, ds)I (4, k)e‘X(th)(l - Y@, t-s))
t
- R(i, k, ds)e MES) (1 - vk, t - ). (3.14)
(o]

- Also, since

At

Q@, §, t) =G, D@ -, ~ (3.15)

cacen uistad
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R must have a special form; namely,

R(i, j, t) = Z ——ﬁ— ZG G, )
m=0
“an®
= ZD ¢ (i, 3) Z) Si*:;r————‘ . (3.16)
m=0 n=m )
Hence,
o | AE . m-1 |
O L O ey 1 e SR RN CO R R
Now,

J RGi, k, ds)e M1 L v, & - 6)]

o

= 1(i, Ke M1 - Yk, t)]

m-1 LM (E-8)

+ 2 ™E, ) J 2e ™ Qs)

1 L -Y¥Y&%k, t - s)]. (3.18)
m=1 (m—l) :

We next consider the process of the synthesized flood. Let % =0,

~

»~
Tys Tys oo be the time of successive occurences of synthesized floods

and let Xo, Xl’ X2, «s+ be the rainfall quantities of the first storms

of each successive synthesized flood. Since (X, T) is a Markov renewal

process, we have

P(X =j, T

n+1_J’ "TnSt|XO, LI Xn; TO, se e Tn)

n+l

= PR 4 =35 T

41 "L S tlxn). | | (3.24)
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Now

P(R_yq = §» T 4q =T < tho, cee X5 T s eee T)
= P(X, =3, T, - T, tlxo, oo Xp5 Ty een Tp) (3.25)

for some m, £, m > £, where m and £ are stopping times of the (X, T)
process and (X, T) is Markov renewal process, By the strong Markov
property, we obtain

P(Xm=J’ Tm-T£St\XO’ o0 'e,; TO’ s e T

P, = 3> T, = T, = t|x))

]

P(X_4q = §s T g - T S tlxn) | (3.26)

Thus (X, T) is also Markov renewal process. ILet Q be the semi~Markov

kernel corresponding to (X, T). Let

“h(i, £) = Q(, k, t)

Py =k, Ty - T < tlx% = i) 3.27)
1 o

be the probability that the next flood occurs before time t and is

caused by a storm with rainfall k given that at time 0 the synthesized

flood occurs as a result of storm with rainfall i.

h(i, £) = Py =k, Ty - T % tlxy = 1)

1 1 o
=P(x%1 =k, Ty - T <t, Ty =T1lX,’£,o =1)7+P(X,'f1=k, T, - T <t, T1>T1lX,‘£O =1i)

(3.28)

o

[——
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From Figure 3.5a, we obtain

| P(x%1 ~Ty - T St, T, = T1|X%o = i)

PRy, =k, Ty - T < t|xT = 1)

1 o

t
[, &, aorva, o), ECRTS
o}

from Figure 3.5b, we obtain

~ ~

P(X%l 1" T s 6 Txy =)
o]
=E[P®; =k, T, - T =<t, T > T1|X% =1, X, 1]
1 | _ o 1
SE[P(; =k, Ty - Ty <t-Tp, Ty > Tllx% =i, X, =3, )]
1 0 1
t
=% [Qd, 3, d9)@ - ¥, s, £ - 8). (3.30)
Jo
Hence, we have
. t
h(i, ©) =g, ©) +2 [ A, 5, d)EQ, ¢t - 8) (3.31)
jo
where ‘
Q@, j, ds) = Q(i, j, ds)(L -~ ¥(i, s)) (3.32)

t
gi, ©) = [ QW K, ds)¥ (4, )
o . t
- J Q(, k, ds)(L - ¥(L, 8)) + | QUi ks ds)
J .

o]

1]

Q@, k, t) - Q(, k, t). ‘ (3.33)



62
From Markov renewal theory, the solution of (3.31) is 1
h(i, £) = R¥g(i, t)
where R ==Z)6n is the Markov renewal function corresponding to 6 and
n
B
t
h(i, t) =% ;| R(, j, ds)g(d, t - s)
1o
t
=2 [Ra, 3, 4)RUs K, £-5) ~QGUs K, E-8)]. (3.3) |
iy ]
Hence the probability that next flood occurs before time t and is ]

caused by storm with rainfall k given that at time 0, the synthesized
flood occurs as a resu1t>of storm with rainfall i is ]
- |
A [ (— —_ : :
QL k, £) =2 | R(i, 3, ds) [Q(J> k, £-8) -Q(J> k, t-s) ], (3.34) j
j o

3.3 Stochastic Decision Process

A flood control reservoir differs from a storage reservoir in
that the goal ié to keep the reservoir as nearly empty as possible,
rather than as full as possible. Thus there is involved in the
operation of a flood control reservoir a trade-off between possible
downstream flood damage and the risk of subsequent flood damage due
to storing water in the flood control space. Askew [2], Eastman
[22], Eisel [23], Morton [46], Nayak [49, 50], have all described

methods for optimizing the operation of a storage reservoir minimiz-

ing a lose function subject to chance constraints. But in flood
control, we can not use the target constraints on the release rate

and chance constraints on the storage volume. The constraints on
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flood control, such as the storage constraints and the release con-
straints are physical constraints and cannot be violated. The cost
function in flood control depends on peak discharge rate, but not
on the size of missing the target. We will describe a stochastic
dynamic programming method for finding the optimal release rule in
the following.

Assume that the water inflow to the reservoir is é stochastic
process defined on [0, T]. At time t, the inpﬁt rate Y(t) is a
random variable. Then the problem is to find {r(t)\t € [0, T1} so

as to

Min {max E[U(xr(t))]]} (3.35)
{re)) t :

As in Chapter II the storage equation is

t t
Zt ='Zo + I Y(s)ds - E.r(s)ds
o o
t
rl
=z + Q(t) - j r(s)ds, (3.36)
o

in which Zt is the storage at time t, 0 < Zt < C, where C is
capacity of resgervoir, and Qt is the total input from time 0 to time
t.

We will use a discrete time pracedure to approximate Y(t). Divide

the time interval [0, T] of interest into N subdivisions, each stage

of time duration AT. Then the storage equation becomes



64

n n
Zn=ZO+ZQi-Eer n=20,1 ..., N (3.37)
(o] (o] N

0<cz <¢C
n

=]
il

0, 1, .o, N (3.38)

For a given cost function U(r), where r is the peak discharge rate, the

objective function can be written as

Min {max(EU(ro), EU(rl), cees EU(rN))}. (3.39)
{(x., ry5 oo )}
o 1 n

The transition of state, however, depends not only on the current
state Zn, the decision r but also on a random variable Qn. The state

transition function is

41 T %, tQ - ox AT n=0,1, ..., N (3.40)

3.3.1 Time Dependent Inflow Rate

Let Pn(qn)'be the probability density of the random variable

Qn’ n=20, 1, 2, ..., N. Define fn(Zn) as the optimal expected value
- th

with respect to Q, of the total cost from the n stage to the end

of process, given that the process is in state Zn at stage n. Then,

invoking Bellman's principle of optimality we obtain the following

functional equation of dynamic programming

£ (z) = Min fmax (EU(r_), Ef . (Z2 +Q ~r_AT))}
n'n n n+l*"n n n
rHERn(Zn,Qn)

n=0,1, ..., N (3.41)
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with the boundary condition

fN+1(ZN+1) =0 (3.42)

For fixed Q,> the lower bound of r is

Lb (Z , Q) = max{0, (z +q - C)/at}, (3.43)

The upper bound of r, is

Ub (Z,, Q) = (Z, +Q,)/aT. (3.44)

Since Q, is a random variable, the interval [Lbn’ Ubn] is a random
. .t
interval on R .

The physical meaning of Ubn is that all the water is released in
period n and there is no more water in the reservoir. Hence, when the
decision is r where r > Ubn the actual release is only equal to Ubn.
Likewise, the physical meaning of Lbn is that the release is only the
overflow part of water and the reservoir is full. The release rate ecan-
not be less than this quantity. Hence, when the decision is r where
r < Lb_ , the actual release is Lb_.

n n n

Thus
Lb ifr <1b
n n n
r = T if r, € [Lbn’ Ubn] (3.45)

Ub if r_ > Ub
n n n
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The range of r, is

R (2, Q) = [Mén Ib (Z 5, Q), max Ub_(Z , Q)I. (3.46)

n Qn

A macro~flow diagram of the dynamic programming algorithm is given
on Figure 3.6. The algorithm was coded in FORTRAN IV and implemented

on Northwestern University's CDC 6600. The program listing appears

in Appendix A4.

3.3.2 Individual Storm

Each watershed area of a reservoir has its own characteristic
unit hydrograph. Let Y'(t) be the ordinate of unit hydrograph at
time t and M be the total rainfall excess of a specific storm. The

inflow hydrograph of that storm is

Y(E) = Y'" ()M, (3.47) .

"In practical cases, the total rainfall of a storm is probabilistic.
Suppose that we know its probability density function p{(m), then in

the functional recurrence equation

£(2) = min{max(EU(rn), Ef 11 (z, +q, - rnAT))}

T
n

n=0,1, ..., N (3.48)

the distributions of input at each stage are no longer independent of

each other; they depend on the previous stage. Hence the functional

(SR

——
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increase
i

|
ST (7 )>

F3(1)+50n
EX=fy,1(Zn=R41)

#D (1 )+
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equation of dynamic programming changes to

fn(Zn)==min{E[max(U(rn), gn+1(Zn-FQn-rnAT,m))]} n=0,1, ...N (3.49)

r m
n

in which gn+1(zn+1, m) is the optimal return from the deterministic
process when N - n - 1 stages are left, and the total input rainfall

is m, where m is a random variable.

gn(Zn, m) = min{max(U(rn), gn+1(zn+Qn - rnAT, m))} n=0,1,...N (3.50)
“n
fN+1(ZN+1) = 0 (3.51)

N ) =0 (3.52)
By, Py _

For fixed Q> the lower bound of r, is

b (Z > Q) =max{0, (z +q - C)/Ar}, (3.53)

and the upper bound is

ub_(Z > Qn) = (z, + Qn)/AT. (3.54)

Since Yn = Y;-m; m is random variable, hence the interval [Lbn’ Ubn]
N .
is a random interval on R . We have
Lb if r < 1b
n n n
r =4r if r € [Lbn’ Ubn] (3.55)

Ub if r_ > Ub .
n n n

[

[
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3.3.3 Multiple-Reservoir Flood Control Systems

For the case of a system of two series reservoirs, assume that at
time t the input rates Yl(t) and Yz(t) are both random variables. Then

the problem is

Min {max(EUl(rl(t)) + EU2(r2(t)))}. (3.56)
{rl(t),rz ()} t

The storage equations are

t t
2,(8) = 2,(0) + j Y, (s)ds - j r, (s)ds, G.5D
’ o o
. t t t }
z,(t) = 2,(0) + jYz(s)ds + jrl(s)ds - jrz(s)ds. (3.58)
O O O

Dividing the time interval into N stages, such that each stage has time

duration AT, the storage equations become

n n - _
Z =2 + . - AT =0, 1, ..., N 3.59
l,n 1,0 jz)OQl’J jz;orl"—l n ’, ] s ( )
n n n ’ R
z =z + 7 .+ AT - 75 AT =0, 1, ..., N 3.60
z’n 2’0 j: QZ’J j§0rl,J : j:OrZ’J n > > B ( )

The objective function can be written as

(e, 0’¥§9’r1 N)lfm%X(E[U(rl’n) U@, DL (.61)
(rz’o,...,rz’N)J

Define fn(Z z, n) as the optimal expected value with respect
)

1,n’
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to Ql,n and QZ,n of the total cost from the nth stage to the end of

process, given that the process is in states Z1 n and Z2 n at stage
3 ®
n. Then invoking Bellman's principle of optimality we obtain the

following functional equation of dynamic programming

| - A
fn(zl;n’ Zz,n) . %;? Lr Mé; (max(E[Ul(rl,n) + UZ(rZ,n)]f
1,0 71l,n "2,n"2,n

EE 1y a1 Zg )], n=0,1, co., N  (3.62)

with the boundary condition

E1 @r e Zo i) < O
The transition functions are
Z

+ Q1 - rl,nAT n

[y s

i

Zi0+1 ~ Z1n 0, 1, 2oes N (3.63)

Zontl "% F Qo T T ATt T AT 2T 0 L e, N (3.64)

3

in which Qi n is the input to reservoir i at stage n, a random variable
L |
with probability density function pi(Q).

The decision sets are

e
}—I
I

o = max{0, 2y [ +Qp - C/ATY 2y +Qy [)/aT],
(3.65)

=
i

[max {0, (zz,n + Qz’n + rl’nAT- CZ)/AT}, (Zz’n+Q2’n+rl’nAT)/AT]..

In the case of a system of two parallel reservoirs, assume that

at time t, the inflow rates Yl(t) and Yz(t) are both random variables.

- .t s
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The objective function is

ey (358, (0 ) (Mg UG (8] +

The storage equations are

t

z,(t) = 2,(0) + I ¥, (s)ds -
e}

2,(6) = 2,(0) + J Y, (s)ds -

(o}

Dividing the time interval into N stages,

NONIE (3.66)

J r; (s)ds, (3.67)
e}
t

r2(s)ds.. (3.68)
e}

such that each stage has

time duration AT, the storage equations become

N
=
It

’n j=0 ’J j=0
23 n
2, =2, .+ 2Q, .- Xr
2,n 2,0 4=0 2,3 3=0 2
0 < Zi,n < Ci i=

The objective function can be written as

{max (E[U (r

(ry, 0rm e 1, N)
(r 2 0,...,r }

Define fn(zl, ’ Z2,n) as the optimal

n

n n
Z1’0+ EQI : = Zrl’

0T m=0, 1, i, N (3.69)

n=0,1, ..., N (3.70)

1,2; n=0,1, ..., N (3.71)

r, JDI. (3.72)

expected value with respect

to Q and Q of the total cost from the nth stage to the end of
1,n *2,n
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process, given that the process is in states Z and Z at stage n.

1,n 2,n

Then invoking Bellman's principle of optimality we obtain the following

functional equation of dynamic programming

[E——

E(Zy 0 2y O = Min { Min  (uax(R0Cr; |+

r, €ER €R2,n

2,n)’
1,n " 1,n r2,n

SN

’ B
Efn+1(zl,n+1’ zz’n+l)))} n.— 0, 1, ceoo0y N (3073)

with the boundary condition

Ext1Cr e Zo a1’ T O

The transition functions are

Zl,n+1 = Zl,n + Ql,n - rl,nAT n=0,1, ..., N (3.74)
ZZ,n+1 = ZZ,n +.Q2;n = rz’nAT : n=0,1, «co, N 3.75)
The decision setg are
Ry, = max{0, 2y, 4 Q- €AY, (g +Qq )/eT], (3.76)
Rz,n = [maxf0, (zz,[1 + Qz,n - 92)/AT}, (Zz,n + Qz’n)/éT]. (3.77)

3.3.4 Example

Shelbyville Reservoir is situated between Shelby County and
Moultrie County, Illinois, as show on Figure 3.7 [21l]. The basic

data are given on Table 3.1. The daily flow rate of the Kaskaskia
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Figure 3 +7 Shelbyville Reservolr, Shelby County, Illinois,
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River on Shelbyville is given on Appendix B[79]. The cumulative
distribution function of the stream flow rate derived from these dgta
are presented on Table 3.2.

In this example, we will consider three kinds of flow process to
approximate the actual stream process. They are (1) individual storm,
(2) time independent flow rate for each stage; énd (3) time dependent
flow rate.

A. 1Individual Storm

Recall that each watershed area has its characteristic unit hydro-

graph. Hence, we will assume that the unit hydrograph of Shelbyville

Reservoir watershed is known. The total runoff is a stochastic process.

From the hydrograph of the storm on March 1911, the total runoff is
1.14 inch. The hydrograph and unit hydrograph data is present on
Table 3.3 and the initial storage is 50,000,000 ft.3.

Because of our emphasis on flood control, in determining the dis-

tribution of total runoff of each storm we only consider the runoff data

of some rainy season. For our example, there are December, January,
February, March, April, May and June. The summer and fall seasons are
relatively dry. There afe a total 35 data points
0.85 3.37 2.08 5.29 0.62 0.03 0.05 1.67 1.22 4.60 2.17
1.89 2.46 0.66 2.14 0.69 1.36 0.30 2.06 0.53 0.57 1.84
1.42 1.14 2.63 0.74 0.11 0.98 0.95 1.30 4.59 3.20 2.08
0.48 0.07

The runoff can be modeled as a Gamma distribution with ¢ = 1.25,
r = 2 (the test of Goodness of Fit by Chi~square Test and Komogorov
Test is on Appendix Cl). The expected value is 2/1.25 = 1.6 in. The

result of optimal release policy for the individual storm case is

AT,

SR
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present on Table 3.4. Reference to Table 3.4 reveals that the optimal
release is 1500 cfs (maximum nonflood release rate) at most stages.
This is because in most cases, the capacity of the reservoir is suffi-
cient to handle any single storm flood. The initial expected damage
cost is $2.385 million. For standard release rule, the expected
damage cost is $1.92 million. We cannot determine the expected damage
cost of the routing policy since we are lacking both the storage vs.
elevation and the outflow vs elevation curves. The optimal expected
damage cost is $0.5898 million. The computing time to determine

the optimal policy was 158 CPU second on Northwestern University's

ChC 6600.

B. Time Independent Inflow Rate

Suppose that at any time interval the flow rate is distributed
as in Table 3.3. Hlere for a two month period (12 stages), with five
days for each stage interval, the optimal release rule is as shown
on Table 3.5. When the initial storage is half fﬁll the optimal
expected cost is $0.56 million.

C. Time Dependent Inflow Rate

A set of historical or synthetic flow data for a stream is a
sequence of numbers or values produced by a random process in a
succession of time intervals; such a sequence is called a time series

.th , . \ .
[60]. 1In general, the i  member of a time series which we write

X5 is the sum of two parts [61].

X, =d, +e, (3.78)

Here di is the deterministic part. Typically, di might be a function

S
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of the mean flow, of the variability of flow, (as measured by their
standard deviation), and of previous flow such as Xi—l’ Xi—2’ cee
The random component of the generation scheme is e, . It is a random
number drawn or sampled from a set of random numbers with a certain
probability distribution or pattern. In this discussion, we will
assume that d1 depends on stage i, but not on the previous f10ws.> In
the Markovian case, we will use the limiting probability of the flow
rate distribution.

We assume the average flow rate at each stage gf the same month
is constant. These values are presented on Table 3.6. The data are
not sufficient to tést the distribution of e;s hence, we will assume
the distribuﬁion of e; is a Normal distribution [61] with mean O and
variance as the sample variance. The problem was solved by the dynamic
programming algorithm presented in Figure 3.6. The release policies
for the two month periods of January-February, March-April, and May-
June are presented on Table 3.7, 3.8, 3.9 respectively. The optimal
expected damage cost for these three two—mqnth periods are $1.93, $3.6,
and $2.15 ﬁillion respectively. The computing time for finding the
optimal policy of each two-month period was 211 CPU seconds on North-

western University's CDC 6600.

3.4 Simulation:

In this section we simulate the real-time operation of flood
control systems using the optimal release policies determined in 83.2
and 83.3. In this manner we can assess the feasibility and practicality
of using‘calculated optimal release rules in real time.

Digital computer simulation is a popular and powerful tool for using
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o aatae et ol

in water resources planning. It allows for a rapid evaluation of
system performance for a set of trial policies. The performance of
a system is evaluated through a quantitative model which is a mathe-
matical representation of the system under study. The operating

policy of the system was the major concern of this study.

3.4.1 Effectiveness Parameters for Flood Control

Three efectiveness parameters for flood control which have been
proposed [10] are presented below.

1. 4&bsolute Flood Peak Reduction (ﬁQpl

The absolute flood peak reduction, AQP is defined as

L, = Q

p p - QpR (cfs), (3.79)

where

I

Q flood peak for non-regulated flood, and

p

]

QPR flood peak for flow regulated by reservoirs.
The parameter AQp_would be the one used directly in flood damage miti-

gation calculations.,

2. Relative Flood Peak Reduction (RR)

In order to facilitate an interpretation of the results obtained

with different policies, it is best to normalize Aon One normaliza-
\

tion, called the relative flood peak reduction or RR, is defined as

AQ
RR = 100 —&9 (3.80)

%

This parameter isuseful in relating flood control effectiveness to




[T,
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system configuration.

3. Relative Flood Reduction (RC)

Another normalization of.AQp called the relative flood reduction,

or RC, is defined as

AQ S
RC = 100 —E- 7, (3.81)

Qp'Qf

where af = maximum allowable discharge which will not cause a flood.

This parameter is useful in relating policy performance with variations

in af induced for example by levee construction, zoning, etc.

The relation of these Effective ness Parameters for flood control is

displayed graphically on Figure 3.8.

3.4.2 Results of Simulation

A. Historical Record Data

(a) 1Individual Storm

There were a total of seven simulation runs. The data for these
runs were chosen arbitrary from the flow rate data in Appendix B. Each
simulation run begins from the increasing period of the hydrograph.

From these inflow data we can see that there was a single storm, but

we don't known the time duration of each rainfall. The results are not

bad. But this policy has been restricted to a single storm flood,
because it does not permit cgnsideration of the combination of two or
more storm hydrographs. The results of the simulation of an individual
storm is‘on Table 3.10. 1In Table 3.10, the first column is infléw of
each stage, the second column is the optimal release rule, and the

third column is the standard release rule. The values of the average

i
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Discharge

Figure 3.8 Effectiveness Parameters for flood control
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effective parameters are presented on Table 3.1l1l. Reference to

Table 3.11, reveals that for real time operation the optimal policy
for individual storm is quite good. The reason is that in most cases
the capacity of the reservoir is sufficient to handle any single storm
flood.

(b) Stage Independent Input

In simulating flood control the stage time interval can not be
too long. Here we assume that the time interval is five days and the
initial storage is 500,000,000 ft.3 (half full). The inflow data are
the five days average historical data and are given from Table 3.12.
The planning horizon, T, for each simulation run was two months (12
stages). 'The msults of the simulation runs are presented in detail
in Appendix D1. The average valué of the‘effective parameters are
presented on Table 3f13'

Reference to Table 3.13 reveals that for real time operation the
optimal release policy is a little worse than standard release policy
and both the release rules are not effective in reducing the flood
peak. The reasdhs for this are:

1., The inflow rate is depeﬁdent upon the season, and varies signifi-
cantly between wet seasons and dry seasons. However, in the simu-

lation runs we use release policies which assumed that the distri-

bution is stationary and we used the year-round gverage distribution

to approximate the nohstationary flow distribution.

2. In a relatively short time interval, for example, a day, a week, or
a month, the flow is clearly not time independent and stationary.
If the time interval is a year, it may be time independent. ¥For a

storage reservoir, one year intervals wmay be appropriate. However,
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in simulating the operation of flood control reservoirs the stage
interval should be relatively short.

(¢c) Time Dependent Inflow Rate

In the simulation the historical record data on Table 3.12 was
used. The results of the simulation runs for January-February, March-
April, and May-June are on Appendix D2 and the average value of effec-
tive parameters are presented on.Table 3.14.

In the process of determining the optimal policy, we assumed that
the distribution of flow in each season was Normal with expected value
equal the sample mean and variance equal to the sample variance. Here
the simulation used 6n1y five years of the historical data, which did
not appear to be long enough. Hence, the optimal release rule was
not. much more effective than the standard release rule.

Next we will use the Markovian Model to simulate the stream flow
and examine the effects of the release rules.

B. Simulated Stream Flow Data

For the simplest Markovian model [6l], we have

= BO - Bl qi-l + ei’ (3'82)

where

q is the flow rate at stage i, and

e is the random part of the synthetic flow.

In this Markovian flow model, we consider that éi has a Normal
distribution. We simulated the flow for three two-month periods:
Jamuary-February, March-April, and May-June. Each month was divided

into six stages so that there were five days in each stage interval.
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In each month we assumed that the mean was constént ij' In each two

month interval, we have
= 2
q = Xl(l - rl) + ryq; 4 + tisl/Kl - rl) i=1l,2, ..., 6 (3.83)

7, 8, ..., 12 (3.84)

If

- T . 2 ..
q. x2(1 12) + r,d; 1 + tiSZf(l r2) i

in which il and iz are the means of the first and second months of each

two month period, respectively,-r1 and r, are the correlation coefficients
between stages in the first and second month period, respectively, and
tl’ t2, ... ls a sequence of independent Normally distributed réndom
numbers with mean 0 and standard deviation- 1.

1f qj was negative for some j, then we used the negative qj in the
equation for qj+1 and discarded qj without using it as a flow in the
simulation. The corfelation coefficients for January, February, March,
April, May, and June, were 0.2865, 0.3639, 0.3137, 0.4742, 0.3268, and
0.3114 respectively.

The results of fifty simulated years for each two month pefiod are
presented in Appendix D3. Botﬁ thg simulated and historical data were
tested for identical population distribution functions (see Appendix C2
for the results). The comparison of the effective parameters is pres-
ented on Tables 3.15, 3.16, and 3.17, respectively.

From the relative flood reduction (RC), we cén see that the time
dependent optimalkpolicy is much better than both the time independent
optimal and the standard release policy. For the January-February
and May-June periods, the time dépendent optimal policy can reduce
almost 407 of the flood peak. The March-April period reduction is

relatively small, because the average flow rate in that period is

mn o Coukiod

o
€
i ia
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Time Time - - Standard " Initial
Independent " Dependent Policy Flow
Opt, Pplicy  Opt, poiigy
Flood : ; _
Damage 2.3232 2.2374 ©2.5922 3.8966
Average ‘ o B ~ »
RR 18.48% . 20.912% 12.828%
Average
RC

35-454%:  39.152% 25.352%

Table 3.15

Comparision of Effectiveness Parameters (Jan.-Feb.)

Time Time Standard Initial
Independent Dependent Policy Plow
Opt, Policy Opt., Policy
lood
Damage 3.80328 34765 3.89102 L,o147
Average _ '
RR 3.402% 11,4244 1.234%
Average
RC 5.858% 17.376% 1.964%
Table 3.16 Comparision-ofAEffectiyeness Paramegegs (Mar. -Apr)
Time Time Standard Initial
Independent Dependent Policy Flow
Opte. Policy (Opt. Policy
Flood :
Damage 2,8686 2447 2.8974 3.673
Average
BR 9.184% 18.806% 8.5419
Average |
RC 17.62% 34.15% 16.954%
Table 3.17

Comparision of Effectiveness Parameters (May.=-Jun.).
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higher than the capacity of reservoir to effectively handle it.

From the previous discussion and results, we kndw that the use
of historical data to estimate the probability of flow in each period
and then determine the optimal policy is not an adequate procedure.
The reason for this is that the natural conditions are highly variated
and co;related. Furthermore the relation of these vafiatiéns andwfhe
actually probability distributions are difficult to estimate.

The Program listing appears in Appendix A5.

[P

[—
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CHAPTER IV

EFFECTS OF VARYING PARAMETERS

4.1 Introduction

In this chapter, we discuss the effects of varying the flood
control parameters; initial storage quantity, flood stage and pur-
poses of reservoirs. 1In flood control, we may adjust the water level
of reservoitrs when a storm has been predicted. We may also increase
the flood stage by channel improveménts orthe construction of
levees. 1In 14.2 and 84.3 we discuss the effects of varying initial
storage qQSutity and flood stage for both the deterministic inflow
and the stochastic inflow cases. In 84.4 we formulate a dynamic
programming algorithm to detefmine the optimal release policies for

a duval-purpose reservoir.

4.2 Effect of Varying the Initial Storage Quantity

The initial storage quantity is criﬁical in flood control system
operation. When a heavy storm has been predicted, the water level of
the reservoir should be changed to some best situation in order to
absorb the flood peak as much as possible.

The following results specify the "best' situation and tend to

confirm our intuition.

Proposition 4.1 Consider the single reservoir, deterministic inflow

flood control model of 82.2. Assume that the input quantity of water
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in a single time interval can not exceed the capacity C. Then the
optimal damage cost is a monotone nondecreasing function of the initial
storage.
Proof:

The proof is by induction. Recall from 82.5.1 that the boundary

condition is

S Cyg) = 04 : Ve

Clearly, the result is true for N+l.

Consider stage N. Recall from (2.46) we had that

-
N''N N
rNERN
where
“RN = [umx[OQ (ZN + Qq - C)/AT}, (ZN +~QN)/AT],‘ %.2)

By basic assumption, U(*) is a monotone nondecreasing function of r.

Hence

£,(20) = Uby(Z> Q) o (4.3)
where
Lby (Zy, Q) = max{0, (2 + Qg - C)/aT} |

Clearly since LbN(ZN, QN) is a monotone nondecreasing function of

ZN’ fN(ZN) is also a monotone nondecreasing function of ZN.

‘Next we make the inductive assumption that the result is for

n+l,n+2, ..., N+ 1, that is’fn+1(zn+l) is a monotone nondecreasing
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function of Zn+1' From (2.46) we have that for the nth stage

02 = min [max(U(r,), £ @, +Qy - 7,0D))
rn n
= rmé; {max (hy (e )5 b, (r )] (4.4)
n n

By the inductive assumption we have that for fixed rn,-fn+1(Zn-+Qn-rnAT)

is a monotone nondecreasing function of Zn' For fixed Zn’ we have from

(2.45) that

i

Ib (Z » Qn) max {0, z, tq - c)/at},

and

Ub (2, Q) = (z +q)/AT.
There are three cases for consider i) r = Lbn, ii) r = Ubn’ and
iid) L € (Lbn, Ubn).

If r = 1b , then
n n

hy(r ) = U@b_(Z_, Q)
= Umax{0, (z_ +q - C}/AD}). | %.5)
and
hZ(rn) N fn+1(zn + Qn - max{O, (zn + Qn - C>}>

£, @in{z +q ., cChH (4.6)

Now if Zn = 0, then
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hy(r ) = Ub_(0, Q)
= U(ma;c{o, @Q, - ¢)/at}) o | S
=u©) =0, %.7) i
- |
hy(r)) = £ ,,(Q) = 0. | (4.8)

Hence
h2(rn) = hl(rn)'

Now if Zn = (G, then

hy(ry) = U(Q, /A1), | %.9)
and
hy(r) = £, (min{C +q_ , C}

£ 1) ‘ (4.10)

here the value of fn+1(C) depends on the inflow Qn+1' Hence for

r, = Lbn the relation of h; and h, depends on Q, and Qe

2
It Tn = Ubn,= (Zn + Qn)/AT,- Vthen

hl(rn) =U((z + Qn)/AT), %.11)

and

hy(r ) = £ . +Q -2 -Q) = fn+l(0)} %.12)

waiie
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: ' At the upper bound point the value of hzlis the constant fn+l(0).

| Consider r € (Lbn, Ubn). 1f h1 and h, intersect,then this inter-

2

] section is in decision region'Rn. If there is no intersection then
h2 is above h1 or h1 is above h2. The configuration of those curves
is illustrated on Figure 4.1. If h2 is above hl’ the fn(Zn) = fn+1(0),

it is a constant. If h, is under h, the f (Z ) is on curve h,. Hence
2 1 n'n 1 ’

fn(Zn) is monotone nondecreasing function of Zn"
The following intuitive result is an immediate consequence of
Proposition 4.1

Corollary 4.1 Consider the flood control model of 82.2. When a flood -

flow is predicted, the optimal operating policy is to set the water
level in the reservoir as low as possible with a safe release rate.
We next consider the stochastic case.

Proposition 4.2 Suppose that the inflow quantities, Qn’ n=0,1, ... N,

are independent random variablés with known probability density pn(q), Then
the optimal expected cost is a monotone nondecreasing function of the

| initial storage of the resérvoir.

1 Proof:

The proof is by induction. Recall from §3.3.1 the boundary

j ‘condition is fN = 0. Clearly the result is true for N + 1.

+1
Consider stage N. Recall from (3.41) we have that

£ (zN) = min {E@U(z.))} (4.13)
N N
rNeRN - '

in which, for fixed QN,
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hi(r)
hz(r)

s o e DO LTI sErar I Moss e by

Fn+1(0).-..."."§u

LR Y YY

U(r)

Ll L2 L3 * .‘. ° r

Figure 4.2 Family of damage cost functions for
different flood stages
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]

Lby (Zy» Q) = max{0, (Zy + Qg - CJ/AT] | G .14)

il

Ubn(Zn, QN) (zN + QN)/AT 4.15)

Now by assumption U(+) is a nondecreasing function of r. The notation

E. will be used to denote the expectation with respect to the random

U

variable QN. Then E (U(rN)) is a monotone nondecreasing function of

QN
Ty
We cau write fN(ZN) as
f (ZN) = min {HN(f )3},
-"N N
TN Ry

where HN denotes some monotone nondecreasing function of rye Recall that

(3.55) the optimal decision at stage N is

vk = max{L, min{lb (Z, Q;), Lb, (Zy» Qﬁ), cons Th(Zs QE)]} , 4.16)

where L is the flood stage and Q;, Qﬁ, cons Q§ are all possible discrete

values of the input at stage N. Hence,r§ is a monotone nondecreasing

function of ZN.

Next we make the inductive assumption that the result is true for
+ coe + is i
n 1, n+ 2, > N 1 , that is, that fn+1(zn+1) is a monotone

nondecreasing function of Zn+1' From (3.41) for nth stage, we have

fn(zn) = rmég [max(EU(rn), Efn+1(zn +Q, - rnAT))}, &.17)
n n

Now for fixed Zn’ E Fn+1(-) is a monotone nonincreasing function of

R
U(rn) is a monotone nondecreasing function of - For fixed
n -

r and E

Q
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Q, also, Fn+1(') is a monotome nonincreasing function of ro. Hence,

£ (Z ) can be written as
n''n

fn(zn) = min {max(Hr];
r. €R
n n

. . 1 . 2
in which Hn is a monotone nondecreasing function of r, and Hn is a

monotone nonlncreasing function of r - By a similar argument as in

the proof of Proposition 4.1, we can obtain fn(Zn) is a monotone

nondecreasing function of Zn'
The following intuitive result is an immediate consequence of
Proposition 4.2,

Gorollary 4.2 For the flood control model of §3.3.1, when a flood

flow is predicted to be coming the optimal operating policy is to set
the water level in the reservoir as low as possible with a safe release
rate.

We next consider the effects of varying flood stages.

4.3 Effects of Varying the Flood Stage

As a result of channel improvements or the construction of.levees
the flood stage will increase. These are also methods of flood control
employed on some rivers. Hence, we need to consider the effects of
changing ' the flood stage.

Suppose that the flood stage changes, but the damage cost relative
to the depth of water on ground remains the same. This means the
damage cost function is a family of curves which are parallel to one

another as displayed on Figure 4.2.

()5 Ho(x )}, 4.18)

)
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Proposition 4.3 Consider the single reservoir, deterministic inflow

flood control model of 82.2. The optimal damage cost is a monotone
noﬁincreasing function of the flood stage.
Proof:

The proof is by induction.

Let Li denote the flood stage, U(r’ Li) denote the damage cost
function when the flood stage is Li and the release rate is r. Recall

from 8§2.5.1 that for boundary condition is

£or1 Cay L) = O .19)

Clearly the result is true for N + 1.

Consider stage N. Recall from (2.46) we have that

£y L) = min (@, LY (4.20)

Ry

where the decision region R = [max {0, (Zyg *Qq - c/AT}, (Zy + QN)/AT]
is not affected by Li'

From (4.20) the optimal decision at stage N is

Iby (Zs Q) if by > L,

e

rN’Li = max{Li, Lo (Zs QN)} £ Uby>L,, Lby <L, (4.21)

Uby (Zygs Q) if  Uby <L, by < L.

Hence, for fixed Li’ fN(ZN, Li) is a monotone nondecreasing-functibn

of ZN. For fixed Z_ suppose the L2 > Ll.' Then from Figure 4.3, we

N



106

U(z,I,)

r

Figure 4,3 Famlly of curves of Fy(Zy,L) and U(r,L)

[SPR




107

can see that
fN(ZN, L2) < fN(ZN, Ll).
Hence, fN(ZN,') is a monotone.nonincreasing function of L.
We next make the inductive assumption that the result is true
forn+1, n+2, ..., N+ 1, that is, that fn+l(zn+1’ Li) is a non=-

increasing function of Li' From (3.41) for the nth stage, we have

fn(Zn, Li) = rmé; {max(U(rn, Li), fn+l(zn +Q, - r AT, Li))], (4.22)
non

For L, > L1
max(U(rn, Ll), fﬁ—l(zn - Qn - rnAT, Ll))

> max(U(rn, L2), fn+l(Zn + Qn - rnAT, L2)) (4.23)

Hence fn(Zn,') is a monotone nonmincreasing function of L. |
We next consider the stochastic case.

Proposition 4.4 Suppose that the inflow quantities Qn’ n=0,1, ... N

are independent random variables with known probability density pn(q).
Then, the optimal expected cost is a monotone nonincreasing function of
the flood stage L.
Proof:

The proof is by induction. Recall from 3.3.1 the boundary condi-
tion is fN+1 = 0.
Clearly, the result is true for N + 1.

Consider stage N. We have

£ (Z. 1) = min (B U(rg, L))
Ity cer Gy



108

For fixed Ty U(rN,') is monotone nonincreasing function of I and

for fixed L, U(-, L) is nondécreésing function of ™

E U(rN, L) has the same monotonicity as U(rN, L). Hence, for fixed

Q

L, fN(ZN’ QN) is a monotone nondecreasing function of Z

. Obviously,

N’ and for

fixed ZN’.fN(ZN’ L) is a monotone nonincréasing'fuﬁction of L.

Next we make the inductive assumption that the result is true for
n+l, n+2, ..., N+ 1.

Ffom (3.41), we obtain

£z, L) = min {max (€

o U(r > L), Eann+1(Zn +Q, - T, AT, )Y},
n’n

Q

n

Now EQnU(rn, L) and Eann+1(Zn + Qn - rnAT) inherit the same monotonicity
property for r o> and L, as U(rn, L) and fn+1(Zn + Qn - rnAT, L),

respectively. Hence for fixed Z» fn(zn’ L) is 'a monotone nonincreasing

function of L. Thus, the optimal damage cost Fl(zl’ L) is a monotone '

nonincreasing function of L.

4.4 FEffects of Varying the Objective Function

Here we ccpsider multi-purpose reservoirs which have additional
functions such as-recreation, water supply; hydroelectric generation;
etc.

The recreation requirements impose a minimum water level constraint.
However, we can eliminate this constraint simply by changing the capacity
of the réservoir (i.e., use the active capacity).: The minimum release
constraint can be eliminated simply by changing the range of the decision
variables.

For flood control and water supply we need a dual—purpose‘xeservoiro

The flood damage cost is a function of flood peak and the water supply

+aziagd

——

Sl
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benefit can be modeled as a sum of the nondecreasing functions of

release rates at each stage. The problem is to determine r SO as to

N .
min U(r) - 2 B(r )
p=1 O

subject to

Zn - Zn-l =Q, - rnAT n

0<Z =¢C n
n

where

U is the‘damage-cost,a function of peak discharge rate,
r is the'peak discharge rate,
B is the benefit function of release rate, and

r is the discharge rate in stage n.

(4.24)

n
o
—
=

il

o
-
—
-

L4

.

L]
-
=

We can address this problem with dynamic programming. The transition

function is

n n n

n+l

4.25)

From the constraints 0 < Zn < C, for all n, we obtain the upper bound

of r_as
n
= +
Ubn(Zn, Qn) (zn Qn)/AT,
and the lower bound of r, as
Lb (z> Q) = max {0, (z, +q, - c)/at}.
The decision region of r is

Rn = [Lbn’ Ubn]

Define fh(Zn) as the minimum cost from stage n(time nAT)

to stage
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N (time T), if the storage level is Zn at time nAT (stége n). Then,
invoking Bellmans principle of optimality yields the following func-

tional equation of dynamic programming

It

fn(Zn) min {max[U(r ), g n+1(zn + Q, - rnAT)] - B(rn)

r ER

hn+1(zn +Q, - rnAT)} n=0,1, ..., N (4.26)

= max [U(r;';)a_ 841 (% T Q, - THT)] - B(x¥) - ho 1@, +Q - x*4T) ,
with the boundary conditign
fyt1 Bge) = 0 - %.27)
gN+l(ZN+1) =0 o (4.28)
hN+1(ZN+1) =0 “4.29) -

where rg is the optimal release rate for state Zn of stage n.and we

. use the notation

h(Z) =BG +h (2 +Q - D), (4.30)

and

Il

g, (Z) mx{u(r;;) > B4 Gy T Q- rg{AT)} ) (4.31)

We note that another approach to this problem would be to optimize
the two objectives simultaneously as in vector optimization [4, 30] or

in bicriterion methematical programming [5; 29]. Then we would search
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for efficient (undominated, Pareto optimal) solutions--~see also [18, 35,

b4h, 8417.
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CHAPTER V

OPTIMAL EXPANSTON OF FLOOD CONTROL SYSTEMS

5.1 Introduction

‘There are basically three structural methods of flood protection (69) .

Channel improvements increase the discharge of a stream by increasing
the velocity and possibly the channel cross-section and decreasing the
distance the water has to travel to reach the outlet of the watershed.
This method is generally applicable only in small streams. The con-
struction of levees also increases the discharge by increasing the
“depth of flow, and thereby the velocity, and by providing a flood way
outside the channel. On the lower reaches of long rivers, this method
affords the only sure means of flood control. Both of these methods
control flooding by hastening the flow of the water from the watershed.
The constructioﬁ of a reservoir, gives protection in an entirely differ-
ent way, namely, by retarding the flow of the water and 1imiting the
flow to the quantity which the channel can safely carry, thereby prevent-
ing floods. There are two main requirements ﬁhich must be met in estab-
lishing a reservoir site for flood protection, one is physical and the
other is economic. The physical conditions of the watershed must be
such that reservoirs can be constructed of sufficient size to store or
retard the excess flood water. The cost of such reservoirs mist be
reasonable.

The problem of expanding an existing flood control reservoir system

[
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is formulated in mathematical terms by providing functions, equations,
and inequalities that represent appropriate criteria and characteristics
of the physical system in 8§5.2 and §5.3. Of interest here is the
question of when a reservoir should be added to an existing system and
how 1arge the new reservoir should be. We will consider only the latter
problem here. The reader is referred to [52, 55, 56] for a discussion of
the timing problem. Dynamic programming is proposed as a solution

method in 85.4. The methodology is illustrated using real-world data

in 85.6.

We shall first consider some of the major assumptions and decisioné
that must he made in-formulating the problem . : The most signi-
ficant assumpfions are that:.

(!) The exlisting system consists of a single reservoir, which can not
completely prevent flood damages at the damage center.

(2 In the series case, the new reservoir is locéted upstream of the
river. 1In the parallel case, the existing reservoir can handle

the flood peak of its own tributary, but the release, when com-

bined ﬁith the flow on the parallel tributary, will be sufficient

to cause flood damages at the damage center.
(3) The inflow hydrograph over the live of the project is assumed to

be known and deterministic.

(4) The operating policy of the systeﬁ has been limited to the optimal
policy for flood control.
(5) The capital cost of a reservoir is a monotone increasing function

of its storage capacity [67].
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5.2 Formulation of the Objective Function

The criterion that will be used for project justification will

be econonic evaluation.

Series New Reservoir

The objective function is a function of the storage capacity of

the new reservoir. Let

f(Cl) = optimal system flood damage cost with a new series reservoir

of capacity C1

= © min ' {max(U (r o) T Uz(rZ,O)’ oo
{(Fl:o’zl 1,...,r1 N)} o
\(El,o, 1, 3-.., 1 N
Uy ey ) T, (rz,N))'} (5.1)
and
F = min £(C;), (5.2)
€1
where

M is the maximum possible storage capacity that can be constructed,
C1 is the storage capacity of the new reservoir, and

Ui is the damage cost function at damage center i.

We want to find C* such that
C* = smallest element in (
where Q < [0, M] is such that £(C) = F for CE€ Q

Parallel New Reservoir

Let

f(Cl) = optimal system flood damage cost with a new parallel

reservoir of capacity C1

e Lr B

e et
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= min {max(U(r1 o + T, n))] ‘ (5.3)
3 b b
Erl,O’rl,l""’zl,N;j n
r2,0,r2’1,..., 2. _
and
F = min f(Cl)' (5.4)
C1

We want to find C* such that C* is smallest element in () where ( € [0, M]
is such that £(C) = F for C € Q and U is the damage cost function at

the damage center.

5.3 Constraints

Budgetary Constraints

The capital budget constraint is calculated differently in the
private and public sectors. 1In the private sector, it is considered
to be a function of the corporation current assets and current debtl
level, whereas in the public sector, it depends upon congressional or
state water resources appropriation. By the assumption that the total
cost of a reservoir is a continuous monotone increasing function of its

storage capacity, the capital constraint is equivalent to

Cy =M . (5.5)

where M is the maximum possible storage capacity that can be constructed.

Qperational Constraints

For a new series reservoir, we have
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+Q, -1y AT n=0,1,

Zintl  %1n , ,

i

Z + Q2 +r

o AT - =
z2,n+l 2,n ,n 1,n T r nAT n 0, l’

where
C1 is the capacity of the new series reservoir, and

C, is the capacity of the existing reservoir.

2

For a new parallel reservoir, we have

?1?n+1 %_zl,n:+le,n _Vrl,nAT, ‘.. ,\,_9 =0, 1?
ZZ,gfl =_22,n +w92,n -.r2,nAT i n = 0{ 1
Ok's: zl,n < Cl | n = Q, 1,
0 < Zy 4 S Cy n=20,1,

5.4 Dynamic Programming Formulation.

For the objective function

F = min £(C,)
Cy

“e ey

v eaey

N,

N,

N,

N,

N,
N,

N,

(5.6)

5.7)
(5.8)

(5.9)

(5.10)
(5.11)
(5.12)

(5.13)

we can find f(Cl) by dynamic programming for each Cl. In the series

case, for fixed Cl’ we have

)

[N

Nenmtini
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@ e § )\{mix(ul(rl,n) U, (ry )
(r1’0’r1’1,'~',r1’N)} .
2,0°72,1°°°"° 2 .N
= wo(zl’o; zz,o; cl) (5.14)
where
wn(zl,n; Zz,n; Cl) = min { min (max(Ul(rl’n) + UZ(rZ,n)’
r, €R r, €ER
1,n"1,n "2,n"2,n
Wor1 1 1’ 2o netd Cl)))}’ (5.15)
and
Wl @1 oner? %o b D) T 0 G-16)
Hence
= min! . . '
F mén‘wo(zl’o, ZZ,O’ Cl)}, (5.17)
1
where 21 o and Z2 o are the initial storage of reservoirs 1 and 2,
’ ’ . ]
respectively.
In the parallel case, for fixed Cl’ we have
min gmax(U(rl,n>+ r2,n))}
(r »T seessl N n
(*1,0 Ny r1,N)J‘
$2,0°72,1°°°7°72,N
(5.18)

= VO(zl,O; Zz,o; cl)

where



= min
r €R

Vn(zl,n; ZZ,n; Cl)
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| min o (max @, - +r. ),
i R 1,n 2,n

1,n"1,n r2,n 2,n

Vo1 @1 nt1? 2o pa1’ Cl)))}’

and

R R R BN LR D

Hence

= 7 r . . .
F mln-VO(zl,O’ 2290, Cl)],

C

. where Z and 22 are the

1,0 ,0

respectively.

1

initial storage of reservoirs 1 and 2,

(5.19)

(5.20)

(5.21)

We next state some results which will assist our search for the

optimal capacity.

Lemma 5.1 For fixed Zl,o_and ZZ,O’ WO(Zl,O’ 22,0’ Cl) and VO(Zl,O’ ZZ,O’ Cl)

are both monotone nonincreasing functions.of G;.

Proof:

‘For any stage n, the decision set is

Ry

0
where
Lbl,n =
Ubl,n =
The Ubl,n is independent of
If C; > Cy, then

[1by .» Uby 1,

max {0, (Zl,n + Q.,n - Cy)/ a1}
(Zl’n + Ql’n)/AT

C,, but the Lb is a function of C,.
1 1,n 1

3

(5.22)

i

Y

[Ew



[ER

119

= { . -
Lbl,n max {0, (Zl,n + Ql,n - Cl)/AT}

< max{0, (Z; ,¥Q 4 - Ci)/AT}
. b 3

= '
Lb1,n

Hence
] . ‘
Rl,n =2 Rl,n ‘ | (5.23)

Since the minimum value over a larger domain can be no greater
than the minimim value over a smaller domain contained in the larger

domain, WO(ZL,O; ZZ,O; Cl) and Vq(Z 1) both are monotone

1,0° %2,0% ©
nonincreasing functionsof C.\|
lemma 5.2 'the optimal value of C* exists and can be found by binary
search.
Proof:

By Lemma 5.1, WO(Zl,O; ZZ,O; Cl), VO(Zl,Q; ZZ,O; Cl) are monotpne
nonincreasing functions of Cl’ and the cost value is nonnegative. By
assumption 5, the capital cost of a reservoir is a continuous monotone

increasing function Cy which is bounded from above. Then we can find

F, where
F = min{f(Cl) 1 Cq € [0, M]}
Hence (O = {Cl € [0, M]; f(Cl) = F} is a compact set and C* exists and

can be found by binary séarch.‘l

5.5 Search for Optimal Capacity of a New Reservoir

(a) Sequéntial Search

Sequential search is perhaps most the straightforward and simple
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of the available search procedures. It consists simply of stafting at
some value of C, usually the boundary value, and comparing the f(C) one
at a time, until either the minimum value of C such that f(C) equal O
is found or all values of C have been searched. It is easy to code
but may consume excessive amounts of computing time.

(b) Fibonacci Search

Since £(C) is monotone, it is unimodal also. If we compare the
value of the function at any two.points, then a finite number of points
can be excluded from optimality. Clearly by making successive evalua-
tions and comparisons, we do not need to carry out an exhausive search
to find the optimal solution. Depending upon where C*% lies, search
procedures generally require different number of evaluations. Under
the assumption of complete uncertainty regarding the value of C¥%, a
reasonable measure of effectiveness is to minimizg the maximum number
of evaluations. Let kn be the maximum number of points in the domain
so that the optimal point always may be determined with no more than
n evaluations. Let K.n equal the maximum of kn over all search proce-

dures.

K, =K _;+Kk ,+1 n>2
K, = 1, K, = 2 (5.24)

From the table of Fibonacci Search [64], we can find the points of
first two evaluation as a function of n.

(c) Binary Search

At each comparison in binary search we either £ind the optimal value

in question or eliminate half of the region to be searched. Binary search

oo itnasimdit
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requires that f£(C) should be monotone. The procedure begins by e&alu—
ating the midpoint value of C. 1If f is nonnegative and £(C) is equal
0, then upper range of the C vélues ignored and we can evaluate the
midpoint of the remaining lower half. This process continues until

the search interval of C satisfied some required accuracy. If we let
E be the number of evaluations and M 5e the numbgr of grid points then
Emax > 1og2(M+1). For monotone functions, the numherjof iterations for
each search is given in Tabie 5.1 [72]. Reference to Table 5.1 reveals
that binary search is best for monotone functions. For this reason it
was employed in our study. The macro-flow diagram of the overall opti-

mization is on Figure 5.6.

5.6 Example

Consider the East Fork of Silver Creek in Madison County, Illinois
which is shown on Figure 5.1. There is a Reservoir on Silver lake [22].
The dam height is 30 ft. and its storage capacity is 10400 ac.-ft. 'The
topography apd geology of Madison County are generally suited to reservoir
development. The East Fork of Silver Creek has a potential reservoir
site located 1 mile east and 0.5 mile north of Grantfork. This is approxi-
mately 3 miles upstream from Silver Lake.

In the spring, when the ground is.still frozen, the snow melts and
and heavy rains are likely to occur. The flow in East Fork above the
Silver Lake can get extremely high, with a typical flood peak being
4030 cfs [79]. The Silver Lake Reservoir can not absorb such flood peak
completely since flood stage is 800 cfs.

The iﬁflow hydrograph of a typical heavy storm on East.Fork water-

shed area [79] is given on Table 5.2 and displayed on Figure 5.2. The
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Humber of Sequential Search Fibonacci Binrary Search

Polints Max. Average Search Max. Average
5 5 3 A 3 2
10 10 5 5 L 3
50 - 50 25 - 8 6 5
100 100 50 10 7 6
1000 1000 500 15 10 9
10000 10000 5000 19 14 13

Table 5,1 Iteration number for Sequential, Fibonaccl,

and Binary Search.

[P

RS




[T

123

Flgure

POTENTIAL @ EXISTING
RESERVOIR RESERVOIR

Q_ 5 10
Séale of Miles '

5.1 East Fork of Silver Creek.
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1ls:Input hydrograph of
Silver lake,

2:Inputs from watershed
of potential reservoir.

3:Input hydrograpn due to
.the watershed betwzen

- the two reservolrs.

T ”#m.i:.-.."g-..

0

Pigure 5,2

il i '; 1 \ [ 1 3 X i -3
122036 B8 00 72 BF 96 108 120 132 14k 156 168

(hr)

Input Hydrogrénh of East Fork,.

/"\L” [~
o
o
A
a3 r
o4
B
=2 |
it
/ 3, i ] ! A A i ( CE )
0 800 2400 4000 5600 7200
' ' Discharge
Figure'5,3 Damage Cost Function &% Hast Fork Damage

centar.
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cost function at the East Fork damage center is digplayed on Figure 5.3;

Since there is a mountain area between these two reservoirs, there is

no direct damage cost due to the proposed reservoir releases. The

initial fluod cost is $2.98 million. The optimal release policy for

Silver Lake Reservoir is displayed on Figure 5.4. The optimal damage

cost is $0.875 million and the flood peak is not completely absorbed.
The grid size used in the search procedure was 100 ac.-ft. This

yields an optimal capacity of the proposed reservoir of 937 ac.-ft.

The flood damage would.be $0. The computing for the optimal solution

is 645 seconds on Northwestern University's CDC 6600. The storage

capacity vs. optimal damage cost is displayed on Figure 5.5. The

stage time lnter?al AT used was 12 hr. The results_of the computations for

each of the seven iterations aregiven on Table 5.3. For each iteration,

column 1 is the release rate of the proposed reservoir with capacity

Cl’ for which we waﬁt to thimize and column 2 is the release rate

of reservolr 2 which already exists. The program listing appears in

Appendix AS5.
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5000 +
- 1l:Input Hydrogroph of
o Silver Iake,
%3000 - 2:0ptimal release rule
©
£y
_gzooo - _
o
2 A
A X/, — \
/ » L
1000 1 o
oo WFloOG N T
800 L on Stage d Q »
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\ i ._ 1 § ] 1 i S | it ¥
0 12_ 24 36 48 60 72 84 96 108 12-0-’132 144 156(hr)

Figure 5.4 Optimal Release Rule for Silver Iake.
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Flood Control Systemn.
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CHAPTER VI

SUMMARY

6.1 Summary

Methodologies have been developed for determining the optimal
operating policies for single and multiple-resexrvoir flood control
systems in Chapters II and III. Dynamic programmingland sfochastic
dynamic propgramming were used as the optimization tools. This approach
has overcome both the difficulties of the convexity requirements for the
livear programming:approach and the physical constraint validity of the
chance-constrained linear programming approach. Therefore, it offers a
potentially powerful method in the analysis of flood control systems.

This paper also modeled synthesized floods as Markov renewal
processes in Chapter III. From our study of the effects of changes in
the initial storage quantity in Chapter IV, we know that when a flood is
coming, it is optimal to lower the water level as much as possible.

The expansion of existing flood control systems was modeled in
Chapter V. We determined the minimal capacity of a new reservoir, which
furnishes the reduction of predicted flood peak; by dynamic programming
under the assumption that an optimal operation policy is employed.

Real-world examples have been included both to illustrate and to
explicate the results of the theoretical discussions. The use of the
derived optimal operating rules in real-time was also simulated using

both historical flow rate data and simulated flow rate data.
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The optimal release policy performed as well or better than poth the

standard release policy and the routing release policy.

6.2 Directions for Future Research

The uncertainty of future hydrometeorological conditions occurring
within a riverbasin confounds the decision-making procéss when applied
to the management of water resources systems. The stochastic nature
of water resources - suggests cortinued research in application of
stochastic programming methods to the operation of these systems.

There are several recommendation can be drawn directly or indirectly
from this roesearch. Firét, efforts should be made to further develop
Qethniques for estimating flood damage cost functions. Second, efforts
should be also be directed toward refining and developing techniques

for predictiﬁg the surface-runoff from precipitation. " Third, develop-
ment of the ability to accurately predict long-range stream flow pattern
and distribution should be enhanced. Fourth, development of more effi-
cient algorithms to solve the problems would be desirable. 1In this
regard, the recent incorporation [58] of branch-and-bound methods in
dynamic programming to reduce computation and storage requirements which
proved useful in a number of problems [56, 57], should be a fruitful

avenue of approach.
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APPENDIX A

PROGRAM LISTINGS
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Appendix Al

Program Listlng (Single Res=rvolr Flood Control System
Determlnistic Inflow)
PREGRAM TEST (TMPUTSOUTPUT)Y
DIMENSTION AN(2n) vBNI20) sE{I0) s INPT(20)9s0PT(2045300) sRELES(209300)»
1FF (20, 300),LZ(?0n3OU) ‘
NDATALANCT) 91=1414)/1000.092000.093000. 096000 0910000 011600040
125000.0930000.09300C0+0121900.,0512000,0+45000.0,2000+090.0/
DATABBULY 3 12) 9 14) /=0a023)15,4=0,023199~0,023159~0,06944,=0.0926
-0-]339--0.L0H1’-0 1157430.000:,208390,708390.16290.0694490,0463/
PDATALE(T) pT1=1930)/0eCr100D90,09) 0812499347 98449449954305.796411643
16,5960 T7 350097 a09T0) 7020763970037 35070h9Tal97eB976998:,098419842»
PR.348,4/
DATA NTGYDTIDSHDRIDU/14443200.0920000000.092006093800.0/
NEe 9 NV 4NTO R e
INFT(H)—AH(N)”DT*O S#PN(A)*DT*“Z
6 COANTINUE

€=3310560000.0 e e o - R .. e .

INITIAL= ?aa952n00.0/05~1
KMAX=C/D5»1
KTE=0 :
100 KTG=KTG+}
. KK=1
IF (KTGo. FQ NTG) KK=INITIAL
70 CONTINUE
Pz (KK~1)#DS+INPT(KTG)) /0T
RUP=AMAX1 (P10 ,40) L
RLO=AMAX) (P~C/DTy(0,.0)
IUF=RUP/DR+]
TLC=RLO/DR+2
nPT(KTGoKK)—IOOOU0.0
no 10 I=TL0NTUP
CALL CURVF (EsI4DRaDUSVALUE)
IF (KTGW.NFL.1) GO To 31
TEVP=VALUE
IF (OPT(KTGIKK) «LT,TEMP) GNn TO 30
J=1
OPT(KTG,KK) =TEMP
3n CONTINUE
G0 TO 10
31 CONTAIN=(KK=1)#DS=(1=1)"DRu#nT+INPT(KTG)
ISTATE=CONTAIN/DS+)
IF (ISTATE JGELKMAX) ISTATE=KMAX
TENMP=AMAX]1 (VALUE»FF(KTG=1,TSTATE))
IF (OPT(KTGIKK) «LT TEMP)_GN TO 1
J=1
OPT(KTG4KK) =TEMP
16 COMNTTINUE o )
RFLES(KTGyKK) = (J=1)*DR
XINPT={KK=1)#0S
FELKTGKK)=OPT (KTG4KK) _ ) _ _
77 (KTGIKK)=XINPT=RELFS(KTGaKK) #DT+INPT (X TG)
PRINT 2y FFAKTGIKK) yRELES(KTGIKK) 9 XINPTKTG
? FNRMAT (# VALUE = #yF10,59% RELESE RATE = #,F12,59% §
VTATE - =%,F1442,% AT STAGFE #,15)
IF (KKoGE ,KMAX,ORsKTG4FQ+NTG) GO TO 48
KK=KK+1
60 TO 79
48 CONTINUE
IF(KTGeNE,NTG) GO TO 100

(PRSI
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PRINT Ss FFEANTGyINITIAL) i
FORMAT(# GPTIMAL VALUE #4,F14,5)
KCT=MTG

PRINT A+KCTsRELES(NTGINITIAL)
CLO=UINITIAL-1)#DS )
MFW=ZZANTGs INITIAL)

KZ7=NEW/NS+1 o

ne AN3 I=2yNTG ~

KCT=MTG~1+1 o

PRINT 63yKCTsRELES(KCTykZ2Z)

OLC=NEW

MFWw=ZZ2 (KCTKZ22)

KZ7=MEW/DS+] . e N
FOFNAT (% AT  STAGE #21G54s RELESE PRATE IS #3F15,5)
CONTINUE

FMD

SURROUTINE  CURVEXE»IDsDRyDUSVALUE)
NINMENSION E(30)

L=((ID=1)#DK) /pU+1 B o o
VALUE=E (1) + CCE L+ 1) ~E QL)) Z/Py) # T (1D=1) #nP = (L=1) 20U)

RETURN
FNC B i ]
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Appendix A2

Program Listing (Two Reservolr Series Flood Control Systen
with Deterministic Inflow)

PHOGHAM Tt5T(INPUT90”TPUT)

DIMEASTION Ah(?yl?).NFW(?),KZ?(Z),OLD(E),FF(20920v20)7
IRELESLI(20920,20) 9RELESE(20920920)02724(20:20020)2222(20920+20)
ZEMAX(2) o INITTAL (2) yhK (21 9R {2 3G (44) yH (44)9U{2) yIH(2)4C(2),421(2),
3DU(2Y»INPT(2,16)

DATA AN/0.G9Ne03300.09300609720,09720,0+1300,091300.051950,0 .
11950,09250040925C0093100.0931004053700,033700402%%00,094400.0,
24800«G5%800eN990002CGs3000e0094T7000004700+093800093800:09240060,
32"000-',’!14000011400“0'450'“’450'0!0'0)0'0/

DATA L’/(‘-Uy().U-’cl3392-69-’-0!337"’0-4'5.O,5g596a096:50609v7.3,7.7,
ltinl’?.‘i4!H'8l902990"00907’]0'0’10!2)]0;"’)910'6’10081‘.130’11‘2!1104,
211552 1aT921,8911,991260112e1912.291243912441125512:6112,7912.8y
312.941340913,1/

OATA H/D090eU91a893e008000!] -a095 T36:53T4297TeT79843+1848199,2,9.7,

110e151044930,7910,0911233510e5311479314951201312e331206312,R512,6 -

212979120891 2,99134U913¢1913429135391344913e5113e691327213,8913,9
31440014,1+14,2914,3/

DATA NTG,UT,DS’DR.DU(I)9DU<2)/16.?1600 0+120000000409250,0,.....
13500,u095000,0/

DO 9 [=1,2

DO 9 N=14NTG

INPTULyN)=0, q“(AN(IsN)*AN(I’Nfl))nDT

CONT TNUE

Ct1)=5ngo00000e0 .. . . . .. . L .
Ci2)=1900000000.0
KMAX(1)=0 (1) /0541
KMAX(2)=¢c{2)Y /051
INITIAL(1)=100000000. O/Ub¢1
INITIAL(2)=200000G00,0/7U5+1
KTG="

 KTG=4TGeY

Kx{l)=1

KK(2)=1 .

IF(KTG.NF. NTG) GO 10 79

KKty =INTTIAL () _
KK Y FINT T LA (8 e e e e e et e
CONT INUE

Pz ((KK(1)=1)#0S+INPT(1sKTG)) /DT .

TUP=MINT(600Nn,UsP)/DR+1 e . - ,
ILO= MAX] (P=p(1)/DT9040)/DRe2

IFr(F=-C(1)/0T, LE.0,0) ILO=) :

Ik{l)=1ILg e e e e e
FF(KTU;KK(I),KK(?))~10000 0

R(1)=(IR(L)~1)%DR

LU SKK (1) o 1) #DSINPTILaKTG) =ROVYNMDT .. el o LD o
CALL CURVE(GyIR{1)9DRsDU(1) sVALUE)

Utl) =vALUYE

L ARK 2 =) v S INPT A2 s TG AR (LI T ) /DT o s

LuP= MIN1(12000,0,Q)/7DR*1

LLO= MAX1(Q=r(2)/pTs0,0) /DRe2

IF(G-C(2) /DT, LESCe0) LLO=R1

IR(2)=.L0

RI2)=(IR(2)=1) #NR

Z(2)=(KK(2)=1)*DS+IMPT(24KTG) *+R{Y) #DT=RL2) 90T . e e e
CALL CURVE(H,IR(2)sDPaDU(2) s VALUE)
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Ui2)=VALUE -

IF (KTGeMNE,1) U0 TO 31

TEMP=U(1)+U(2)

IF (FFU(KTGyxK (1) KK (2)) LT, TEF¥P) GO TO 39
RELESTUKTG KX (1) s KK ({2))=R (1)
RELESZ(KTG KK (1) e KK (2)) =R (2)
FREIKTOsKK(]) 8K (2) ) =TEMP

CONT INUE :

GO TQ 10

1A=Z2(1)/DS+}

18=2(2)/D5"

TEMP= ARAXTI (U (1) sU(2) s FF(KTG=14 1A IR))
IF(FF (RTOORX (1) KK (2)) LT, TEMP) GO TO 10
RELESLI(KTGyxKk (1) KK (2)) =R (1)
RELESZ(KTGaKK (1) 21 KK (2) ) =R{2) e e
FFAKTO KK (L) KR (2))=TEMP

CONT INUE

IF (IR (2) JGE,LUP) 60.TO S .. . . . . ..o ..

IR{2)=1R1{2) »1

GO To 61 ]

IF(IR(1) LGELTUP) GO TO 52

IRt =IrR(Lys

GO TQ 62 ,

COMNTINUE .. o o D i
XINI=(KK(1)=1)¥DS '
AIN2= (KK (2)=1)*DS

2ZLIKTGYKK (Y ) o KK (2) ) =X INL=RELEST(KTGo KK (1) s KK(2)) #UTHINPT (1,KTG)

L2 (RTOIKK (1) 3 KK (2) ) =XIMN2-RELFS2 (KTGy KK (1) yKK(2))»0T
1+RELESY (KTG %K ()) 4 KK (2))=DT+INPT (2,KTG)

PRINT 39KTGeXxIN1o XIM29FF (KTGs KK (1) 9y KK{2) )3 RELESY (XTGHIKK (1) yKK(2))s

TRELESZIKTGyrK (1) aKK(2))

FORMAT (# STAGE=®9]3s#%  STATE 1=%2F15,19% STATE 2=2,F15,14/9
120Xs9 VALUE=#)F9,653% RELES RATE 1=#,F10,19% RELES RAIE 22%,

2F1061)

IF (KK (2) (GE KMAX (2) sORKTGENNTG) GO TO 53
KR{2) =K (2) +1 R

GO T 63

TF (KK (1) ,GE KMAX (1) «ORJKTG.EQ,NTG) GO TO Sa4
KK (1) =KK{1)+1

KK(2)=1

GO 1o 79

COMT [NUE o .

IF(KTG.NFaNTG) GO TO 100

PRINT SeFFINTGY INITIALUL) » INITIAL(2))
FORMAT (# CPTIMAL VALUL= #,F9,6)
KCT=NTO

PHRINT 69KCTyRELESLINTG INITIALCL) s INITIAL(2)) s
1RELESZ2(NTGy INITTALtLY s INITIAL(Z))
OLD(1)=CINITIAL{1)~)) *DS
OLD(2)={INJTrAL(2) ~1)#DS

NEW (1) =271 INTGPINITIAL L) sINITIAL (2))
NEW(2) =272 (NTGYINITIAL(L) »INITLIAL(2))
KeZtl)=NEW (1) /UG

KLL(Z)=NFw{2ysUsed e
DO 8nJ I:Z,NTG
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KCT=NIG-1+1

PRINT 6 KCTHYRELESIIKCTIRZZ (1) 9KZZ(2)) 9 RELES2IXCTI»RZZ 1) yK2721(2))
oLD( 1) =NEW )

OLUL2) =NFW (2)

NEW (1) =27 {KCTaKZZ{1) s KLZ(2))
MNEWL2)=Z222(KCTIKZZLL) 9 KLL2L2)). .
KLZAV)=NEW())/US+ 1
KLZLZLZ)=NEW(2)/US9]

6 FOURMAT( ® AT STAGE #913,% RELES RATE 1= #3F1Q.,19%RELES RATE 2=%
1,Flo, 1) :
833 LONTINUE
LEND

SUHRRCUTINE CURVE(Y»IDyDRyDU,VALUE)
DIMEASIOMN Y(44)

L=(tu=-1)eppysysl

VALUE =Y (L )*((Y(L*l)-Y(L))/DUMHID =1) DR~ {L>1)#DU)
RETURHN
JEND

[ER——
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CFFIKTGaKK(1),KK{2))=TEMP
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Appendixz A3

Program Listing (Two Reservolr Parallel Floocd Control Systen
with Deterministic Inflow):

PROGRAM TESTIINPUT,CUTPUT) '

DIMENSTON AM(2419) NEW(2)4KZZ(2),0L0(2),FF(20,20,23),
1ELESL1(27,23,20) 4FELES2(20,20G,20),7221(20,23,23),272(204,20,28),
2EMAXL{2) y INITTIALC2) ,KK(2),R(2),6(29),IR(2),C(2),2(2),INPT(2,20)

DATA LMN/E25401625.0+65040+9650439750.06,75043,750.3,75040,75C.0,
1759,9483C.0+900.5,119C.0+1600.3,1300,0,2133+43,1700+052550.G»
222C3.0,3000406+27CCsCy316G0.0,3250,0+29580.€,3500,0,2630+G6,3000.0,
32603.8,2403,0,5180C.0,1760.0,1436.08+125640,1250.0,8006,3,%00C.0,
4505.2+725,07 :

DATA G/040,0.040.0,CeC+040,0475,103,1,8,2:021245924772.9,3.1,3.3,
13.5,30793¢e 9 boalybalobe2ybe3ybolinleS,tebyliv?ylbaBytsT95.045.17

DATA NTG,DT,0S,DR,0U/18,43200.0,2000C092,3,138.,8,50C.07/

00 9 I=t,2 :

00 9 N=1,NTG

INPT(T,N)=0.5% (AN(I,N)+AN(I,N+1))*DT "
CCNTINUE o
C(1)=227032303.0C
C(2)=142090900.0
KMAX{1)Y=C(11/0S+1
KMAX(2)=C(2)/0S+1
INITIAL(L) =3 -

INITIAL(2) =2
KTG=10
KTG=KTG+1
KK{1)=1
KK(2)=1
IF(XTG NELNTG) GG TO 79
KK(1)=INTITIAL(L)

KK(2)=INITIAL(2) -

CONTIMUE , _

P=((KK{1)=1)*0S+INPT(1,KTG)) /0T -

IUP=P/DR+1
ILO= MAX1(P-C(1)/0T43.0)/0R+2
IF(P~C(1)/NT.,LE.0.0) ILO=1
CCNTINUE )

Q= ((KK(2)~1)*0S+INPT{2,KTG) y/0T
LUP=Q/0R+1
LLO= MAXL(Q-C(2)/DT,0.,3)/0R+2
IF(R-C{2)/DT,LE.0.0) LLO=1
IR(1)=TLC
FFUKTG XK {1),KK{(2))=1C0C0,0
R(1)=(I(1)~-1)*0OR
IR(2)=LLC
ZA1) KK () =1) *0SHINPTUL,KTG) =R (1) *DT
RI2)=(I2(2)-1)¥OR )
Z(2)Y=(KK(?2)=1)*DS+INPT(2,KTG) -R(2)1+0T
JJI=(201)+R(2) ) /NR+1
CALL CURVE(G,JJyCRP,0U,VALUE)

U=VALUE
IF (KTG,NE.1) GO TO 31
TEMP=U , : '

IF (FF{KTG,KK{1),KK(2)),LT.TEMP) GO TO 30
RELESL(KTG,KK (L) ,KK(2))=(1)

RELES2 (KTGKK(1) yKK(2))=R(2)
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30 CONTINUE
GO Yo 19

31 IA=2101)/0S+1
I8=2(2)/05+1
TEMP=AMAX L (U, FFIKTG~1,TA,IB))
IF(FE(KTRK<(1) KK (2)).LT.TEMP) GO TO 10
RELESLIKTG KK (1) yKK(2))=R (1)
FELES2(KTH KK (L) ¢ KK (2))=R(2)
FFAXTG,XK (1) ,KK(2))=TENP

19 CONTINUZ
IF(IA(2)GE.LUF) GC TO 51
IR(2Y=IR(2) ¢+
GC TC 61

51 IF(IR(1).GE,IUPY GO TO 52

IR{1)=IR (1) +1

GC T3 2

CCNTINUE

XIML=(KK(1)~1)+DS

XINZ2=(KK(2)=-1)*0S

ZZL(KTG K (L) 9 KK(ZY) =XINL=-2ELESLIIKTG,KK(1) KK (2) ) *DT+INPT(1,KTG)

722 (KTG KK (L) 4 KK (2))=XIN2=-RILES2IKTG,KK(1) ,KKX(2))*0T

1HINPT(2,KTG) :

PRINT I4KTGyXINL,XIN2,FF(KTGaKK1) yKK(2)) yRELESL (KTG KK (1) 4XK(2))

1RELES2UIKTG KK (1) 4 KK (2)) .

3 OFORMAT(* STAGE=%*,I3,*% STATE 1=%,F15.1,;* STATE 2=%,F15.15/
120¥%,* VALUE=*,F9,6,% RELES RATE 1=+%,F1l.,1,* REZLES RATE 2=*,
2F1C.1)

IF (KK (2) ¢ GELKMAX (2) . OPWKTG.ENLNTG) GO TO 53
KK{2)=KK(2)+1
GC TO €3
53 IF(XK{1).GELKMAX (1) .OF.KTG.EQ.NTG) GO TO 54
KK{1) =KX (1) +1
KK(2)=1
GC TQ 79
S4 CONTIMUE
IF(KTG.NELNTG) GO TO 10¢€
PRINT 5,FF(NTG,INITTAL(1),INITIAL(2))
S FCRMAT (* CPTIMAL VALUE= *,F3,8)
KCT=NTG
PRINT £,KCT,FELESLINTG,INITIAL (L) INITIAL(2)),
1RELES2(NTGLINITIAL(1) ,INITIAL(2))
OLD(1) =(INITIAL(1)-1)*0S
CLC{2)=(INITIAL(2)~1)*0S .
NEW(L) =721 (NTG,INITIAL(1),INITIAL(2))
MIW(2) =272 (NTG,INITIAL (1) ,INITIAL(2))
KZ7 (1) =NSW (1) /0S+1
KZZ(2Y=NEU(2)/0S+1
0C 823 I=2,NTG
KCT=NTG-1+1
PRINT A sKCOT G RELESL(KCTsKZZ (1) 4KZ7(2)) 4RELESZ(KCT,KZZ(1) ,KZZ(2))
CLO{L) =MEW L)
OLD(2) =MEV(2)
NEW(1) =721 1KCT,XZ7(1),KZ7(2))
NEW(2)=722(KCTyXZZ(1),KZZ2(2))
KZ7 (1) =HEW (1) /0S+1
KZ7(2)=NEWH(2)/0S+1
5 FOPMAT( * AT STAGE *,13,* REILES RATZ 1= *,F10.1+*RZLES RATE 2=%
1+,F13.,1) )
853 CONTINUYS
END
SUBRCUTINE GCURVEILY,ID0,0R,0U,VALUE)
BIMENSION Y(29)
L=({In-1)+0)/0U+1
VALUIZ=Y (L)Y # LIV L v1) =Y LL)Y) /DU * (LID-1) *NR=-{L~1) *OU)
RETURN
END

i
~ny

e pntad
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; ’ Appendix Al

; Program Listing (Single Reservolr Flood Control System:
With Stochastic Inflow)

) . ST mo et CLobeu s DU e )

i i UL sl om LU ) 1t (N ) ye (32D 51 (3543600 921 (805300)

i SR T N .r(J))
Lan e tyyei=ealay o, r?*-u.(uoﬂ-x.JvllsJ.lhvd,U 1913,0.191r
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Appendix A5

. Program Listing (Sinulation)

PKOGRAM SYMU({NPUT+0UTPUT)

DIMENSTON NRI205,40) sMR{Z20+40)2(20)912(20)E(32)sX120)21X(20)
IWE20) s TWI20) ,U12) sMEANIL2) s VAR(12) 9COR{12) IR (15)

DATA USyNTGsNST»ColiTa0U/50000000.0+1292191000000000.,0543200040»
1750.0/

DATA(t(I)sI 1932)/04050009000915892499347166494290543952T960196439

16+536474609:7097Tal27, 2’7a397o497 5v7c697 7’/0817'9!800’861v802!
28.39804+8.4548.5/

DATA MEAN/622088+6%2364/

VATA VAR/6%1044,0,6%1182.0/

DATA COR/6%(0.3137,6%004142/

£‘1)~booooouoo 0

I£(1)=1

xtl)-l(l\

Wil)=£L(1)

1X(1)y=12(1)

IW(l)=12(1})

DO 10 J=1»21

READ 1 (NR(1,4J)91=1412)

CONT INUE

DO 11 J=1s21

READ 1) (MR(T, J).I =1,12)

CONTINUE

FORMAT (1214)

T=1500#07

A=T+C

S=MEAN(1)

D0 99 K=1s100

PRINT 53K

PRINT 3

FORMAT (@ THE #y914,% RUN #)
FORMAI(SXo*STAGE“,SX,ulNPUT“.SX9°DEPEN*,SK PINDEPY 25Xy 2STAND#®) .
L=1

I1Y=0

JY=g

KY=g

CALL GGNOR(4515»R)

DO 21 M=1,NTG

IFtM,NEL]1) GO TO 51

QM) =MEAN(M)® {1=COR (M) ) *COR (M) 2S SVAR(M)#R (M) P (1=COR (M) #52)
1#20,5

IF(Q(M).6T,0) GO TO 42

QM) =MEAN (M) # (1-COR (M) ) *COR (M) #Q (M) *VAR (M) 8RINTG*L) # (1=-COR (M) #22)
1e90,5

L=L+1l

GO T0 40 :

QM) =MEAN (M) B (1=COR (M) ) *COR (M) #Q (M= 1)*VAR(M)° R(MI®(1=COR(M)®22)
1#1‘)0 5

IF (Q(M).6T,0.) GO TO 42

Q(M=11=Q (M)

RAM) =R (NTG+L)

L=L+1

GO0 Ta 51

BU=Z (M) /DT+Q (M)

AU=X (M) /DT +Q (M)

P}

[I—
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BL=AMAX1 {BU=C/UT+0.0)
AL=AMAX] (AU-C/DT+0.0)
IR=NRIMYTZ(M))
JREMAIMITA(M))

IF (IR,LT,8L) IR=BL
IF(IRGT,BU) IR=8Y
2iM*1T=2(M)+0 M) #DT=IRPUT
12(M21)=2(M+1)/DS+1
IY=MAXO(IY s IR)

IF (JRaLT.AL) JR=AL
IF{JRSGT.AU) JA=AU
KiMs1)=A (M) +Q (M) »DTwdpeT
IX(Mel)=X(M21)/08+1
JYZHAXD (JY 5 JR)

BEW (M) +Q (M) #DT
IF(B,MELT) GO 7O 31
IF(B.GTaTaAND B.LE«A) GO TO 32

KR= (B=C) /DT

WiMe1) =C

GO To 33

KR=T/0T7

WiMs1)=B=T

GO 70 33

KR=8/0T

WiM+11=0

CONTINUE

IWMe1) =W (Me]) /DS o]

PRINT 29M9Q (M) oIRyJRIKR '
FORMAT (5913 48XsF34193Xs1633X3[693X,16)
CONTINUE

CALL CURVE(EI1Y9DU+G)

CALL CURVE(E+JYsDUsH)

CALL CURVE(EsKYsDU9F)

99

PRINT 42GaHsF _
FORMAT (# COST ®plIX9sFT4593X3F7e5+3X9F7,5)
S=Q(NTG) '

CONTINUE

END

SUBROUTINE CURVE(E»IY,DUyVALUE)

DIMENSION £1(39)

LEIY/70U+] ' :
VALUESE() » (LECL*1) =E (L)) /DU) # (1Y~ (L=1)*#DU)
RETURN

END
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Appendix A6

Program Llsting(Optlaml Capaclty of Serles New Reservolr)

e PHOGRAM APT CINPUT g QUTPU LYo e oo e oo s e e

INTEGER PIGHTCENTER
X=43500,0

0:30000000'0,_, et e vt m———
DR=300,0

M=10000

S WEMEX e e e e twmn 4 aeeme s e s as s meaiees e e e e m e e e

350
500

501
502

503

201
400
301

LEFT=0

RIGHT =M

CALL UAM{W,VY,D»DR) - -

IF(V,6T.0,0) GO To 400

PRINT 300 yMyV

FORMAT {8 CAPACITY 84179% COST ByF10eT) oo - nm o m s s o
IF (HIGHT.LEFTLLE, 100) GU TO 490

L[FCAIGHT - LFFT.bT 800) Go TO 501

D 1J600000 0 erire e e et e m m———— . ——— = e e e e e e e
DR=200,0

CONTINUE - e - oimem U e e el o
IF (RIGHT-LEFT+GT.400) GO TO 502

D=6700000.0

DR=150,0

CONT [NUE

IF (RIGHT-LEFT.6T4200) GO TO sos

D=3390000,0-

DR=100,0

CONTINUE

CENTER= (| EFT+RIGHT) /2 -

WICENIER#X

CALL UAM(W,V4DsDR)

IF(V.EQ.n.0) GO TO 201

LEF T=CENTER

GO TO S0 e e e e e e R

RIGHT=CENTER

GO T0 500

PRINT 301 ,RIGHT,y - - — s S
FORMAT (¥ OPYIMAL CAPACITY IS#, 1742 DAMAGE COST IS®y F11.7)

END

SUBROUTINE CURVE(YsIDsDRDUSVALUE) Lo

DIMENSION Y (44)
L=((IU=1)#nR)/DU+1

~VALUEEY (L) o (UY WL*1) =Y (L} ) /DU ((ID~1) #DR~({ =1) BDU)

RETURN
END

st msmiasdt e

e et
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. SUBROUTIME CAM(Way,D490R)

100

79

63
62

61

~30

DIMENSION AN(2415) 9N w(d),KZI(E)oOLD(Z),FF(Ln,?09?0)9
1RELE51(25,20.20),RELEsa(ao.zn.ao),221(20.20q20).212(20.20.70),
2EMAXI2) y INTTTALI2) sKK(2)HyR(2)46G(20) Ui2) s IR(2)9CL2)4712),
3DULZ) 2 INPT(2,106) :

DATA AM/0.090e09106,0956.09350.01100401550.0+250.09800.04+450.0,
11256quGGD.G,1600.0|90()-0y2000.0ol150.().2330.0:1400-0»2530.09
21500.0+2400+09130060115950.02900405920609450+09400s092006090203040/

DATA U/O.O,UoU’1{0)1-8’Z_c_‘j9300930293-493t6§3_0_89/+3094-1'4-2'4o31
1441645 14,.614eT144814,9/

DATA NTG.0TynSs0U(1),DU(2) /14,43200, o,3oooouoo.o.soo.a.noo 0/

C(l)=w

Ct2)=4500000000 -

00 9 I=1,2

DO 9 N=1+NTG

INPT(IN) =05 LAN{T9N) +AN(ToN+1) ) DT -

CONT INUE

C(1)=w »

KMAX(‘)"C(I)/D ‘1 e < v e ae o e s . e e e ’ — e ——

KMAX (2)=C(2) /0S+1 ’

INITIAL (1) =2

INITIAL(?)=3

KTG=0

KTG=KTG#+)

KK(1)=1 . . . R e e

KK(2) =1

IF(KTU.NF.NTR) GO TO 79

KK(1)=INTTIAL(L) :

KK(2)=INTTIAL (2)

CONTINUE
: P=((KK(1)=1)#D sINPT(1oKTG))/DT 7 0 77 -

IUP=MINY (3500.,0,P) /DR

ILO= MAX)(p=c{1)/DT,0,0)/DR+2 .

IF(P=-C(ly/pT,LE,O0,0) TLO=1 - S e : -

IR(1Y=1Ln

FF(KTG,KK(I).KK(?))—IOOOO 0

Rthy=(R¢l)=-1)%DR - - T

Z(1)=(XK(l)=1)*D 01NPT(1;KTG) R(l)”DT
utl) =0,

Q= L(KK(2)~1) 2RSS+ INPT(29KTG) *R(1I#NT) /0T

LUP= MINY( S000,0,0)/DR+}

LLO= MAX1(Q=-0(2)/D1s0.0)/DR+2

IF(Q=C(2) /DT, LE.O0,0) LLO=) e e e

IR(2)=LLn :

R(Z)=({R(2)~1)“DR

Z12) = (KK(2)~1) *DS»INPT(2)KTG) sR(1) #DT=R(2) #DF
CALL CURVE{(G,LR(2),DRYDUI(2) s VALUE)

U(2)=VALUE

IF AKTGaME,1) GO TO 3l o e im i e oo e

TEMP=U(1y+(2)

IF (FFUKTG,KK (1) sKK(2)) LT, TEMP) GO TO 30
RELESI (KTGykX (1) skK(2))=R{L) -~

RELES2 (KTGyKK (1) ykK (2)) =R (2)

FFIKTG, KK(I).KK(Z))—TEMP
CONTINUE ~ - - - -
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. GO TO lo . . meemee e+ e w4 . ) . . - - I -
31 IA=Z(1)/D e+l
IB=2(2)/nS+1 oo
TEMP=AMAXL (U (L) +UC2) 3 FF (KTG=1s LA IR)) -
TF(FF (RTR s kK (1) e (2)) LT, TEMP) GO TO 10
RELESY (KTG,KK (1) 4&F (7)) =R (1)
RELESZ2IKTGyKK (1) 9 KK (2)) =R(2) LT
FF(KTUahK(l).KK(E))—TEMP o
10 CONTYINUE
CIFCIR(2), GELLUP) GO TO S1
IR(2)=IH(E)*Y'
GO T0 61 }
51 IFCIR(1) /GF.TUP) GO TO- 52
IR(1)=1R(1) ")
GO 10 62
52 CONTINUE
XIN1= (hK(I)-])“D
XINZ2=(KK(2})=1)*®DS '
LLLIKTGKK (1) »KK(2))=XINL. RtLFSl(KTG,KK(I),KK(?))*UT*INPT(!’KTF)
2L2 IKTGIKK (1) s KK (2) ) =XIN2wRELES2(KTGIKK (1) yKK{2) ) #DT
1eRELESYIKTGrRK (1) yKK (2} ) #DT+INBT(2,KTG)

3 FORMAT (® STAGE=#9139% STATF l=4,F15,1,# STATE 2=#,F15,1,/,
120X94  VALUE=#3F9.69% KELES RATE 1=9,F10,19#% RELES RATE 2=z#,
2Fl8,1)

IF (KK (2) ,GFE sKMAX (2) sORWRTG.ENLNTG) GO TO 53 -
KK (2)=RK(2) +} .
GO To 63
S3 IF (KK (1) ,GE.KMAX (1) ,NR.KTG.EN.NTG) GO TO 54
KK (1) =KK (L) +)
KK(2)=1
. GO Tn 79 - e e e e e e
54 CUNTINUE
IF(KTG,NFsNTG) GO TO 100
PRINT S3FF (NTGeINITIAL(LY,, INITLEAL(2))
5 FORMAT (# 0P TIMAL VALUL= #,F9,6)
V=FF (NTG, INITIAL(I);INITIAL(Z))
KCT=NTG
PRINT 6,kcr.ntLF31(NTG.1N!T1A|(1).1NITIAL!2)),
1RELESZ(NTG INITIAL(Y), INITIAL(Z)),
OLO(T) =(INITTAL{L)=1)®D
OLD{(2)=(INITTAL(2)~1)*#DS
NEW(L)=Z7Z  (RTOy INITIAL(Y) S INITIAL(2)) :
NEW(Z)=Z72(NTUP INITIAL(L) s INITEAL(2)) - == -
KZZ(1)=NEW (1) /0 +1
KZLU2)=NFW(2)/05¢]
DO Bn3 I=2yNTG - = == S
KCT=NTG=1+1
PRINT 6sKCTy PtLESl(KCTvKlZ()).KZZ(?))sRELESZ(KCT,KZZ(l)vKZ?(E))
oLD(ly=nEuw(ly - - :
OLD (2) =NFW (2)
NEWA1) =27  (KETaKZ2 (1) 9KLZ (2))
NEW(2)=Z72 (KeTeKZZ (1) 9KLZ(2)) -~ N a
KLZ (1) =NEW (1) /0 «1
KZZ(2)=NFW(2)/DS+]
- 6 FORMAT( »~ AT STAUF #5139 - RELES RATE l=z #yF10,14¥RELES RATE 2=»
]|F1~031)
803 CONTINUE
RETURN

st td

s e
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APPENDIX B
FLOW RATE DATA OF KASKASKIA RIVER AT

SHELBYVILLE, ILLINOIS



146

Appandix B

Flow Rate Data of Kaskaskla River at Shelbyville, Ill.

KASKASKIA RIVER AT SHELBYVILLE, ILL.

LOCATION.—Chain gage in sec. 8, T. 11 N., R. 4 E. of the third principal
meridian, at highway bridge in the eastern edge of Shelbyville, Shelby
County, 1ll,, just above the Chicago & Eastern Illinois Railway bridge
and Big Four Railroad bridge.

DRAINAGE AREA.—1,030 square miles.

"RECORDS AVAILABLE.—Feb. 25, 1908 to Sept. 30, 1912; Nov. 1, 1912 to
Dec, 81, 1912; Aug. 11, 1914 to Dec. 5, 1914, when finally discontinued.

EXTREMES.—Maximum discharge recorded, 10,600 sezc.-ft.,, May 8, 1908
(gage height, 256.8 feet); minimum discharge recorded, 0.2 sec.-ft.,
Oct. 4-7, 1914 (gage height, 4.7 feet).

REMARKS.—Stage-discharge relation aflected by ice during winter months.
Shifting channel but measuring section was at a pool and control wus
considered permanent. During high’ water discharge relution was
probably affected by backwater caused by drift lodging at the two
railroad bLridges below the gaging station. .

DAILY DISCHARGE, IN SECOND-FEET, OF KASKASKIA RIVER AT
SHELBYVILLE, ILL,, FOR 1908-1912, .

Duay. Jan. | Feb. | Mar. | Apr. | May. | June. | July. | Aug. | Sept. | Oct. | Nov. | Deec.

2,400] 2,500/ 1,030 256 90, 34 25 8 34

2.350| 10,600  606| 352 45 15 13 13 25
2,500 7,820 936 324 73 13 13 13 34
2,350 7,220, o1s| 200 73 10 13 18 34
2,950 6.800) 773 200 55 10 13 18 54
2150 6,35y  66B] 224 73 10 13 18 34
2.0 5,650, 630 192 55 I 13 13 34
1,650 5,330 562 130 55 10 10 18 34
1,450) 4,000 460] 130 45 10 10 25 34
110l 47000 428 10y 45 13 w8 25
Lill 4300 533 uiy 43 33 L, %3 a3
10700 4,140; 324 100 34 13 i 25 5
1,030 3,450, 392|160 34 13 10 25 25
094| 3,000 358 16w 31 13 10 25 25
36| 3.4s0] 338 130 25 10 i 34 2
ots| 3,100 324 130 25 10 b 34 2
1,650 2,900 290/ 10y 25 ] A 45 25
1,010 2,600 290 90 25 10 s 5 13
2,200 2,350 236 90 25 10 10 53 18
2,500 2,230 224 73 25 10 1) 55 15
27000 1,630 160 73 15 13 10 435 23
25600 1,540, 192 55 15 13 8 45 23
2,650 1,360, 224 7 2 25 5 'H 34
....... 1, woi._‘_.-- 90 PE] I I 34
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IN SECOND-F.EET. OF KASKASKIA RIVER AT

SHELBYVILLE, ILL.,, FOR 1908-1912—Continued.

Day. Jan, | Feb. | Mur. | Apr, | May. | June. | July. | Aug. | Sept. | Oct. | Nov. | Dec.
3,000 3020 3,260| 4,140  426| 358 34 18 109 392
2,600 342 1,560; 3,82 260 224 34 18 e 358
2,100 395 1,810) 3,720 246 235 34 14 ) 358
1,770f 335 1,810) 3,380 256 224 34| - 1§ 73 324
1,4v0|  338| 1,770| 2,850| 2,150 192 25 13 73 324
1,310 4,700{ 1,5%0] 2,550/ 2,700 130 25 13 73] 290
1,360| 4,650( 1,540; 2,350 5,500 109 18 13 00| <230
1,450( 4,200, 1,580 2.030! 5,740 90 18 13 ag| 220
1,540) 3.700{ 3,600| 1,860 5,100 00 25 13 73| «216
1,440( 3,100 3,669 2,350 3,210 ] 25 13 73] <200
1,3101 3,000 3,540] 2,530| 2,550 20 25 13 58 2200
1,230] 4,040 3,430 2,050| 2,550 73 18 13 ap| 478
1,190 6,740| 2,550| 1,770 3,54 73 15 13 90| 655
1,070 7.5%0| 2,4200 1,720] 3,030 58 18 13 108| 1,070

a56) 6,950 2,100 1,810 2,850 45 18 13 109] 1,490

. 845 - 6,440 1080 1,540| 2,550 34 18 13 426] 1,580
1,030 5,910 1,310/ 1,910 2,900 34 18 13| 302 1,540
735 5,5000 1,150 1,450 3,450 25 18 250 666) 1,430
702| 4,030 1,030 1,150| 3,600 25 1§ 581 666| 1,150
666 4,050| . 882 774 3,200 25 18 73 666 o1,000
630 5,620, 528 630| 2,550 25 18 73| T 738] o850
562 6,440 7021 5961 2,450 18 18 58| 056|700
404 6.950|  on6| 596 1,460 13 18 130 18| o600
562| 5,560 596 528 1,450 13 58 130 832 o520
546] 5,450 702 528 666 13 385 130 846 o470
630/ 5,220 1,360 738 702 25 34 130 702| 0400
506 4,5000 2,200 702{ - 630 18 25 130]  630( 4330
494 3,600 2,100]  666| 628 18 25| 130l 562|300
404| 3,540 2,200 562 426 34 25 130 404) o250
450| 2,600 2,900 523 392 34 25 130|  426| o220
426, e 3,760]0ueee 358 L] — FTITT] — 2200
3,700 290 392| 1,450 7350 1,150 58 208 66 1,420
3,160 20|  358| 1,270 774 g7 90 176 90| 1,050
3,260 255! 596 1,110 882 630 66 160 101 720
3,350 236 738 904 494 375 90 176 §2 654
3,430 236 82| 994 774 290 100 224 a0 506
2,400 256 846 845 630 224 1,150 579 82 511
2,150 224 11,2300 702|545, 273| 1630 975 6o 341
1,810 224 1,540 595 409 160 3,180( 1,070 82 341
1,550  1ep| 1,580 62|  2U0f 100 2500 937 66| 375
1,360 160 1,230] 494 224 10| 1,840 7T 66| 392
1,150 160| 1,860 494 224 WM 1,430 613 66| 341
904 1921 2,200, 4% 176 821 1,030 511 s2| 307
994 192 2,150 392 409 90 756 4650 40 341
4l 102 1,860) o324 du2 66 oos| 302 66 375
6oe| 192 1,680 260| 388 73 717l 307 66[ 338
630 324| 1,490 290 774 494 426 302 66 307
596 353 1,270 236/ 1,050 7201 341 273 66 273
562 3581 1,02 256| 1,470 994 290 240 73 209
s28t  assl o oss2) a3l L2900 gag o208 24 66 208
494 358 545 224| 1,050 630 192 205 66 224
426 358 774 160 846 358 176 256 66 176
426) 324 1,070 03 579 307 145 208 66 176
425 34| 3,700; 103 408 200 160| 170 73| 208
3020 200 4,310f 109|. 338 545 17 192 66| 341
302\ . 290 4,870 109 273 426 358 145 66| 290
3s8| 200, 4,650 100 160|  290| 307 160 66| 208
333|324 3,200 256 160 203|273 145| 3,510 145
358|358 2,850 392 176 192 256 1451 3,600 756
324 4260 2,7000 494 256 100  240; 13y 2,430 1,520
3240 593| 2,300 666| 756 g0 224 100| 1,720 1.360
290 e l.ami ....... 1,110 (i1 I 11} P 1,170
Note.—(a) IBstimated., Ice effect Jan, 6-18, Jan., 29-Feb. 1, and Dec..7-11,

"0 31, 1909; also Jan. 1-11, 1910

7

i



148

DAILY DISCHARGE, IN SECOND-FEET, OF KASKASKIA RIVER AT
SHELBYVILLE, 1tLL., FOR 1908-1912--Concluded.

Day. Jan, | Yeb. | Mar. | Apr. | May. | June, | July. | Aug. | Sept. | Oct, | Nov. | Dece.

1,150/ 2,650  918|  4s4| 1,810] 204 22 12 16| 8,450 018 918
1.100) 2,750 846/ 494 1,650 162 45 13 12| gm0 s ss2
o000 2.0l 774l vo2| -1.470] sl 20l 16 12| 7430l ses| e
JLoeo] 1,810 7s| 1,720 1200|145 34 18 13 6,590 a6 510
50| 10400) 702 3020 1,080 160 22| 18 16| 6,150 - 738| 774
26100 1,500]  6o6| G.430]  ese| 145 2| 22 22| 5,560 774 T02
o560 1.310) 1,360| 3,020  s46] 100 25| 25 10| 4650 02| 4m
510 1,2;0] 20400( 3,200 76| 160 22| 2 s2| .00 6| 528
J7o0|  ss2l 24500 al1sof.  Foz[ 145 23| 18 73| 3.200|  o6e| 508
714 sd6] 2.800] 2,950 6se|  160| . 22| 16 0 2700  7oz|  Gus
66| 956 2,050 2,350 61| 130 | 12 o73| 2.300] 7as| o2
404  s§2| 1o10| 1,810) 562|120 2| 12 720 2,050 1,720 738
1.010) 74| 1.6s0 1.6%0 511|109 15 12 | 2,1s0| 1,720/ 1.sc0| 738
4000 404 1,450| 4.04 494 0 18] 12 | 1.450| 1,540 1.0v0] 774

4,650 956| 1,150 5,100] 460 3 16 13 1,050] 1,360 1,860 810

16, evnn. 1,540] 1,070| 1,030 4,520 409 6o Bl 12 1,250 1,190| - 1,810 810

.| 2,350 1,230 915 4,260 392 73 13 9 1,520 1,150| 2,700 846
1,810 1,510 810| 3,430 338 52 12 9 1,130 1,070 2,500 RIb
1,650| 1,810 735 3,160 41 58 18 0 1,110 994 2,550 774
1,490 1,860 702| 2,680 426 52 16| 10 1,130 1,190 2,600 852

1,250/ 1,72 666) 2,150 975 58 18 9 864 1,630| 2,500; 1,030
1,270 1,540 596] 1,700 630 58 18 7 720) 2,050/ 2,350 1,150
1,030( 1,400 562 1,450 562 52 12 5.5 579 2,100| 2,200 R10

915 1,270 528 1,230 477 - AR 131 22 494 2,2006( 1,960 1,230

774) 1,230 494) 1,090 392 52 12 23 2,1201 2,300| 1,720 1,100

131 30 2,050 2,4500 1,590 1,270
12 4o 2,780 2,100| 1,400| 1,190
137 30 5,070( 1,580| 1,230 1,150
13 22 6,920 1,400) 1,)10) 1,070

13 16 |ewoa-e- 1,050(. ... .. 1,110

2571 1922 51 63

231 105 63 %]

254 105 63 76

257 90 63 %

257| - 90 90 76

284| 90 105 76

312 ¥ 122 76

284 76 140 76

257 7 122 76

904 90 12 76

2300 882 2,050| 1,650 257 562| ‘105 105 76
738 2,000 1,550 21 430 160 105 76
596 1,960 1,540 231 369 206 103 76
1,7200 1,600f 1,400 206 1,150 40 105 76
4,090] 1,800 1,540 206 §$2| 369 ] 76
4,870 1,810 1,55 562 596 984 76
820 5,80 1,770 1,490 (] 562|231 63
. 6,000 1,720 1,360 596 528 312 63
6,440 1,960] 1,150 GhA[ . 495 5us 03
6,500( 2,200{ 1,110 771 462| 810 51
i, 740 2,500 (R 810 340,11, 580 51
6,030 2,350 Slo fited] 237|956 il
6,420| 2,150 774 528 231) 774 51
5,650 2,050 (1 162 206, 523 51
5,100 1,080 596 309 182] 369 063
4,820] 2,000 528 340 300|  GhG 63
4,540 2,550 [ 702 312| 349 63
3,700] 3,350 546 340 76| 206 63
5,360 4,370 502 312 63 182 i3
5,340| 5,430 630] 284 140| 160 43
35,2700 ... F LI I 140 140 43

Note..—(a) Estimated. Ice effect, Jan, 3-10, 1911, and Jan. 5-Feb. 21, 1912,
Gage not read in October, 1912,
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DAILY DISCHARGE, IN SECOND-FEET, OF KASKASKIA RIVER AT
SHELBYVILLE, ILL.,, FOR THE PERIOD AUG. 10 TO DEC. 5, 1914,

Aug.

Nov. | Dee.

=

—-re
A G D

Sept. | Oct. | Nov, | Dec.
35 5]
38 .5
35 B
35 .2
63 .2

77 .2
462 2
110 .5
68 1.5
50 4.3
35 4.5
22 1.5
22 1.5
22 1.5
12 1.5

12 22
12 72
12 21
12 2
12 22
120,
|
2/l
12,0070

Day. | Aug. | Sept. | Oct,
1.5 12 1.5
1.5 12 1.5
13 480 1

5 4.3 '4.5|
.5 4.5 4.5|
5l 15 4.5
.5 .3 4.3
) .5] 4.5
] W5 4.5
.5 .9 4‘5]
.5 W -ll
1.5 .5 4.5
50 F 4
S50 5 12
30 5 12
50 PR, 12

Note.—~Discharge retermined from a

rating curve which is not well defined.

MONTHLY DISCHARGE OF KASKASKIA RIVER AT SHELBYVILLE, I‘LL.'
- FOR 1803-1912,

[Drainage area, 1,030 square miles.]

Discharge in second-feet. Runolf—

\ - depth in

Month. Mean Mean * Mean 1(1[1:‘3\;\:!“0!\

A & ainage

dnily deily Mean. per squnre ares.
maximum.| minimurn. . mile.
1903 .

5,330 3,760 4,710 4.57 .83
5,330 904 3,010 2.92 3.37
3,000 018 1,920 1.86 2.03
10,600 1,150 4,730 4.59 5.29
' 1,110 1650 1. 872 833 82
: 426 53 187 182 .21
Aungust_. ... 00 18 45.5 044 .05
September_. . 34 10 14.7 014 02
Octobec ... 25 8 11.8 .0t ,01
November....o._._......... 55 8 2.4 026 .03
December. oo 34 15 27.8 027 .03
L) 43.4 05
3,820y ... 1,650 LT
3,090 426 1,000 1.22
7,550 358 4,230 4.60
3,700 528 1,040 2.17
4,140 528 1,740 1.59
5,740 258 2,10 2.46
353 13 53.9 0%
September ... ... 55 1R 25.4 .03
October_ . .l ... 130 13 54.3 .05
Novewmber 936 58 375 A
Devember. .o ... 1,850 |Looaeeoan 543 .66
The yeur oo oo iae e 7,580 | ... . 1,168 1.13 15.31
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MONTHLY DISGHARGE OF KASKASKIA RIVER AT SHELBYVILLE, iLL.,

FOR 1908-1912—Conciuded.

[Drainage area, 1,030 square miles.]

Dischargs in second-feet. Runoff—

\ depthin

Month. Mean Mean L Mean l&lf:isng:

daily daily Mean, per square arca
maximum. | minimum. mile. :
1910
............................................ 1,910 1.86 2.14
..... 290 652 662 .69
_____ 290 1,220 1.18 1.36
..... 160 284 213 .30
_______ 358 1,540 1.79 2.08
....... 109 441 LA477 .83
_______ 160 561 La64 .65
66 350 L340 .40
Saptember. 58 638 619 .69
Octoher___. . . 90 343 L3383 .38
November. oot 3,600 86 439 425 .48
Decermber. oo iiciaaao o 1,520 145 507 442 .57
The year. e eaeeeaieeaa 6,330 58 774 0.75% 10.25
111 .

Y L oo as 4,650 494 1,650 1.60 1.84
| Y LY RPN 2,830 404 1,400 1.36 1.42
MArch e e —————— 2,450 404 1,020 990 1.14
Al e es 6,540 494 2,430 2.36 2.63
B € Y 1,510 224 657 638 4
Juue.. - 208 30 102 099 L1
July... . 90 12 21.2 02 .02
August e eicacenaan 40 5.5 16.8 .0l 02
September . oo i 8,730 12 1,450 1.41 1.57
October i crcmecaann 8,430 954 2,850 2.86 3.30
November. oo aoan 2,850 596 1,500 1.46 1.63
Tecember. .o oana.. e aecmm————— 1,270 404 £50 .854 .08
The year 1,173 1.4 15.40
Junuary 8§52 827 A5
February 6,440 |oooeoaaois 1,250 1.21 1.30
March._. 6,740 596 4,100 3.98 4.59
April.. 6,200 1,030 2,960 2.87 3.20
May... 5,500 528 1,850 1.80 2.08
June... 810 206 441 .428 .48
July. ... 1,150 63 381 370 .43
August... 1,580 76 330 2320 .37
September. 39y 51 105 2102 .11
November. 140 51 88.2 036 .10
December. ool 7% bt 66.9 083 07

MONTHLY DISCHARGE OF KASKASKIA RIVER AT SHELBYVILLE, ILL.,
FOR THE PERIOD AUG. 10 TO NOV. 30, 1914.

{Drainage area, 1,030 square miles.]

Month,

Dischargs in second-feet.

Runofl—
tlputh tn
iuches on

Mean Mewn . Mean . i
duily daily Mean. per squaro dr;rlé)nn'"e
maximum. | minimura. mile.
1914
August (10-24) ol 50 .5 15.2 015 .01
Soptember. .. 774 5 61.0 039 .07
October____ 12 W2 3.38 Ju33 L004
November. ool ; 2 12 13.7 013 .01

e isnscad

————
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APPENDIX C

HYPOTHESIS TEST RESULTS
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Appendix Cl1
Test For runoff distribution of Kaskaskia River basin at Shelbyville.

A. (Chi-8quare Test

The data are from the 1908-1914 . stormy season: (January, February,
March, April, May, June, and Décember). There are total of 35 data
points.

0.8 3.37 2.08 5.29 0.62 0.03 0;05 1.67 1.22 4.60

2.17 1.89 2.46 .0.66 2.14 0.69 1.36 0.30 2.06 0.53

0.57 1.84 1.42 1.14 2.63 0.74 0.11 0.98 0.95 1.30

4.59 3.20 2.08 0.48 0.07
Hyporhesis

Hni The runoff distribution is a Gamma distribution with ¢ = 1.25, r = 2

T(r, o) = —2 (o:x)r“'le-a’x
T(x)
fi e,
GCategory(in) Observed Gamma Distribution Expecteé frequepcy
0 -0.5 6 0.104 3.46
0.51-1 9 0.2259 7.9
1.01-1.5 5 0.2014 7.05
1.51-2 3 0.1505 . 5.267
2.01-2.5 6 0.1071 3.784
2.51-3 1 0.0703 2.46
3.01-3.5 2 0.0448 1.568
3.51-4 0 0.0278 0.973
4.01~ 3 0.0682 2.387
Test statistic
2
2 m (fi-ei)
X 7 4 e,
i=1

I
[=))
L]
(=)
w
{Xe)

[IPTIRSEY

-
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Decision:
‘The test statistic X? is smaller than the 0.05 significance level
quantile of Chi-square distribution Xg 05.8 15.507. Therefore, we
, .05,
accept Ho'

B. Xolmogorov-Smirnov Test

Category Fi(x) S(x) ]F*(x)-s(x)l
0 -0.5 0.104 0.1714 0.0674
0.51-1 0.3299 0.4285 | 0.1036
1.01-1.5 10.5313 0.5713 0.04

1.51-2 . 0.6818 0.6571 . 0.0247
2.01-2.5 0.7889 0.8285 0.0396
2.51-3 0.8592 0.8571 © 0.00215
3.01-3.5 0.904 0.914 - 0.01
3.51-4 0.9318 | 0.914 - . 0.0178
4.01- 1 _ 1 | | 0

Hypothesis:

' H F(x) = F*(x) for all x
Hy: Fx) # F*(x) for at least one value of x
Test Statistic:

T = sup|F*(x) - S(x)|
x

Decision Rule:
Reject H  at the level of significance ¢ if the test statistic T

exceeds the 1 - o quantile LT table of the Kolmogorov Test Statistic.

>For this test, T = 0.1036 for ¢ = 0.05 and the critical value is 0.43.

Since T < 0.43, we accept Ho.
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Appendix G2
Test of the Simulation Inflow Data and the Historical Data

A. K-Sample Slippage Test [19]

Hypothesis:

HO: All simulation runs and the historical data have identical
population distribution functions.
Some populations tend to furnish larger observed values
than other populations.
Test Statistic:

The Lest statistic is evaluated by comparing the "largest" sample
with the "imallest" samplé, as follows. 1In each of the K-samples, find
th lavgest of the n observations and denote thé extreme (largest)

vitluo by 4,, i =1, 2, ... K. Compare the Zi's, the.extremes, and find

1)
thie largest Zj s

is called the sample of rank K, or the largest sample. The sample from

denote by Z(K), the largest of all the observed values,

which Z(l) comes is called the sample of rank 1, or the smallest sample..

The test statistic T equals the number of observations from the sample
of rank K,»which;is gfeater than Z(l), the largest observation in the.
sample of rank 1.

Decision Rule:

Reject HO at the level of significance o if T exceeds the 1 - g
quantile Wl-a’ as given by the Table C2.1 [19]. 1In this test, K = 55,
n = 12, the following steps were followed in analyzing the data.

(1) An asterisk was placed at the upper right corner of the extreme

(greatest) value in each sample.

(2) The smallest extreme was underlined once and the greatest extreme

was underlined twice. Shown on Table C2.3, C2.4, C2.5.

[



155

073513938 4503 oJeddITS oTdmwes=) oyl JO oTjauend T°zD °IqBy

opLrgrot FL'IL'S yL'I1 ' eI'In’s er1r’s zr'or's ZI'o1'8 sr'or'g 11's's H R oI'6's 6'8'L gL L% 0 03
o1 'zr'ot (2 ¢ ) LIT'G [ S er'It’'s z1'of'g [AS o] g1 '01'8 1168 11'6'S 01'6'4 6'8'2 8't 22 0 61
0121 '01 FIIL'G IO eI'11's Lol 's 21018 [ASI ] ZI'0L'8 11'6'8 11's '8 or'g'L 6's'L 8y L'L [} 81
[ A Q] FULLG [ 8 4 [ASR S &) eLor's 21'01'8 . gi'ol'8 1018 1I1°6's  11's'8 or‘s's  B's‘z 82 L'9 9 21
(S AN Y116 CI'IT'G (388 A1) EL'0T '8 Zr'ol's zr'or's 1101’8 11°'6'8 01'6'8 or's's 6's's 8L L'9 9 or
gr'el's FL(1'8 eLIl's erir’'s €r'or'g 2101’8 Zi'ol's 1168 11'6'8 01'6°2 01’82 6'8'L 8'L L'D 9 e1
cI'el's SU'IL'G LLIL'G gr'ol’'s €101 ‘8 zr'or's zr'or's 116’8 116's 01'0°L or'g's 6's'l 8L L'9 9 ¥I
grgt'e eU'Il'A eI '3 e1'0L '8 gl'ol's  gr'or's  zi'or'g 11'6'8 1168 01'6°L 0I‘S'. &84 81 2'D Y g1
S1'IL's gL1n’s (A sr'o1'g TI'o1's sI'01'8 zr'or's 11'6'S 1162 [1) & 01'8'. 6'8°2 8L L'9 9 A
SUiiL's gl'ol's £L'oL's £1'01 '8 z1'ol's Z1'01'g 21'6°8 11'8's 1162 01°6°L o1's’'s 06'8‘2 8L 1'D 0 11
[S S8 B} cI'o1'8 £L0I'y er'ot’s zZr'or's  gr'or's 11'6's 11°6°L 11°6°L or'¢'L oI'8's 6'8'L §‘9 L'9 [} g [1)¢
FICIL'S gLioL's A [ 21'01'8 216’8 11'6'L 1102 1162 01's'L 6'8'L 06'§8'L 29 L' 9 ¢ 6
FLUIL'S eror's sT0l's zL'or's gi'ol's 11'6°2 116 6L 11°6°L 01'8'L 6'8'L 6'8'2 L'9 L's .9 g 8
YIS zi'or'g [A AR i) 11'6°L 11'6°2 6'L 01’6’2 01'8‘L 6'8'2 689 §°L°D L'9 9 c z
I AS Y] Zr'ur'g TL'0T 'L 21'6'L ' L 1062 L oL'g’s 0I's‘s 6's'0 6'8'0 gL'0 L'D 9'0 e 9
gr'or's - el zl'e'L 11'8'L 116 01's'L 01'8'0 8'8'0 82’0 gL'y LD D0 [ g
sT01'L. ZI'6'L 21'6'L I1'8‘L 11'g's or'g'n 6'8'0 6'L's 6'.L'0 8'L'0 L'9 9'¢ < ¥

21'6 L w's'o 's'e 01'g’e 018’y [ 6°L'D. 6'2's 8'2'0 B'L's  9'C B'e [ £

118y 11'8'0 01‘8'y ot'L's or'L'y 6°L'G 6'2's §'L'e 8'0'¢ B8'0°'¢ L'9'¢ 9'¢Y S% ¥ | ¢

o= oy ge 113 =4 : 0z 3¢ el 2t 21 01 6 8 L9 S ¥ “.. 1

» pug ¢ ‘y 30 astoyd rvpnouded ey 0] S (Wl (Y ‘DI
PUT 4w U3 YONS W OU SL AI0Y] SURITL [T} A} UT AN[RA B JO IDUVSQY "IOPIC 1TYY UT 100 =P PUs ‘10" = ‘¢ = © 0} puodsdraod ‘o215 ojdiwuvs
‘o put ‘so{dits Jo oquEnu 4y vrd 10) ueard SIN{TA PIY) PUY ‘PULIIF sy oY a10ya ‘B (W (Y1) IV) S ITYI YOUS 1w JO SON[EA 3Sd][TWUS 9YL




156

D — PR —— U

2961 QLE€e 69€E SHne 6652 €912 902T #E42Z 9482 T£02 09€2 €922 8TITT 0212 6042 T99 «GLTE €€82 469 2T
6452 T2TT 9642 THET 4TIHE GL2E #422C 06ET 2UKT 605CxT0HE 6€42 CEHT 4824942 LIST 6€€2,TH0H 96€ TI1
9802 9T12 4TSE LESE 6041 :618E 6992 S06Z 0TQT 9592 #46T LSOT Q9E2Z §992 604 20SE ngaT Q06T €€ 01
T06T ,2002 825T 900€ JIEHE 2ELET HH0Z 0242 096T 0£42 HG6T 66G2x2€42 TTLZ 609T595L4E COLT 99T L2ET
HEC G202 ZHBT 2TL9T 8HOT §502 920T 6GTZ L94Tx202€ ThiT HHSE 6HLC 006T LIihe 894€ CGLT #6LTx8L62
HLOT €HET GEST 642T HHZT HIQ 662 1962 242 2812 STE  664C €64T 99QT 9491 4212 6512 24T 66T
gEEC 894 9€G TIZT 062T 4HE  €T2T €G0T T6GZ 0122 G00T #54T 02ET LLCT €16 S29T 4SET LL6T 42l
SEL 458 0RET G90T HEOT 614 228 €T0T,TH62 6£8T 949 €€0T TELT 66€ 6607 604T 009 0602 06T
GE3 66C GORTT w402 2T6 4201 6£6 E4nT 2T6T 98T 628 6EST 64TT 648 HBGT 249T €081 ZECT 244T
000T 246T 698 LIET 684 429T GOET 480T GTEZ TLTT HLECT To64HZ 084 S64 9102 4§ #0661 GECT €102
TGIT €49T €4€ 484 TT4 296 E00T 0GET 8442 TE€E L£S50T 488 22E€T 8ZET ZHET iy 44TT 884 96HT
_€SHT 47T 968 Q6 894 L2CT Q21T G2 6LTIT S90T G4+l SQTIT 08TT T#9 REQ 9621 ¢z 6C6T 96e

[~ Q0 0N WO -0 O

9€ 4 9€ GE€ K €€ 2€ 1€ o0of 62 g2 42 92 ST 42 €z 22 12 oz s¥wvas

suny UOTFBTRUTS

2L0€ 6TST 206 206 9221 01242492 Mmom 8.6  8L6EC SE€L TTL TTIGE £8€2 8022 LGT2 9g4E 412T 984 271
0€42 9082 €25 6L92 60H4T 16€2 ww 2 €902 0s€esidE HI8T 6€TT+828€ 44z 666T LG9T £0c2 £84 10€2 1T
L€02 TQGT«6STE 1502x26£24+5082 8LL2 2432 €202 ﬁmwm T2ET 1422 £€22T 00€E€ 808T 2002 109T gEQT#Leie 01
#TCTE 8SHT TE92Zx#lTeh 2L2 OT9T H9GT 854 88€2 ENLTI#96LE TLEC 956T 09671 wOﬂm 8112 GO4IxL6C2 t2se
H96ZATOTE LE0Z 42LZ LLE 999 6E0TxGTHE ZHOE 9H0T 68HT#TEQE 2L0Z 9THTI#GLOC TH02x599€ 624T 112
8I8T 8602 24EZ G60T 040T 644 G49  448TxlS2h 664T TSTT 452 SHIT #8€2Z 64E€2#65TH 1462 €822 6001
€8T €LTT €€6T STH 64 202  LTHT 626 429T 84TT LGLT 6E4T LS0T H48 GSHT €26T €6€  #E2T 6461
LIC LZTZ 6622 66€T €28 849 TE6T 94ET GCO0T OTIST 4SET 856 2hé Hh6 244 €222 6921 914 065
LO0E  TEET TSGT 29ET TIHT 092 OxST HTOT 8T6 L6B9T 4961 €5GT §TI9T 060T #62T LT€ TI 288 €LET
0L0T GEXT €407 G602 926 GLLT LTITT 8TITT 428T G6ST 644T LHET STET 024T 068 €9€ 0411 641 602
e ZHG 98T GSGT €25 T6TZ L84 ZHO0T HOST €391 TLOT #8471 L64Tx5082 gE4 €45 G8S0T g22T €06
__ 426 426 6zol OT1TIT 0f€z Shé 29 649 {4QIT 4022 A€6  #4aT 2I9T ZRIZT 09TT IL4 &L 419 95z

@ N NN -0 O

o
tH

6T et LT 31 ST HI €1 2T IT 0T & 8 pa 9 g H € 2 T

suny UOTABTNUTS



157

("qad--uer)asal, 23eddris Jo s3Insax Jed1i9ayloddH ¢-°zZD 9I1qel

#0408 LLTT 9602 094t ZOLZ 640T 66£2 2642 ZHIZ#GLZE LE92 46T §I6T IT6T 924 LIST 21
06GT 2ZEHT €E4 whldGExZ02€ 9CH2 €622 €64T 2242 4242 00QT+Z4hL 9642 QLGT 9242 9152 1T
00€ 206T IGL 82TZ 0422 #nig=€CLe 96T §292 Gang+dgof T49 LT#HT $9¢T=£02€x460€ 0T
008 213 €€4 608 GITC 4002 60€245262 9KET ROHZ 9212 G0LT 0¥ld LAGT 9L92 6442 6
00L  €CTT /29 904 Q0OC ZATT 6422 00G2+/A2TC QGGT 0207 6441 O€44+2000 26T €21 g
00€ 24TT €24 b 246 %0092 G0LC 222 €442 GOGT #BTT #44 #4406 61492 Té P
0z 6TE€Z 024T 29 HEQ  LiyT Q20T Q621 ZTO0T 0T9T C€6  GOGE €99T 92T 9
0 ZHOT 44528 0w 490 661T €68 916 0¢4 Gufe 6GA4 6602 AGuT T20T 406G G4l 6
0¢Q _hl1zveit 26 WQOH 250 LEG 49T 886 SOTT 0<OT GSLT 004 GEL  G4ST 9201 4

. 028 wZyte 2461 T2 T94T 9HTT 99671 603T GOTT TO9T SHy 0412 00k - 999 ZIE€T g2 €
028 0T 02€ 42 £05 €48 €19 #0621 G6ST 0TST GOET TT4 44T L4STT 4ghT 246 2
_040T S4QT ¢guz 4f 620 £6z SJC 4Tw g0t G09T f0S5  ¢foT oo AITT €48 /0% T

\__M

£ 2 T om_ 64 84 L 94 Ci 47 €4 24 T4y ot

6€ oSeqg

en'3d TUOTIORSTH

SUNH UCTABTNETS




. _— —e — —_— "

9 6462 1Tl 2T
pa

GO4 GG6Z LT92 GLET 0062 488 LGEZ 249 28L€ €442 TOZT Q942 E£GHE 428E #E£€6 o2
QICE 604E 6842 1T
T

6002, 4014 2GEE HIRTLB2ZEE €L0T HSTT 0GH TIGEC TOTT £92€ €102 64T 064E 2422
604 €6€Z 2912 4262 €592 OT4h 229 214 €462 04€ 1692 262€ 696 2TTE TQLT g#6T T66L 4#6€2 01
808 $HELZ HOELE 0€0€ TZRE2TOLHn00LE GLATH628E GG22Z#601G L9TE 9LAT#266422404 G54 46EE 0€6E
6192 454T 926 0852 209€ €LE4 L60E €64C 2HGE €812 092€ 283  #69€ €€62 99TL #51€ 9€8T44H094
#EE62 5§29 LG4 GTGZ 682T L00L T€9Zx928E TLTZ#0L2C 94€T#45HCA2G04 €89 T98T=04LC GG0E€ LC2
LCZT 198T @442 2062 98TT GS0L 2€9T 8242 #I€ O0€LT €18 §TLT G802 6022 60€E 262€ 0491 L4042
G602 GOZT 0R6T#+2EZE AZ0T GH92Z €44T 2T9€ +#E6 9262 9492 L0TZ £69€ TLOT 2€62 8442 68LT 826 .
9081 #4GT £452 04IZ 09402 T90E 8692 992€ 246  $98T 4092 4242 €241 $89T Ge9f 1452 €802 01€2
0T2T 94G2,.TC94 8lhT THZE 16 L9S L9LE€ 296T 265T 098€ 6L2T 9#8 2€2 €942 6291 €0ELEC 6161
TH9 6681 0591 6942 S5TT 248  9S42 4942 844 6851 8062 20T €GBT 082 9002 T06ZTxIt2Ss 168
690G €ziz 94Tz HRTZ 0261 26£2 GpH  G9ST 2pb 6211 0R0Z €T6T $€02 4421 JLAT 4I6T 6042 Q222

N YN0 00 O

9 SC H€ €€ %€ I€ 0f 62 gz Lz 9z . S #2 €2 2T 12 0T 6T o%mas

158

‘sunyg  uoTARTAWIS

6TCH 9CHT #4401 TOZT 8OH2 LEHE 20T L69€ +HBTE #8S H#E6 688 6462 TT4T 2292 6Th 9EHT 40T
\$992 TOOT 6982 G92E €102 6G4T 4982 1962 T6ST L0LZ 2422 Q64T 604#€ 6842 4902 9932 T00T 698¢
056T 06TZxT9LE TG9Z 2G2€ 696 G202 SGHE 09€ 4462 T@AT 4982 T66€ #5€Z G162 CanT 0622429€€
6461 0406 ZTTCRG0TE 49TE 944T 9¢8e 40T Z04T yooLsTio 0624 L6EE 0€0E €£L4% 3T 6462 S1T1E
#hCHYy 6422 497 092C 233 HGO9L ZSHT#L6T4 SLOT €66€ COTEL4h98Y SEOT#4004 EHaZxGo4 6422 8492
TTITE4940C 49T L€TIxiCnEaZg0s SL2TT 2442 LZTT#TH5S 093 mjm GS0E€ LE2Cu2HhGS Nﬂﬁm*mﬁom H4OT
T4 €022 {262 91y 024T GQ02 0642 LGLT 9408 ¢LOC w0LL T6SZ O49T 9042 TLOC 449 2828 4262

2ITZ €£59€ 0252 0462 9502 965T 9252 TEQT 604T 426 604 24L2 9TCT 90TT
OhZ4Z 24T 6707 659T2THZE QulT Y99€ G062 £g802 L0€z €45 218 T6ST €062

_ ) 4022 §ohe C0EL 6OST 904 2422 42 6L

czaT 6TT1€xeH2S 264 6021 T42¢ #4602 Q291
Hﬁﬂﬂnm0N0H¢N0HmHo¢uH:nmmmnomm

(@R S KoY
-t

e CN\O D

S eV ol o

o QA O VWO D00 O

g . ¢ 9 g 4 ¢z 1. 9838

SUNY  UOT4BTAWYS



159

(- xdy-r2eR) 3s9] 23eddI]ig Jo s3Insax 1e013930d4H +°ZD manma

92G€ LOOT 8SE€ OTGE 0662 €80T 4QET 9492 QETE 890T H#26T 92T 0621 €662 #4942 9ITE 266T 6462 HLET 21
SHTZ 42TGT LTE #8665 T62ZT GI2Z 9662 64#EE LECZ €90€ G21C 202€ 0€42 €08T L4404 €Z0E€xl46€ LLLT 6562 11
2687 0T9E€ TSE #4L5 29TT 42T GS6Z £0ZE+L0SH2GE *ommm 6442 LT1224#96h4:6T94 TH0O2 642€ GITL €251 0T
SG6T QTI0L 98T 999¢ 90TZ 856G 6442 964T 1692 1IC6 z22€ Cane L94€ LELE L08T 9€LT L0G2Z#G9CL TCLT 6
99024906€ S02 0405 0£02Z 00ET £HOT#EEOE ZHGEL LTTE 602 &ipyy T6SGT #LEEC 2242 8622 €GHT 4642 0202 8
CHGECS GANT 042 24E 9GE€2 64H0€#LTSE ©92€ 09aT 28#E TE€h #1224 6462 GT0E 66 290T 266€ geClxg66E 4
_2%at 066 GCE 914 HOTT#T02C 2942 40€2 G462 90TE GGLe ;(m TTI02 1922 0CS 2E0e 9GzZ GL6T mmum 9
T 2Ty 695 204T 2462 12z 2G€T 106 2€LT 22€2 1622 2492 #4402 10§ L2lz GEST 6I6T 40T &
05585 296 09 dﬁmm 0602 G09T 6SG8T HOBT 6662 L0CT Lgo€xGLl1€ mﬁ@m TGOTHEGSE TLAT £042 9692 4
G091 916 2611 CcClTH mHHo €212 93802 2207 0442 €4ST 059€ QTET TEHZ 2E€0L 0822 gLHZ 0602 gul €
YA 3T 0G8T 02HTx04gh €96 2GS6T 9662 €542 L94T 4T8T TH2SZ #4116 028T TLGT T68T €262 €961 2
_86SY 964 £9RCC 2677 2094 CHiT 6TS b6 LTLT QEOT Q66T GESZ 2907 Q4QT 0642 4CGLT ZIT¢ 066G 9672 1
g 4 € 2z T 05 64 8% 4 9% SH 4w €4 2z T4y O 6 g€ LE eoFeasg
BLT TEeOTI0ASTH Sunyd UoTABINLTS

B P

ey P

RN



e

160

e

et

—— PR

€06 948 H€ TES 929 26% S8l 994 €94 Gzg 2Tz #4240 TOTT 24T #0€ 6107 €05 648 2T
+39 888 2ZITT %88 § €0 26TT 966 TOTIT 966 TiH 694 €28 gHs 29T 0y 166 69€ T1
228 219 GH6 ghf 909 404 TOL T9S T94 Ghe  83TT HOZT TL9 6§46 €61 mHm 196 08 0T
HIL RS €44 G0G L04 €43 THL TO6 LG0T 995 €T THE 406 HIG Lt L& €25 049 6
400 928 SG64 4AZOT 069 T69 649 €I4T 69TT 6L6 TiHuT 26L 264 164 L02T Tih 8G2T §04 8
TSTT #94  6E9T T06T #0IT 4811 26G €461 999 €€6 TLST €5€ TTHT 42TT 4997 €£8 GEET CSET 4
BLLT 4912 SLETaRl9C TLEZ 9491 GG6T 6062 £S2T GS0T,G€2E 90T 4992 £3Q8T 666Z GUCT #IHZ (€8T 9
H50T €062 L29T 4502 2ZLLT GCTT LEET 0212 L24T €422 4642 GEET 292T,lE00 6£2a€ omom\rﬁosummw g
LSHTBRLE HL8T 8182 6192 GOTE 949T HH#1E €082 H02ZL HOTELLOLTE T29L 2422 #l+£x04682 2892 9961 4
LSBT 00424€462 06 €282 4652 mmmm*dmwz*mmmm¢momm L8 $8S 4806C €62T48L6E GClz 2622 89T €
2lTLZ GS9T TO02Z 4$9T 269TxEH2€ QZTZ OHLT 4LETT 2€02 963 6552 2022 6911 2062 64€T §40T 04891 2
61627 9561 2672 G4C2 TAET 044246002 #4222 omom Q£ET 2062 0242 G465 42ZT2 T2OT 0267 0GAT 2£2T T
9€ S€ K€ €€ z2€ I€ 0¢ 62 9z tz 9z Gz 42 €2 22 i¢ 02 6T o3uig
suny uopjuTnuls
642 §9€T 84S +04 CEOT 248 #HTL 4ASTT 488 406 0G60T $9T 696 442 N¢N €621 L0S €9 2T
P 568 488 8E€Q LS 2ZHS €£Q Tog 82 T06 263 004 408 €26 468 n 02€T 22 1241 11
mw@ 645 LS oné  99¢  64S C00T 864 QLTT $68 0L0T 9TC +H2T G669 €24 T8S 994 0T
984T TIET #4149  G6H0T Tdy 668 409 985 059 629 462 <ol gh§y €48 mﬁ mmo LG6 2011 6
m>0ﬁ L02T 90T 2TE 6HIT 209 8082 +#29 818 <265 9C€T €42 94l 9L2T mmHH a3 494 2gT 8
€29 ©0TT 006 €It €497 405 98€ +03T 088 Q€6 GZTT Teh Q92T QL2 6€2T1 rmﬁﬁ €8¢t #E1T 4
288 4612 LIH2 TZT $222 €92 So€ #T4GE 086 9452 LI8T #4TT 9228 £02€ 606 ooﬂm*mqu $912 9
9182 mﬁgm*mo«m w022x£28€ 1622 462T 698 4RTECxLEaC4LTL2 9452 4022 2002 €042 46T 169ex923C &
€342 0Lo2 oaam;momo €08T 91T 229 0212 Hﬂom €20€ #7102 906 #G9HE GERT#R6EE €€2C CaHT TiHT m
#MS0494605€ BLT2 OGET 63 =£64C €96€ ¢CLL TonC QGTZ 6LLT 44d2 LTTLx4€9C0 9162 c\wn LOGT G642
TL08 ZETC ZAL  6GIZ 08AT 0TLs56e4 €45Cx26CE 9441 mﬁomammqm SOTE 2462 02TEx4l5C €8T 429 2
€077 oIn QoAZ T€07 4T1¢ 033 #£76T 227C (730 €41 AG2T 264 ommm 2C€Z T80T T0I€ 2€07 (40Z I
8T 4T 9T ST 4T €T 2T T oT 6 g 4 9 S "4 €z 1oe%uig
SUNY  UG{AawWTnUIS

.



(sunr-AeR)Isal aSeddy1s Jo s3imsax [eor3ay3zeddH ¢- gD °19®L

161

614 SHE L9 LEH 199 459 G0€ 2ZE€L 648

96 #9  £3€ 6€9 TTIZ L06 09€ -2ZT1€ 3T8 S48 A
€49 99  6IT 945 #2E €85 6£8 T69 944 659 9€6  8L9 mMm 6418 16Q 60TT 8€9 8¢ 2in 1T
053 09 oSz GoCT 26L 6621 698 g2 266 67 €€6 4gs Gy €601 614 LE£9 9§ 66L §%21 01
922 HOT 8%E€ 06T 0T4d 9894 044 €22 463 916 1eh 4ER 626 L90T #59 09€ 262 029 0GoT 6
2IC HGT HN9 42T L08 8221 #6¢ (€S 26 TIG0T 2ZOZT THST 08HT 662 6G2T 68l 619 994 TOTIT 8
08GE 266 99TT $29T 0LGT CICT 44T LAxT €L0T 96LT T€9 €95 €29 48l 9641 6€g8ET 4

0242 02LT%TSTE- LT6249QEE CTOZ 2462 L0GExG692 8TRT#+T64HZ €59 '90TZ GTTZxTTI0L 0ZHE G

89  QZ0L GEE  06€Z 8142 L94T €081 TEHT 6902 SHGT Bhhe CahT#BEEC%052C 946 ga1g &

£0TT#2509 20L4 €002 9691 0412 TE]T 40€E 0406T THZZ 02LT 400¢ 6G0T L12C 2642 6022x420h 4

066T 2082 9TLQ COLT TLTZ 9n2E«ZC0La4lSL 4T22 G4  SG#ET 0€91 0002 000T €ELT 0992 0562 ¢

GUET 0u€ewgd oy HGLT L29T 9SG GATT 9EG2Z#4OTE L4u6TaUTEL 0491 4T1L2 HIGT 6€8T 42T 146 2

20T Ty 4201 448 40ST aRd  GoOT Q90T LIG7 2627 G/OTw6E67 QT4 ZOGT dit 4961 T

[4 T oS 64 8% Lty 91 S, 4y €4 24 T4 04 6€ 3 LE o2vqg

B3 TEOTIOISTH . sunyg  UOTIBTUUTS

JR— PN o e, <, T sl



162

(3) The number of values in the sample with the greatest extreme

that exceeded the smallest extreme was determined to be statistic T.
(4) TFrom Table C2.1 find out the critical region of size ¢ = 0.05 was

determined. The results of these tests is presented below on the

Table C2.2.

January-February March-April May-June

7@ 5870 6104 8978

AR 2342 | 2933 1456

Wi-a 8 8 8

T 1 6 6
Decision Accept Ho- . Accept H0 Accept Ho _

Table C2.2 Result of K-Sample Slippage Test

B. The Friedman Test [20]

Hypothesis:

H : The data from each simulation run and the historical data
are equally likely.
H1: At least one data block tends to yield larger observed value

value than at least one other.

Test Statistic:

.

The Friedman test statistic is defined as [20]

12 g&RZ

T = ‘
bk (k+1) j=1 J

- 3b(k + 1).

The rank assigned to each run of simulation and historical ‘data

of each season period is presented on Tables C2.7, C2.8, and C2.9.

Y

st

i
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Decision Rule:

Reject the null hypothesis at the level ¢ if the Friedman test
statistic T exceeds the 1 - & quantile of a Chi-Square random variable
with k - 1 degree of freedom. 1In this test, b = 12, k = 55, and

& = 0.05. The results of the test are presented on Table C2.6.

January-February March April May-June

T 66.73 72.03 73.101
W 72.04 ' 73.2 - 73.2
1-o
Decision _ Accept H_o Accept Ho Accept Ho

Table C2.6 Results of Friedman Test
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APPENDIX D

SIMULATION RESULTS
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